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Preface

Low molecular weight and polymeric molecules can be constrained under the
conditions of geometrical confinement having different dimensionalities:

(i) in nanometer thin layers or self-supporting films (one-dimensional),
(ii) in pores or tubes having nanometric diameter (two-dimensional), or

(iii) as micelles embedded in a matrix (three-dimensional), or as nanodroplets.

Within the last two decades, their dynamics under such conditions has been the
focus of intense worldwide research activities. Evidence exists that the overall
molecular mobility results from a subtle balance between surface and confinement
effects. Due to attractive guest/host interactions, the former causes a slowing down
of the molecular dynamics, which can be compensated by an appropriate surface
coating. The latter is characterized by an increase in the mobility, which becomes
more pronounced with decreasing external length scale, e.g., film thickness or pore
diameter. In this case, modification of the host/guest interaction by surface treat-
ment has negligible or no effect. Broadband Dielectric Spectroscopy (BDS) plays
an essential role in these studies. It is the intention of this second volume in the
series ‘‘Advances in Dielectrics’’ to summarize the state of the art in this emerging
field, which is also of fundamental importance for nanotechnology.

Friedrich Kremer

v
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Dielectric Relaxation of a Polybutadiene
Melt at a Crystalline Graphite Surface:
Atomistic Molecular Dynamics Simulations

Mathieu Solar, Kurt Binder and Wolfgang Paul

Abstract Dielectric experiments are an indispensable tool to further our
understanding of the relaxation behavior of polymers, not only in bulk samples but
also in confined situations. A chemically realistic Molecular Dynamics simulation,
in which all information about molecular motions is available, can shed light onto
the questions of heterogeneity and anisotropy of the underlying molecular relaxation
processes which lead to the ensemble averaged experimental dielectric signal. In this
contribution, we present a careful analysis of the dielectric response of a weakly polar
and confined polymer, 1,4-polybutadiene between graphite walls. The relaxation of
the segmental dipole moments was obtained in the time domain and transformed
into frequency (Fourier) domain as well as the relaxation time (Debye) domain to
highlight the differences between the two types of analysis. A particular bonus of the
simulation is that detailed spatially resolved information on structure and dynamics
of the confined system is available. We determine the influence of the confinement
on the dielectric relaxation and show that for this system the apparent glass transition
temperature of a confined film is independent of its thickness even on the scale of a
few nanometers.

Keywords Interphase · Molecular Dynamics · Confinement · Coarse-grained
model · Atomistic simulations · Dynamic heterogeneity · Polybutadiene · Graphite
walls · Dielectric relaxation · Fluctuation-dissipation theorem · Fourier transform ·
Laplace transform · Dielectric loss spectrum · Relaxation time distribution ·
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Alpha-process · Vogel/Fulcher/Tammann equation · Relaxation map · Glass
transition temperature · Torsion stiffness · Layering · Anisotropic relaxation

Abbreviations

DIP Dipole moment
DSC Differential Scanning Calorimetry
FFT Fast Fourier Transform
KWW Kohlrausch-Williams-Watts
MD Molecular Dynamics
NMR Nuclear Magnetic Resonance
PBD PolyButaDiene
RTD Relaxation Time Distribution
vdW van der Waals
VFT Vogel/Fulcher/Tammann

1 Introduction

Dielectric spectroscopy is an important technique to address the dynamics of
macromolecular systems [1]. It measures the polarization current of a (loaded) sam-
ple capacitor. Thus, the relaxation of the projection of the electric dipole moment of
the sample onto the applied electric field can be measured. For polymeric systems,
local dipole moments are carried by some or all of the segments making up the
chains, so the total dipole moment is a sum of the segmental ones, μtot = ∑

i μi .
The macroscopic dipole density in a volume V is then given as p = (1/V ) · ∑i μi .
In linear response theory, the dielectric permittivity tensor ε = εαβ links the polar-
ization to the external electric field E by the relation p = (ε − 1)ε0E = χε0E,
where χ is the dielectric susceptibility tensor and ε0 is the dielectric permittiv-
ity of vacuum. The dielectric signal in the time domain is then proportional to
∗[p(t)·E(t)][p(0)·E(0)]〉 ∝ ∗μtot,E(t)μtot,E(0)〉, where the angular brackets indicate
a thermodynamic average and the index, E , denotes the projection onto the applied
electric field. In most polymers, the individual segmental dipoles relax essentially
independently, so one has ∗μtot,E(t)μtot,E(0)〉 ∝ ∗μseg,E(t)μseg,E(0)〉, and the exper-
iment probes local segmental relaxation. In so-called type A polymers, the dipole
components perpendicular to the chain backbone relax independently, but the paral-
lel components are correlated and add up to a dipole moment parallel to the chain
end-to-end vector. In these polymers, dielectric spectroscopy can address local (seg-
mental) as well as global (end-to-end vector) conformational relaxation of polymer
chains, and separates into the so-called “segmental” and “normal” modes. Molec-
ular Dynamics (MD) simulations addressing the dielectric response of a polymer
melt have been mostly concerned with bulk systems, see [2–4] for example. These
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Fig. 1 Snapshot of a polymer
melt close to a crystalline
surface. The interphase is the
region perturbed by the con-
finement where any physical
property gradually evolves to
a bulk-like behavior far away
from the surface

systems are homogeneous and isotropic and the susceptibility is proportional to the
unit tensor, χ = χδαβ . Then the dielectric observable is proportional to the auto-
correlation function of the dipole vector, ∗μtot,E(t)μtot,E(0)〉 ∝ ∗μtot(t) · μtot(0)〉. It
has been found in experiments [5] as well as in simulations [3] that the assumption
of uncorrelated relaxation of different segments discussed above seems to be a good
approximation to describe bulk dielectric behavior.

The development of polymer nanocomposite materials required to go beyond the
analysis of bulk dielectric behavior and led to the study of confined polymer sys-
tems, where the confinement may be one-dimensional (films) or two-dimensional
(nanopores). One then has to address the question what changes occur in the poly-
mer dynamics at a solid surface and what may be the characteristic width of the
perturbed region in the polymer, the so-called “interphase” (see Fig. 1). Clearly, the
relaxation behavior in such a confined system becomes heterogeneous, i.e., it depends
on the distance to the surface, as well as anisotropic: an electric field applied perpen-
dicular to the surface probes other molecular motions than a field applied parallel
to the surface. For a flat (i.e., atomically corrugated) surface, the susceptibility ten-
sor is written as χ = χαeα ⊗ eα in a Cartesian basis eα;α = x, y, z. Due to the
rotational symmetry, one has χx = χy �= χz and correspondingly for the dielectric
permittivity. The dielectric relaxation of a polymer film was first analyzed carefully
for a computer simulation in a study of Peter et al. [6], who considered, however, a
coarse-grained bead-spring polymer model supported by a perfectly smooth and flat
repulsive interface. This study was motivated by the question, how the glass transition
behavior of a polymer melt is changed in a polymer film, a controversial topic in the
study of the glass transition phenomenon, which had received much experimental,
e.g., [7–9], and simulation attention, e.g., [10–14]. This question is closely related
to the problem whether or not the dramatic slowing down of relaxation phenomena
in glass forming fluids is associated with the growth of a lengthscale over which
motions are strongly correlated [15]. This idea is well established for continuous
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phase transitions in equilibrium systems (“critical slowing down”), but the extent to
which this mechanism can be carried over to glassy freezing is heavily debated [15].

In the following, we discuss the dielectric relaxation of a melt of 1,4-polybutadiene
(PBD) chains confined by two parallel graphite surfaces, simulated in a chemically
realistic way. We present in detail also the technical aspects of determining the dielec-
tric relaxation behavior for such a chemically realistic simulation. The next section
discusses our model and the simulation technique. In Sect. 3, we then present the
determination of the dielectric response from the MD simulation trajectory, both
in the time domain and in the frequency domain. This section addresses the ques-
tions of anisotropy and heterogeneity of the dipolar relaxation. In Sect. 4, we then
address the analysis of the temperature dependence of the segmental relaxation and its
dependence on film thickness. In addition, the determination of the relaxation time
distribution (RTD) from the simulations is discussed in Sect. 5 and finally Sect. 6
presents some conclusions.

2 Atomistic MD Simulations of PBD Between Graphite Walls

We performed MD simulations in the NVT ensemble (i.e., at constant density and
temperature) extending for up to approximatively 1 µs in time using the Gromacs
package [16]. The simulations were performed for a chemically realistic model of
1,4–polybutadiene (55 % trans, 45 % cis) for which the dielectric relaxation functions
in the bulk have been studied before [3]. The polymer melt consisted of Nc chains each
of Np = 116 united atom particles representing CH, CH2 and CH3 (treated as CH2)
groups, i.e., the chains consisted of 29 repeat units. The force field for the polymer
melt may be found in the literature [17]. The graphite model was taken from the
literature as well [18] and standard Lorentz-Berthelot combining rules were applied.
The glass transition for this polymer1 was estimated at Tg = 178 K from differential
scanning calorimetry (DSC) measurements, and at Tg = 175 K from rheological
measurements [19]. The PBD melt was confined between two graphite walls, which
were 10 nm (T = 353 K, 323 K, 293 K, 273 K, 253 K and then Nc = 720) and 20 nm
(T = 240 K, 225 K and 213 K and then Nc = 1440) apart, respectively. Periodic
boundary conditions were applied in the three Cartesian directions to simulate a semi-
infinite polymer film confined between two half-spaces of graphite. The temperature
of the melt was kept fixed using a Nosé-Hoover thermostat, whereas the carbon atoms
were frozen. The Newton equations were integrated using a leap-frog algorithm
with a timestep of δt = 1 fs. Since we are considering a weakly polar polymer
at a neutral interface, the influence of the partial atomic charges on the segmental
dynamics can be neglected (same as for the bulk [20]), so that the atomic charges

1 In Ref. [19], a polymer with 7 % of 1, 2, 52 % of 1,4-trans and 41 % of 1,4-cis fractions was
considered.
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Fig. 2 The left picture shows a snapshot of one polymer chain consisting of a repetition of the
monomeric unit CH2−CH = CH−CH2. A cis conformation is isolated and shown with the real
charges on the right [3]. The dipole moment (DIP) of the cis segment is computed using the position
of the particles. The hydrogen atoms lie on bisections between carbon triplets

were not included in the MD simulations to speed-up the calculations. Thus, the
dielectric properties were estimated a-posteriori by reinserting partial charges into
the stored trajectories as shown in Fig. 2. For the bulk, this procedure gave results
which were in quantitatively good agreement with dielectric experiments [3], NMR
spin lattice relaxation time measurements [21] and neutron spin echo measurements
of the chain dynamics [22]. Each chain in the PBD melt contains 13 cis and 16 trans
conformations in a random sequence. A trans conformation has no dipole moment,
so that only the segmental relaxation of the cis-conformations is observed in the
dielectric spectroscopy experiment.

3 The Dielectric Relaxation of PBD at Graphite

To illustrate the effect that the presence of the graphite wall has on the structure of the
melt adjacent to it, we show in Fig. 3 the dependence of the particle density and the
chain center of mass density profiles as a function of the distance from the next wall.
The crystalline graphite surface attracts the united atoms through a van der Waals
attraction. This attraction leads to a strong density layering. Similarly, an adsorbed
layer is observable in the center of mass density. With decreasing temperature the
layering in the particle density becomes sharper, but the distance over which this
layering extends, does not grow significantly in the simulated temperature range.
These structural changes influence the relaxation behavior of the polymer segments
and lead to a heterogeneous response, depending on the distance to the walls, but
only on the scale of a few nanometers, as one would expect from Fig. 3.

Due to the presence of the attraction to the walls, motions parallel (x, y) and
perpendicular (z) to the walls are also not equivalent, so one has heterogeneous as
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Fig. 3 Particle and chain center of mass density profiles. All densities are normalized to their values
in the center of the film, where the particle density is equal to the bulk density at this temperature

well as anisotropic dynamics. In a dielectric experiment on a thin polymer film,
the support will always provide one of the electrodes, so that the electric field is
oriented perpendicular to the walls. According to the discussion in the introduction,
the dielectric experiment is then sensitive to the relaxation of the z-component of the
total dipole moment or respectively the segmental dipole. The measured dielectric
permittivity is then ε = εzz . The most interesting behavior of the segmental relaxation
function is observed for a layer of segments directly adjacent to the walls, which is
shown in Fig. 4. The dipole relaxation functions in Fig. 4 are not describable as a
simple exponential decays φ(t) = exp(−t/τ0), where t is time and τ0 the relaxation
time constant. After a short time vibrational decay, which is visible in the log-lin plot
in the inset and which happens on times below 1 ps, there are two more processes
observable.

They can be clearly seen at the higher temperatures but seem to merge at the
lower temperatures. The first of these is the structural relaxation (or α-relaxation) of
the system, the second one an additional decay process linked to the wall-desorption
kinetics [23, 24]. It is known, that the α-process is well described by a stretched expo-
nential decay (Kohlrausch-Williams-Watts, KWW, law) φ(t) = exp[−(t/τKWW)β ],
where the stretching exponent obeys 0 < β < 1 and τKWW is the time constant.
We empirically fitted the relaxation functions in Fig. 4 by a sum of two stretched
exponentials to capture the two relaxation processes present,

φ(t) = a0

[

a1 exp
[−(t/τ0)

β0
] + (1 − a1) exp

[ − (t/τ1)
β1

]
]

, (1)

where a0, a1, τ0, β0, τ1 and β1 are the fitting parameters. The overall amplitude, a0,
is smaller than one because the short time vibrational decay can not be captured by
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Fig. 4 Main panel: log—log representation of the segmental dipole relaxation functions as a func-
tion of temperature. The relaxation functions were computed for a layer of width 1.2 nm next to the
walls. The functional form of Eq. (1) was fitted to the data (grey full lines). Small panel: log—lin
representation of the same data

this fit. For the center region of the film, the final wall-induced relaxation process is
absent (data not shown) and a single exponential is enough to fit the autocorrelation
functions, in the same way as for the bulk.

3.1 The Dielectric Loss Spectra

The relaxation functions in Fig. 4 span many decades in time and contain processes
on very different time scales, from the fast vibrational motions to the long time
desorption kinetics. To obtain these functions requires a logarithmic sampling in time,
and it is impossible to resolve the whole curve with a resolution adapted to the fastest
process. Thus, the raw simulation data were first interpolated and linearly sampled
over the full time range of observation, and then a Fast Fourier Transform algorithm
was used to obtain the frequency spectrum. In addition, the good fit functions (as
shown by the red lines in Fig. 4) at hand were also used to generate the correlation
functions on a uniformly spaced time grid of width ϕt having 226 time points,
which could be used to extend the time range over which the relaxation function was
observed compared to the raw data. This was done for all temperatures.

The Shannon-Nyquist sampling theorem then relates the time increment to the
largest frequency one can resolve, and the lowest frequency is given by the inverse of
the longest time, (226ϕt)−1, one reaches this way. The time interval ϕt depends on
temperature because the longest time scale one has to reach increases with decreas-
ing temperature, so the frequency grid points for which one determines the Fourier
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high temperatures the Fourier transforms of the data and the fit agree, at the lowest temperatures,
the Fourier transform of the fit allows for an extrapolation to lower frequencies than obtainable
from the data. Inset: scaled representation of the same data showing a broadening of the frequency
spectra at low temperatures

transform also depend on temperature. The dielectric spectra shown in Fig. 5 show
that the results obtained by transforming the original data and by transforming the fit
functions agree with each other for high temperatures. At the lowest temperatures,
the relaxation becomes so slow that it can not be completely resolved within the
simulation time window. Here the Fourier transforms of the fits (which agree with
those of the data at high frequencies) allow for an extrapolation of the spectra to
lower frequencies.

4 The Temperature Dependence of the α-Process

The temperature dependence of the position of the maximum in the dielectric loss,
which was used in the inset of Fig. 5 to scale the frequencies, gives a measure for the
temperature dependence of the α process. When we perform this analysis for different
layer widths starting at the graphite surface, we can obtain an idea on the thickness
dependence of the glass process in PBD films. This temperature dependence is not
described by an Arrhenius law in fragile glass formers to which PBD belongs, rather
it is empirically fitted by the Vogel/Fulcher/Tammann (VFT) equation [15]

f = f∞ exp

[

− Ea

(T − T0)

]

, (2)

or
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Table 1 Results of VFT fits (see Fig. 6) adjusted to the data from the MD simulations

Param. Bulk 1.2 nm 2.5 nm 3.7 nm 5.0 nm

log( f∞) 11.405 ± 0.061 10.758 ± 0.152 10.884 ± 0.128 10.986 ± 0.131 11.027 ± 0.131
Ea 980 ± 53 664 ± 43 691 ± 37 721 ± 39 739 ± 40
T0 141 ± 5 155 ± 1 153 ± 1 151 ± 1 149 ± 1
Tg 173 ± 7 178 ± 3 176 ± 2 175 ± 3 174 ± 3

The glass transition temperature and its (asymptotic standard) error bar are estimated from the fit
parameters using Eq. (3)
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Fig. 6 The relaxation map for various layer thicknesses. The error in the data is smaller than the
size of the symbols. The respective thicknesses are given in the legend. The lines show empirical
VFT fits (see Table 1), extrapolating to the known bulk glass transition temperature within the error
bars

T = T0 + Ea

[ln f∞ − ln f ] , (3)

where f∞ (frequency as T → +∞), Ea (activation temperature) and T0 (so-called
ideal glass transition or Vogel temperature) are the fitting parameters. We recall that
one model that leads to Eqs. (2) or (3) is based on the idea of regions where relaxations
require cooperative rearrangements of the molecules (or monomeric units) that they
contain, implying that the size of these regions diverges at T0. However, the empirical
fits of actual data show (see Table. 1) that T0 always is distinctly smaller than Tg.

The second form allows for the calculation of the glass transition temperature
when the VFT parameters are known. The glass transition temperature corresponds
to a relaxation rate of f = 10−2Hz [25]. Therefore, one may define here the dielectric
glass transition by Tg = T ( f = 10−2Hz) [1]. When one performs VFT fits to the
data in Fig. 6, one obtains the fit parameters shown in Table 1, where also the error
bars of the fit parameters are given.
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There is an obvious jump in the value of the Vogel temperature T0 going from
the bulk to the film data. The reason for this is the change in the temperature range
for which the data are available. The bulk data are taken from Ref. [3] and are given
for 253K ≤ T ≤ 500K, whereas the film data are given for 213K ≤ T ≤ 353K.
This jump reveals the fact that the VFT law actually is not able to cover the complete
temperature dependence from the high temperature liquid to the supercooled regime
close to Tg. This was worked out in pioneering dielectric experiments by Stickel et al.
[26, 27] and was also found for simulations on bulk PBD [20], when the time scale
for incoherent neutron scattering was analyzed. Rather than a VFT law, one has to use
two Arrhenius laws to capture the crossover from high temperature liquid-like to low
temperature solid-like relaxation. However, when we look at the prediction for the
glass transition temperature obtainable from these VFT fits, we can conclude that they
agree with each other and with the experimentally known value within the error bars
inherent in the VFT fitting procedure. There is no indication that the glass transition
temperature changes with a reduction in film thickness, similar to what is found in
recent dielectric experiments, for example in [28, 29]. This conclusion differs from
the one reached in the simulation work by Peter et al. [6]. We explain this difference
by the difference between a coarse-grained and a chemically realistic model. In
a bead-spring coarse-grained model, the glass transition is mostly determined by
density effects alone, so a layering as visible in Fig. 3 leads to strong effects on the
glass transition temperature. In a chemically realistic model, the internal rotation
barriers of the dihedral angles are much more important and induce a larger dynamic
chain stiffness than a bead-spring coarse-grained model possesses, where no torsion
stiffness is included. Removing the torsion potential from the simulation shifts the
glass transition temperature of PBD (simulated at the realistic densities) from about
175 K to about 60 K [2]. The layering at the walls (or for that purpose, the reduced
density at a free surface) therefore has a much smaller effect on Tg in such realistic
models and in real confined polymer systems then it has for simulations of a coarse-
grained model.

5 The Relaxation Time Distribution

It is astonishing that the two processes clearly visible in the time domain behavior
(Fig. 4) do not lead to separate peaks in the frequency spectra (Fig. 5). This smearing
out of features in the Fourier analysis can be avoided when one instead determines the
relaxation spectrum ρ(τ) (or distribution of relaxation times) of the time domain sig-
nal. Here, the relaxation function is written as an integral over Debye processes, i.e.,

φ(t) =
+∞∫

0

ρ(τ) exp[−t/τ ]dτ , (4)



Dielectric Relaxation of a Polybutadiene Melt 11

where one has to fulfill the normalization condition
∫ +∞

0 ρ(τ)dτ = 1. Eq. (4) may
be reinterpreted as a Laplace transform if one replaces the real variable t by the
complex variable s = ζ + iη (i stands for imaginary unit) and carries out a change of
variables λ = 1/τ . It leads to Eq. (5), where the function ρ(λ) = ρ(1/λ)/λ2 should
be reinterpreted as a spectrum of relaxation rate constants, which is simpler to use
from a mathematical point of view. From there, the function ρ of λ can be calculated
as the inverse Laplace transform L −1

φ of the relaxation function φ using the variable
s. It follows that

Lρ(s) =
+∞∫

0

ρ(λ) exp[−sλ]dλ , (5)

ρ(λ) = 1

2π i

ζ+i∞∫

ζ−i∞
φ(s) exp[+sλ]ds . (6)

Since the function φ, see Eq. (1), as a function of s = ζ+iη belongs to the Hardy space
(i.e., φ is a holomorphic function for ≈(s) > 0 and supζ>0

∫ +∞
−∞ |φ(ζ + iη)|2dη <

+∞), the Paley-Wiener theorem allows one to set ζ to zero in equation (6), i.e.,
the inverse Fourier transform of φ(iη) exists, and ρ is a square-integrable function
(i.e.,

∫ +∞
−∞ |ρ(λ)|2dλ < +∞), see [30, 31]. Thus, the inverse Laplace transform

may be written as an inverse Fourier transform. The relaxation rate distributions
were computed for each model φ(t) using the FFT algorithm, after the function φ

was normalized. The computation was done for several integration time windows,
so as to cover a large range of relaxation rate constants. We carefully checked that
the normalization condition was satisfied, and that the relaxation rate distributions
obtained give the model φ(t) according to Eq. (4). Finally, one can convert the results
into distributions of relaxation time constants.

The RTD is able to separate the two processes as shown in Fig. 4 and to reveal their
temperature dependence. This dependence is shown in Fig. 7 the layer of width 1.2 nm
next to the wall for which the contribution of the desorption process is clearest. For
both processes, the typical relaxation times increase as the temperature is lowered,
however, the time scale for the α-relaxation increases faster than the one for the
desorption process. Thus the two peaks first merge and the relative position of the
two contributions even changes. In addition and for a given temperature, in Fig. 7,
a big red filled circle corresponds to the frequency of the maximum dielectric loss
from Fig. 5. Doing this for the temperature range that was simulated, one obtains a
master line, which indicates that the maximum dielectric loss position in frequency
is a blend of the two processes. One can also conclude that different physics of the
glass transition may be addressed, if one considers the maximum dielectric loss or
the maxima in the relaxation rate distributions.

It is interesting to perform a direct comparison of the analysis in terms of a
superposition of Debye processes and the analysis in terms of a superposition of
harmonic oscillators (Fourier spectrum). We perform this comparison in Fig. 8 for
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Fig. 7 The temperature dependence of the relaxation time distributions as a function of the relax-
ation rate constant (equivalent to the inverse of the relaxation time constant) for the layer next to
the wall. The big filled circles are located at the frequency of maximum dielectric loss from Fig. 5

the relaxation behavior observed in layers of different thicknesses next to the walls
and for a temperature of 353 K. Clearly, the Fourier signal shows a single peak which
only broadens upon reducing the layer thickness for which the dielectric signal is
evaluated (only for the smallest thickness of 1.2 nm there is a small shift of the
peak position). Both relaxation processes contribute to this peak and the stronger
contribution of the wall process for the smaller layer thicknesses only leads to the
observed broadening. In contrast, for the RTD a clear bimodal signal is observed.
The peak at lower τ captures the contributions to the α process at this temperature,
the peak at larger τ captures the wall-desorption process. The latter one is completely
absent when one considers a layer in the center of the film as shown by the dashed
line.

6 Conclusion

In this contribution, MD simulations (extending for up to approximatively 1 μs in
time) for a chemically realistic model of 1,4–polybutadiene (55 % trans, 45 % cis)
confined by graphite walls were performed to address the question of the dielectric
relaxation behavior of a polymer in confinement. Since polybutadiene is a weakly
polar polymer, the partial charges were included after the simulations of the same
but nonpolar polymer. Then, using the fluctuation–dissipation theorem which states
that the linear response of a given system to an external perturbation is expressed in
terms of fluctuation properties of the system in thermal equilibrium, one is able to
estimate the dielectric permittivity from the fluctuations of the dipole moments of the
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Fig. 8 Top panel: frequency dependent dielectric permittivity for T = 353 K and several layer
thicknesses indicated in the legend. A small shift of the peak position for the thinnest layer of
1.2 nm is indicated. Points are Fourier transforms of the simulation data, lines are transforms of
fits, as done in Fig. 4. The inset shows the temperature dependence at two indicated thicknesses
at a frequency of f = 2.25 · 108 Hz. Bottom panel: the relaxation time distributions as a function
of the inverse of the relaxation time constant at T = 353 K. Data are shown for comparable layer
thicknesses as in the top panel

cis segments in a polymer molecule. The dielectric relaxation functions in the bulk
had been studied before for this polymer. The Fourier spectra and the relaxation time
distributions were computed from the raw data and from a model fit capturing the data
(and also extrapolating the behavior to long times). This allows one to conclude that
the confinement introduces mainly a broadening of the frequency spectrum (Fourier
space), which, however, is the result of a sum of two unimodal processes according to
the relaxation time distributions. We estimated the glass transition for this confined
polymer systems using the activation representation, where the frequency of the
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maximum dielectric loss is plotted as a function of inverse temperature. When one
performs standard VFT fits of the temperature dependence of the maximum loss
frequencies, no shift of the extrapolated glass transition temperature with decreasing
film thickness is obtained within the error bars.

Since our Molecular Dynamics simulations allow us to study the relaxation behav-
ior spatially well resolved (e.g., focusing on monomers that are no further away from
the graphite surface than 1.2 nm), we are able to identify the signals of two distinct
slowly relaxing phenomena, both in the time dependence of relaxation functions (see
Fig. 4) and in the relaxation time spectrum (see Fig. 8): namely glassy freezing of
the same type as in the bulk, and chain desorption kinetics at the graphite wall. The
relaxation time distributions of both processes are broad, and due to their somewhat
different temperature dependence, they merge in the temperature region of interest.
We also show that it is hard to disentangle these processes in the dielectric loss spectra
(see Fig. 5).
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Glass Transition of Ultra-Thin Polymer Films:
A Combination of Relaxation Spectroscopy
with Surface Analytics
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Abstract The glass transition behavior of ultra-thin supported polymer films is
discussed controversially in the literature for around 20 years. Substantial efforts
have been archived to understand it. In this contribution, a combination of methods
sensitive to bulk properties of a system, like dielectric or specific heat spectroscopy
with surface analytics, for instance, atomic force microscopy (AFM), contact angle
measurements, and X-ray photoelectron spectroscopy (XPS) were employed to study
the glass transition of ultra-thin supported films. All investigations were carried
out on identically prepared and treated samples. Different systems with different
complexities going from more or less flexible homopolymers over rigid main chain
macromolecules to polymer blends have been studied. For the investigated flexible
macromolecules, the dynamic glass transition temperature estimated within the frame
of the linear response approach is independent of the film thickness down to several
nanometers and identical to the bulk value. For polystyrene it was found the thermal
glass transition temperatures can depend on the film thickness. This different behavior
is not well understood till now and needs further experimental clarification. For
the investigated main chain polymers polycarbonate and polysulfone. Dynamic and
thermal glass transition temperature estimated from the dielectric measurements
increases with decreasing film thickness. This is discussed in the frame of a strong
interaction of the polymer segments with the surface of the substrate. In general for
homopolymers, the interaction energy of the polymer segments with the substrate
surface cannot be considered as the only parameter, which is responsible for the
change in the thermal glass transition with the film thickness. For the investigated
miscible blend system of polystyrene/poly(vinyl methyl ether) at a composition of
50/50 wt-% a decrease of the dynamic glass transition temperature with decreasing
film thickness is found. This is explained by the formation of a poly(vinyl methyl
ether)-rich surface layer with a higher molecular mobility.
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(vinyl methyl ether) · Poly(2-vinylpyridine) · Polycarbonate · Polysulfone ·
Polystyrene/ Poly(vinyl methyl ether) blend

Abbreviations

AFM Atomic force microscopy
XPS X-ray photoelectron spectroscopy
PS Polystyrene
PVME Poly(vinyl methyl ether)
P2VP Poly(2-vinylpyridine)
PC Polycarbonate
PSU Polysulfone
Tg Glass transition temperature
T0 Vogel temperature
Mw Molecular weight
D Film thickness
P Polymer
S Substrate
εSP Polymer/substrate interaction energy
α Contact angle
SiO2 Silicon dioxide
AlOx Aluminum oxide
β Radial frequency
f Technical frequency (β = 2χ f )
J*(β) Complex compliance
G*(β) Complex modulus
δ∗(β) Complex dielectric susceptibility
φ∗(β) Complex dielectric function
R Resistance
HN Havriliak/Negami
VFT Vogel/Fulcher/Tammann
fp Relaxation rate
τφ Dielectric strength
AC Alternating current
min Minute(s)
K Kelvin
µW Microwatt
nm Nanometer
τU Complex differential voltage
UR Real part of complex differential voltage
ϕ Phase angle of complex differential voltage
ρ Density
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D Fragility parameter
ζ Cooperativity length scale
cp Specific heat capacity
ηT Mean temperature fluctuation

1 Introduction

The properties of ultra-thin polymer films are of great interest from both the
technological and basic research points of view. The former point is due to the
importance of polymeric films in a broad variety of technological fields like coat-
ings, membranes, organic electronic devices, etc, where polymers combine a high
tunability, flexibility, and low production costs. For these application fields, several
problems like wetting [1], instabilities [2], the viscoelastic properties [3, 4], diffu-
sion processes [5–7], and especially the glass transition behavior (see for instance
Refs. [8–45]) have to be considered. This concerns also several chapters of this book
[46–49].

The investigation of the glass transition behavior plays a key role, since several
material properties change drastically at the glass transition. It has to be noted that the
glass transition itself is a topical problem of soft matter physics [50, 51]. From the
scientific point of view, ultra-thin polymer films provide an ideal sample geometry
for studying the confinement effects on the glass transition of polymers because the
confining dimensions (film thickness) can be easily tuned by spin coating [52].

Since the pioneering work of Keddie and Jones [33, 34] the thickness dependence
of the glass transition temperature has been controversially discussed in the literature
where for the same system (polymer and substrate) divergent results have been pub-
lished. For polymers supported by a nonattractive substrate (see for instance [34]) a
decrease of the thermal glass transition temperature Tg with decreasing film thick-
ness (Tg depression) is often observed. This Tg depression is discussed to originate
as a result of a free surface (polymer/air) having a higher molecular mobility than
the bulk due to missing polymer–polymer segment interactions [53]. For polymer
films supported by substrates having a strong interfacial interaction, Tg may increase
with the reduction of film thickness [42, 54], which is explained by the formation of
an adsorbed boundary layer in which the polymer segments have a lower molecular
mobility; hence, a higher glass transition temperature [55]. There are attempts to cor-
relate depression or increase of the glass transition temperature with the interaction
energy between the substrate and the polymer surface εSP [56]. For values of εSP
smaller than a critical value εc, the free surface will dominate and a depression of
Tg will be observed, while for εSP > εc the reduced mobility layer at the substrate
dominates and an increase of Tg should be observed. Tsui et al. [26] criticized this
concept by concluding that the interaction energy between the polymer segments
and the substrate is not the only relevant parameter and the packing of the segments
at the interface should be also of importance.
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On the one hand, in many investigations on thin films like ellipsometric studies
[33], a thermodynamic property (or an associated quantity) is measured during a tem-
perature scanning experiment. A change in the temperature dependence is interpreted
as thermal glass transition where a corresponding thermal glass transition temperature
Tg can be extracted (dilatometric methods, see for instance [53, 57, 58]). On the other
hand, also techniques, which are directly sensing segmental fluctuations like broad-
band dielectric spectroscopy (see for instance [8]), specific heat spectroscopy (see
for instance [59]), or optical photobleaching techniques [60] have been employed to
investigate the glass transition of thin polymeric films. These methods are related to
the segmental fluctuations and therefore to the dynamic glass transition. For various
polymers, e.g., polystyrene [44, 45, 59, 60], poly(methyl methacrylate) [61, 62], or
poly(vinyl methyl ether) [63], the dynamic glass transition temperature in the spe-
cific frequency range of the employed method was found to be independent of the
film thickness down to several nm.

Obviously, the thickness dependence of the glass transition temperature of ultra-
thin films is influenced by different factors, which may have opposite impacts. Often
discussed factors are the interaction of the polymer segments with the substrate, the
existence of a free polymer/air interface [64], and the preparation and annealing con-
ditions. In this contribution, recent advances and results for thin films are collected
which were obtained by combining methods sensitive to bulk properties like dielec-
tric or specific heat spectroscopy with surface analytics for instance atomic force
microscopy (AFM), contact angel measurements, and X-ray photoelectron spec-
troscopy (XPS). Different systems with different complexities, going from more
or less flexible homopolymers over rigid main chain macromolecules to polymer
blends, were studied.

2 Methodology

The used methodology is based on the concept that bulk sensitive methods like
dielectric relaxation and specific heat spectroscopy are combined with surface ana-
lytics. The investigations are carried out on samples, which are prepared and annealed
under identical conditions to ensure a comparability of the results of the different
methods.

2.1 Preparation

As homopolymers polystyrene (molecular weights: Mw = 50 kg/mol; Mw = 260
kg/mol; Mw = 1408 kg/mol;) poly(vinyl methyl ether) (molecular weights: Mw =
60 kg/mol), poly(2-vinylpyridine) (Mw = 1020 kg/mol), polycarbonate (Mw =
22 kg/mol), and polysulfone (Mw = 45 kg/mol) were used.
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Fig. 1 AFM image of a
scratch across a poly(vinyl
methyl ether) film (thickness
ca. 70 nm) spin coated on a
silicon wafer. The figure was
adopted from Ref. [63]

All thin films were prepared on a substrate by spin coating from a filtered polymer
solution for both the dielectric and the specific heat spectroscopy experiments. For
the dielectric measurements, films were prepared between two electrodes (for details
see Refs. [42, 45] and inset of Fig. 6). This means for the dielectric experiments the
polymer segments are in interaction with an AlOx surface. In case of the specific heat
spectroscopy, films were prepared onto the SiO2 surface of the calorimeter chip as
described below. Before spin coating, the substrates were cleaned by sophisticated
procedures as described in Ref. [42], for the dielectric measurements, and in Ref. [43],
for the thermal investigations.

After spin coating, films were annealed at temperatures well above the glass
transition temperature of the bulk material in an oil-free vacuum for a well-adopted
time. The topography of the films was investigated after annealing by AFM. Some
examples are shown in Fig. 1. No sign of dewetting was detected even for polymers
with glass transition temperatures well below room temperature as in the case of
poly(vinyl methyl ether).

The thickness of the prepared films was adjusted by the concentration of the
polymer solution. The film thickness was estimated also by AFM by measuring
the step height of a scratch, which was made by a sharp needle through the film
down to the substrate. As an example, Fig. 2 gives the relation of the thicknesses
of polycarbonate films prepared on an AlOx surface versus the concentration of the
solution.

2.2 Bulk Methods

2.2.1 Linear Response Approach

In the linear regime, relaxation (or retardation) experiments can be theoretically
described by the linear response theory. The general principle is given in Fig. 3.
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Fig. 2 Film thickness d of a polycarbonate film prepared on an AlOx surface versus the concen-
tration of polycarbonate dissolved in dichloromethane. The line is a guide for the eyes. The inset
gives the chemical structure of polycarbonate

Fig. 3 Scheme of linear response theory

An outer disturbance x(t) is applied to the system (material under investigation),
which is considered as a black box with the material function J(t). x(t) provokes a
response of the system y(t). Assuming linearity and causality

y(t) = y∞ +
t∫

−∞
J(t − t∝)dx(t∝)

dt∝
dt∝ (1)

holds. The corresponding material function J(t) (compliance) can be measured as the
time dependent response to a step-like disturbance τx as J(t) = (y(t)−y∞)/τx.y∞
is the response for short times (instantaneous response). The Fourier transformation
of Eq. (1) yields

y∗ (β) = J∗ (β) x∗ (β) with J∗ (β) = J ∝ (β) − i J ∝∝ (β) (2)

with β the radial frequency and i = ⊗−1 . J*(β) is a generalized compliance with
corresponding real J ∝(β) and loss part J ∝∝(β).

Because of its linearity Eq. (1) can be inverted to
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x(t) = x∞ +
t∫

−∞
G(t − t∝)dy(t∝)

dt∝
dt∝ (3)

where G(T ) is a generalized modulus, which reads in the complex form G∗(β) =
G∝(β) + iG∝∝(β). The relationship between the compliance and the modulus is given
by

J∗(β)G∗(β) = 1. (4)

Glass transition temperatures deduced in the frame work of the linear response
approach are estimated in the thermodynamic equilibrium state (thermodynamic
metastable equilibrium, supercooled state) of a system and called dynamic glass
transition temperature.

2.2.2 Broadband Dielectric Spectroscopy

In the case of dielectric spectroscopy, the disturbance is the electric field E and
the response of the system is the polarization P. The material function is complex
dielectric susceptibility δ∗(β) = φ∗(β) − 1 where φ∗(β) = φ∝(β) − iφ∝∝(β) is the
complex dielectric function or the complex permittivity. For a detailed discussion,
see Ref. [65]. All presented data were obtained by a high resolution Alpha analyser
with an active sample head (Novocontrol®) in the frequency range from 10−1 to
107 Hz. The temperature was controlled by a Quatro Novocontrol® cryo-system
with a temperature stability better than 0.1 K.

Figure 4 shows an example for a dielectric measurement for a polysulfone film
with a thickness of 48 nm. A conductivity contribution is observed at low frequencies
followed by a peak due to dynamic glass transition (λ-relaxation) related to the
segmental fluctuations. Both processes shift to higher frequencies with increasing
temperature. At frequencies around 106 Hz, a further (parasitic) process is evident
as a peak. In the case of the thin film capacitors, the resistance R of the thin Al
electrodes cannot be neglected. Together with the sample capacity, this resistance
leads to an artificial loss peak (electrode peak) on the high frequency side of the
spectra with a time constant πRes = R∗C∝(C∝—sample capacity). Because of the fact
that the electrode peak should obey the Debye function, the dielectric data can be
analyzed by fitting the model function

φ∗
Fit = φ∗

HN(β) − i
σ

βsφ0
+ τφRes

1 + iβπRes
(5a)

to the data. The first part is the model function of Havriliak/Negami [66] which reads

φ∗
HN(β) − φ∞ = τφ

(1 + (iβ/β0)β)ε
(5b)
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Fig. 4 Dielectric loss versus frequency for a thin polysulfone film with a thickness of 48 nm
at different temperatures: stars 469 K; diamonds 477 K; triangles 487 K. The solid lines are fits of
Eq. 5a to the data. The dashed lines are the contributions of the conductivity (dashed-dotted-dotted),
the λ-relaxation (dashed-dotted) and the resonance peak (dashed) for T = 477 K. The figure is
redrawn from Ref. [54]. The inset gives the chemical structure for polysulfone

β0 is a characteristic frequency related to the frequency of maximal loss fp (relaxation
rate). φ∞ describes the value of the real part φ∝ for f � f0. β and ε are fractional
parameters (0 < β ∞ 1 and 0 < βε ∞ 1) characterizing the shape of the relaxation
time spectra. τφ denotes the dielectric strength. The second term in Eq. 5a describes
conduction effects where σ is related to the DC conductivity. The parameter s (0 <

s ∞ 1) describes Ohmic, for s = 1, and non-Ohmic effects, for s < 1, in the
conductivity. The third term describes the electrode peak. In the case that the electrode
peak is located outside of the experimental frequency window, the Debye function
can be expanded, which results in

φ∗
Fit = φ∗

HN(β) − i
σ

βsφ0
− i const β (5c)

where const is a fitting parameter mainly due to πRes. Figure 4 demonstrates that the
data measured for ultra-thin polysulfone films [54] can be well described by this
approach.

2.2.3 Specific Heat Spectroscopy

Broadband dielectric and specific heat spectroscopy provide different windows to
look at the glass transition phenomena. The formulation of the specific heat spec-
troscopy in the frame work of linear response theory was done by Schawe [67].
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A detailed discussion can be found in Chap. “Dynamic calorimetric glass transition
in thin polymer films” of this book [48]. In this case, the disturbance is an oscilla-
tion of the temperature and the reaction of the system is entropy (or enthalpy). The
corresponding generalized compliance is the complex specific heat capacity , which
can be directly compared with the complex dielectric function.

Specific heat spectroscopy is carried out by employing AC chip calorimetry. On
the AC calorimeter chip, heaters as well as thermopiles are arranged [68]. The heat
capacity of the system is measured by the temperature change sensed by the ther-
mopiles in a lock-in approach (complex voltage). The differential setup developed
by Schick et al. [59] is employed where the calorimeter chip XEN 39390 (Xensor
Integration, Nl) is used as the measuring cell. The differential approach will mini-
mize the contribution of the heat capacity of the empty sensor to the measured data.
In the approximation of thin films (submicron), the heat capacity of the sample CS

is then given by

CS = iβC(τU − τU0)/P0S (6)

where C → C0 + G/iβ describes the effective heat capacity of the empty sensor
where G/iβ is the heat loss through the surrounding atmosphere, S is the sensitivity
of the thermopile, P0 is the applied heating power, τU is the complex differential
thermopile signal for an empty and a sensor with a sample, and τU0 is the complex
differential voltage measured for two empty sensors. For identical sensors, τU0 = 0
holds.

The polymer film was directly prepared onto the SiO2 surface of the sensor. The
thickness of the thin films cannot be directly measured on the sensor. Therefore,
a second set of films was prepared under identical conditions on a silicon wafer
with a native SiO2 layer to estimate the film thickness. Since the silicon wafer has
similar surface properties to the sensor, it is assumed that under identical spin coating
conditions the film on the silicon wafer has the same thickness as that on the sensor.

In the thin film approximation, absolute values of the complex specific heat capac-
ity [69] can be deduced from the measured complex differential voltage using cal-
ibration techniques. Here the real part of the complex differential voltage and the
phase angle are considered. Moreover, the temperature-scan-mode was employed,
which means that the frequency was kept constant while the temperature was scanned
with a heating/cooling rate of 1–2.0 K/min depending on the used frequency. Dur-
ing the measurements, the heating power for the modulation was kept constant at
about 25µW, which ensures that the amplitude of the temperature modulation is less
than 0.5 K. Figure 5 shows an example of an AC chip calorimetry measurement on a
polycarbonate film with a thickness of 38 nm [43].

http://dx.doi.org/10.1007/978-3-319-06100-9_12
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Fig. 5 Real part (a) and phase angle (b) of the complex differential voltage as measure of the
specific heat capacity for a polycarbonate film (38 nm) at a frequency of 160 Hz. The contribution
of the underlying step in heat capacity in the raw data of the phase angle (upper panel of Fig. 5b)
was subtracted from the overall curve (lower panel of Fig. 5b). The heating rate was 1 K/min. Data
were taken from Ref. [43]

2.2.4 Dielectric Expansion Dilatometry

Dielectric expansion dilatometry relies on the analysis of the temperature dependence
of the dielectric permittivity φ∝(T) (or real part of the capacity C∝(T)) under the
assumption that no dielectric active processes take place in the selected frequency
and temperature range. A detailed discussion of its theoretical basis is provided in
Ref. [8]. Generally, the real part of the permittivity can be expressed by φ∝(fe, T) =
φ∞(T)+τφ(fe, T ); where τφ is related to a dielectric dispersion, φ∞ is the real part
of the permittivity in the high frequency limit, and fe is the detection frequency. For
a thin polymer film capped between two thin aluminum electrodes (see inset Fig. 6),
the geometrical capacitance C0(T) of the sample capacitor depends on temperature
due to the thermal expansion of the film in a temperature scan experiment. In a linear
approximation,
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Fig. 6 Temperature dependence of the real part φ∝ of the complex dielectric function at a frequency
of 1.7*105 Hz for polystyrene (MW = 1408 kg/mol) at the indicated thicknesses. The curves are
shifted on the y-scale for sake of clearness. Lines are linear fits to the data in the different temperature
regions. Data were taken from Ref. [70]. The scheme in the inset shows the principle of dielectric
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C0(T) = φ0
Ar

d(T)
≤ φ0

Ar

dR(1 + λ(T)τT)
(7)

where d is the thickness of the film, Ar is the electrode area, τT is the temperature
change with regard to a reference temperature TR(T = TR + τT ). λ(T) is the
thermal expansion coefficient normal to the film surface. For frequencies fe, where
no relaxation process is present in the experimental window and/or weakly polar
polymers (τφ ≈ 0), φ∝(T) = φ∞(T) ≤ φ∞(TR)(1−λ(T)τT) holds. A thermal glass
transition temperature can be estimated for nonpolar and/or weakly polar polymers
from the change in the temperature dependence of φ∝ at sufficiently high frequencies.
Figure 6 gives an example of dielectric expansion dilatometry for thin polystyrene
films [70].

In difference to the dynamic glass transition temperature, which is estimated
under equilibrium conditions a thermal glass transition temperature measured for
instance by dielectric expansion dilatometry is accompanied by equilibrium/out-
of-equilibrium transition of the system.
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Fig. 7 Principle of contact
angle measurements
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2.3 Surface Analytics

2.3.1 Contact Angle Measurements

In Ref. [56], a correlation between the change of the thermal glass transition temper-
ature with the film thickness and the interaction energy between the substrate and the
polymer surface εSP is suggested. Contact angle measurements can be employed to
estimate interaction energy between the substrate and the surface. In the Fowkes-van
Oss-Chaudry-Good (FOCG) model [71], the surface tension ε Total is given as the
sum of the dispersive ε LW and the polar component ε P by

ε Total = ε LW + ε P = ε LW + 2
√

ε +ε − (8)

where ε + is the electron-acceptor and ε − is the electron-donor component [71, 72].
The equation of Young and Dupré [71] can be applied to estimate ε LW , ε + and ε −
from the measured contact angels αi

(1 + cos αi)ε1 = 2�(ε LW
X ε LW

1 )1/2 + (ε +
X ε −

1 )1/2 + (ε −
X ε +

1 )1/2� (9)

where the index l indicates a test liquid i and X symbolizes the polymer P or the
substrate S. For the principle see Fig. 7. The Good-Girifalco-Fowkes [73] combining
rule

εSP =
(√

ε LW
S −

√
ε LW

P

)2

+ 2
[
(ε +

S ε −
S )1/2(ε +

P ε −
P )1/2 − (ε +

S ε −
P )1/2 − (ε −

S ε +
P )1/2]

(10)
allows to estimate εSP from the experimental data.
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2.3.2 X-Ray Photoelectron Spectroscopy

With the method of X-ray photoelectron spectroscopy (XPS), the chemical com-
position of a surface can be analyzed with a penetration depth of several nm
(3–7 nm) [74]. In these investigations, a polymeric surface is irradiated with
X-rays. The X-rays generate photoelectrons, which can be analyzed with regard to
their frequency of occurrence at certain energy. The value of the energy will provide
information about the chemical bonding of an atom within a molecule and therefore
about the composition.

3 Results

3.1 Flexible Polymers

3.1.1 Polystyrene

Broadband dielectric spectroscopy, dielectric expansion dilatometry and specific heat
spectroscopy were combined to compare the thickness dependence of the dynamic
glass transition temperature (broadband dielectric and specific heat spectroscopy)
with that of the thermal glass transition temperature sensed by dielectric expansion
dilatometry for polystyrene samples. The different molecular weights have been
selected to discuss the influence of the molecular weight on the thermal glass tran-
sition of thin supported films. It should be explicitly noted that the data obtained by
broadband dielectric spectroscopy and dielectric expansion dilatometry were mea-
sured simultaneously on the same sample.

Dynamic Glass Transition Temperature

Figure 8a gives the normalized dielectric loss at a fixed frequency (f = 6 kHz) versus
temperature for polystyrene with a molecular weight of 1408 kg/mol (PS1408) for
several film thicknesses. The data treatment was discussed in detail in Ref. [70].
Figure 8a shows that that the loss peaks for all film thicknesses collapse into a single
curve. This means that the segmental dynamics measured by broadband dielectric
spectroscopy is independent of the film thickness down to the lowest film thickness.
This is first in agreement with literature results [20, 44] and secondly for all molecular
weights studied [70].

The relaxation map can be deduced (see Fig. 9a) from the maximum position of the
dielectric loss. The data are curved when plotted versus 1/T as expected for glassy
dynamics. Such a dependence can be described by the Vogel/Fulcher/Tammann-
(VFT-) equation [75–77]
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Fig. 8 a Normalized dielectric loss versus temperature at a frequency of 6 kHz for thin polystyrene
films (MW = 1408 kg/mol) at the indicated film thicknesses. All data are taken from Ref. [70].
b Normalized phase angle measured by specific heat spectroscopy for thin polystyrene films (MW =
1408 kg/mol) with a frequency of 360 Hz at the indicated film thicknesses. All data are taken
from Ref. [70]

log fp = log f∞ − A

T − T0
= log f∞ − ln(10)D T0

T − T0
(11)

where f∞ and A are parameters. T0 is called Vogel or ideal glass transition temper-
ature, which is found to be 30–70 K below the thermal glass transition temperature.
D is the so-called fragility parameter. Among others [78, 79] it can be used as
a quantitative measure of “fragility”, which provides a useful scheme to classify
glass-forming materials. Glass formers are called “fragile” if their fp(T) dependence
deviates strongly from an Arrhenius-type behavior (high values of D) and “strong”
if fp(T) is close to the latter (low values of D). As it is already obvious from the raw



Glass Transition of Ultra-Thin Polymer Films 31

2.2 2.3 2.4 2.5 2.6 2.7
-2

0

2

4

6

Dielectric Data
     15 nm
     30 nm
   130 nm
   500 nm
 1200 nm
        bulk

lo
g 

(f
p [H

z]
)

1000 / T [K-1]

M
w
 = 1408 kg/mol

2.2 2.3 2.4 2.5 2.6 2.7
-2

0

2

4

6

Dielectric Data
     15 nm
     30 nm
   130 nm
   500 nm
 1200 nm
        bulk

lo
g 

(f
p [H

z]
)

1000 / T [K-1]

M
w
 = 1408 kg/mol

Thermal Data
     18 nm
     52 nm
   250 nm
 3000 nm    

(a)

(b)

Fig. 9 a Dielectric relaxation rate fp versus 1/T for thin polystyrene films (MW = 1408 kg/mol) at
the indicated film thicknesses. All data are taken from Ref. [70]. The line is a fit of the VFT-equation
to the bulk data. b Dielectric and thermal relaxation rates fp versus 1/T for thin polystyrene films
(MW = 1408 kg/mol) at the indicated thicknesses

data presented in Fig. 8a the temperature dependence of the relaxation rate measured
for all film thicknesses is identical. This means that the dynamic glass transition
temperature measured by dielectric spectroscopy in equilibrium does not depend
on the film thickness. Similar results were obtained for thin films prepared from
polystyrene samples with molecular weights of 260 and 50 kg/mol.

The segmental dynamics of thin polystyrene films were further investigated by
means of specific heat spectroscopy. The real part UR and the phase angle of the
complex differential voltage were obtained as a measure of the complex heat capacity.
Figure 8b gives the temperature dependence of the normalized phase angle measured
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at a frequency of 360 Hz at the given film thicknesses. Similarly to the dielectric
data, all curves collapse into one chart indicating that the segmental dynamics, and
therefore also the dynamic glass transition, studied by specific heat spectroscopy, is
independent of the film thickness, analogously to the findings obtained by broadband
dielectric spectroscopy.

The specific heat spectroscopy data can be further analyzed by constructing the
relaxation map (Fig. 9b). First, Fig. 9b shows that the relaxation rates measured by
specific heat spectroscopy have the same temperature dependence for all considered
film thicknesses. Second, the temperature of the relaxation rates measured by specific
heat and dielectric spectroscopy are identical.
In conclusion, for polystyrene, the dynamic glass transition temperature measured
in equilibrium in the framework of linear response approach is independent of the
film thickness down to values of d of several nanometers. This agrees with literature
results [44, 48].

Decoupling of Dynamic and Thermal Glass Transition Temperature

Before staring the discussion on thin films, one has to state that most researchers
will agree that the dynamic and thermal glass transition should have a similar (or
more strongly an identical) dependence on the structure of the sample. The difference
between the thermal and the dynamic glass transition is that the latter is estimated
under equilibrium (or metastable equilibrium) conditions where the former one is
related to an out-of-equilibrium transition.

Figure 6 depicts results of dielectric expansion dilatometry for polystyrene with
a molecular weight of 1408 kg/mol for different thicknesses. All samples are well
annealed in an oil-free vacuum at T = 433 K for 4 days. From the kink-like change
of the temperature dependence of the real part of the complex permittivity, a thermal
glass transition temperature can be retrieved. With decreasing film thickness, the
thermal glass transition temperature decreases.

This result, measured by dielectric expansion dilatometry for the thermal glass
transition, is contrast to the conclusion drawn from dielectric relaxation and specific
heat spectroscopy, where a thickness independent dynamic glass transition tempera-
ture was found. This means that for thin films the dynamic and thermal glass transition
temperature can have a different dependence on thickness. In a first conclusion, this
implies that there is a decoupling of the thickness dependence of the dynamic and
thermal glass transition temperature [45, 70] for thin films. (Please also not that in
the dielectric case dielectric expansion dilatometry and dielectric relaxation spec-
troscopy were measured simultaneously on the same sample.) The same effect was
observed for other molecular weights [70] and also polystyrene nanospheres [80].

One attempt to discuss these controversial results is based on the fact that
the dynamic Tg (segmental dynamics) is measured under equilibrium conditions,
whereas the measurement of the thermal Tg involves a transition from an equilib-
rium to a nonequilibrium state. Recently, a free volume hole diffusion model (see
for instance [81–84]) based on ideas of Simha et al. [85] was used to rationalize this
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experimental finding [45]. It can describe simultaneously a Tg depression and an
invariant segmental dynamics. In the frame of this model, a polymer can maintain
equilibrium when cooling down by diffusing free volume holes out of the available
interfaces of the system. Thus, the efficiency of maintaining equilibrium is deter-
mined by the velocity of the diffusion of the free volume holes, which is related
to both the molecular mobility of the polymer and the amount of interface. The
latter is supposed to scale with the inverse of the film thickness. A much deeper
discussion can be found in Chap. “Equilibrium and Out-of-Equilibrium Dynamics in
Confined Polymers and Other Glass Forming Systems by Dielectric Spectroscopy
and Calorimetric Techniques” of this book [49].

Molecular Weight Dependence of the Thermal Glass Transition Temperature

The thickness dependence of the thermal glass transition temperature for thin
polystyrene films with a molecular weight of 1408 kg/mol (PS1408) is given in
Fig. 10. As evident from the data given in Fig. 6, the thermal glass transition tem-
perature Tg decreases with decreasing film thickness. These data are compared with
results of freestanding polystyrene films of the same molecular weight [45] mea-
sured also by dielectric expansion dilatometry. The freestanding films show a much
stronger depression of Tg with decreasing film thickness than those capped between
Al-electrodes. These data demonstrate the influence of the deposited electrodes,
which will lead to the formation of a boundary layer with a reduced mobility. The
formation of such a boundary layer by adsorption processes was in detail discussed
for polystyrene on AlOx in Ref. [86]. This boundary layer with a reduced mobility
would lead to weaker thickness dependence for a film capped between the AlOx

electrodes than for freestanding films.
In addition to experiments carried out on thin polystyrene films with a molecular

weight of 1408 kg/mol, measurements were done on samples with molecular weights
of 260 kg/mol (PS260) and 50 kg/mol (PS50). All samples were well annealed for
4 days in vacuum above the glass transition temperature of the bulk (for details
see [70]). Similar to the results presented in Fig. 6, for the films of the molecular
weight of 1408 kg/mol, Fig. 11 depicts data for polystyrene films of a molecular
weight of 50 kg/mol. In contrast to PS1408, for polystyrene films with a molecular
weight of 50 kg/mol, Tg increases with decreasing film thickness (see also Fig. 10).
In addition, the data for the sample PS260 are in-between those of PS1408 and
PS50. This means for PS260, Tg decreases with decreasing film thickness d yet still
much weaker than that of PS1408 (see Fig. 10). (It should be noted that a similar
dependence is also observed for polystyrene films by varying the cooling rate [87].)
Therefore, it can be concluded that, under the same annealing conditions, the thick-
ness dependence of the thermal glass transition temperature of thin polystyrene films
depends on the molecular weight. The results presented here agree with literature data
[88–90], although it is also reported that the glass transition temperature of ultra-thin
polystyrene films is independent of the molecular weight [9, 10, 91].

http://dx.doi.org/10.1007/978-3-319-06100-9_13
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The observed dependence of the thermal glass transition temperature on the
molecular weight is also in contradiction to the assumption that the interaction
energy between the polymer segments and surface of the substrate is the only
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parameter, which determines the value of the glass transition temperature of ultra-thin
polystyrene films. This will be discussed in more detail below.

The molecular weight dependence of the thermal glass transition can be explained
in terms of the effect of an irreversibly adsorbed layer onto the Al substrate of PS
segments melt formed by annealing the film at a temperature higher than the glass
transition temperature of the bulk [21, 25, 86]. Chain arrangements at the interface
between the polymer and the surface of the substrate result in a local densification of
chain segments, which will reduce the free surface effect. These chain arrangements
will require a given chain mobility, which depends of course on the molecular weight
of the polymer. At the same temperature, the molecular mobility is higher for lower
molecular weight samples than that of polymers with higher molecular weight. This
implies that the formation and densification of the irreversibly adsorbed surface
layer is more advanced for a lower molecular weight polymer than that of a higher
molecular weight one. Because of the fact that the interfacial layer with a reduced
mobility will compensate the free surface effect on the depression of the thermal glass
transition temperature of thin films (evidenced for the free standing films), the Tg

depression of thin films should be smaller for a lower molecular weight polymer than
for a macromolecule with a higher molecular weight. This is observed experimentally
(see Fig. 10). For the lowest molecular weight of 50 kg/mol the higher densification
of the surface layer with a reduced mobility will even lead to an increase of the
thermal glass transition temperature (see Fig. 10) indicating that the effect of the free
polymer/air interface is overcompensated by the reduced mobility layer. This line of
argumentation agrees with the consideration given in Ref. [86], where an increase of
Tg with increasing annealing time above Tg was reported.

To analyze the results obtained here in details, a model first proposed by
Tsui et al. was modified and used [26]. The deviation of the glass transition
temperature of a film with the thickness d compared to the bulk value can be
described by

τTg = Tg − Tg, Bulk = ηTg

ηρ

2ζ

d
(ρi − ρ). (12)

where ρi is the density of the polymer over a distance ζ from the AlOx substrate
surface and the remaining film with a thickness of d − 2ζ having the bulk density ρ.
ηTg/ηρ is the variation of Tg due to a change in the mass density ρ. For polystyrene a
value of ηTg/ηρ of 1.35×103cm3 K/g was taken from Ref. [26]. For film of PS1408
with the thickness of 15 nm, a 13 K reduction in Tg is observed for 2ζ(ρi − ρ) with
a value of 1.67 × 10−8 g/cm2. If ζ = 3 nm (several Kuhn lengths) is assumed for
the calculation, ρi − ρ = −0.028 g/cm3 is obtained. This means that only a ca. 3 %
decrease of the density at both Al interfaces is required for a 13 K reduction in the
glass transition temperature for a film thickness of 15 nm. For a 14-nm-thin film of
PS260 a 5 K decrease in Tg requires a ca. 1 % reduction of the density. For the case
ρi − ρ = 0 the glass transition temperature of a film will be independent of the film
thickness. When ρi−ρ is positive, it results in an increase in Tg. This model describes
the combined effects on the Tg deviation of thin polymer films. Moreover, it provides
a quantitative measure for the perturbations on the overall segment density.
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For the sake of completion, the model of the diffusion of free volumes holes
proposed by Boucher et al. [81–84] can be employed to describe the molecular
weight dependence of Tg(d) for ultra-thin polymer films.

3.1.2 Poly(vinyl methyl ether)

The thickness dependence of the dynamic glass transition temperature for thin films
of poly(vinyl methyl ether) were investigated by specific heat spectroscopy [63].
Figure 12a shows the temperature dependence of the normalized phase angle for
PVME measured at a frequency of 640 Hz. Down to the lowest film thickness of
12 nm, all datasets collapse into one chart. This indicates that the dynamic glass
transition temperature for poly(vinyl methyl ether) films is independent of the
film thickness [63], similarly to polystyrene (see Fig. 8b). Similar information is
obtained from the real part of the complex differential voltage, which is normalized
to UR/(UR, T=210k −UR, T=330 k)−UN

R, Tg (see Fig. 12b). For all film thicknesses, the
rescaled data collapse into one chart. This indicates that the temperature correspond-
ing to half of the amplitude step, as well as that of maxima of the phase angle of the
complex differential voltage, is independent of the film thickness down to 12 nm.

The dynamic glass transition temperatures obtained for different frequencies are
used to construct the relaxation map with the film thickness as a parameter (see
Fig. 13). The relaxation rates for poly(vinyl methyl ether) measured by broadband
dielectric spectroscopy are also included. The calorimetric data are close to the dielec-
tric ones. At a given frequency, the data measured for different film thicknesses are
located in a quite narrow temperature range of ±2 K, which is within the uncertainty
of the AC calorimeter measurement. The VFT-equation is fitted to all thermal data.
This fit describes the calorimetric data quite well and the deviation of the experi-
mental result from the fit is within the experimental error limit (±2 K) even for the
thinnest film thicknesses and the lowest frequencies.

In conclusion, the dynamic glass transition temperature for thin poly(vinyl methyl
ether) films is independent of the film thickness.

A systematic shift between the data estimated from specific heat and dielectric
spectroscopy is observed. The trace of the calorimetric points is shifted by about one
order of magnitude to lower frequencies compared to the dielectric data. This shift is
much larger than the experimental errors and consistent with the behavior reported
in Ref. [92]. Jacobsen et al. [93] provide similar results for two simple glass-formers
although the differences of the different datasets are small. On the other hand, it
was also reported for some other polymers that the dielectric and calorimetric data
collapse into one chart (see for instance Fig. 9b and Ref. [44, 94, 95]). From this
literature survey, one can concluded that specific heat and dielectric spectroscopy
detect the dynamic glass transition process, while each method provides a different
window to look at the underlying phenomena. Dielectric spectroscopy is sensitive to
fluctuations of dipoles, while specific heat spectroscopy detects entropy (or enthalpy)
fluctuations. The reason for this shift is not yet understood till now.
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measured by specific heat spectroscopy for thin poly(vinyl methyl ether) films at a frequency of
640 Hz at the indicated film thicknesses. The heating rate was 1 K/min. All data are taken from
Ref. [63]

3.1.3 Poly(2-vinylpyridine)

Besides polystyrene and poly(vinyl methyl ether) thin films of poly(2-vinylpyridine)
(P2VP) were investigated as a further example for flexible macromolecules by
specific heat spectroscopy [96]. Recently, a dielectric study about the dynamics
of condensed (semi-) isolated poly(2-vinylpyridine) chains have been published
[46, 97]. A thermal expansion study of thin P2VP films [25] on cleaned SiO2 have
shown strong increase of the thermal glass transition temperature with decreasing
film thickness.

The inset of Fig. 14 gives the normalized phase angle of the complex differen-
tial voltage versus temperature measured at a frequency of 160 Hz by specific heat
spectroscopy. Within the experimental error, the data measured for the different film
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thicknesses overlay. Therefore, the dynamic glass transition is independent of the
film thickness down to 10 nm.

This is further confirmed by the relaxation map (Fig. 14). All data points estimated
for the different frequencies and film thicknesses collapse more or less into one
chart. Within the experimental error, the data for the different film thicknesses can
be described by a single VFT fit.

3.1.4 Conclusions: Flexible Polymers

In conclusion, for the investigated flexible macromolecules, the dynamic glass tran-
sition temperature estimated by broadband dielectric spectroscopy and/or specific
heat spectroscopy is independent of the film thickness. In other words, within the
experimental error of the methods, the dynamic glass transition temperature is equal
to the bulk value down to film thicknesses of ca. 10 nm.

For polystyrene it was found that the thermal glass transition temperature could
depend on the film thickness. The different thickness dependence of the dynamic
and thermal glass transition temperature is not expected from the bulk behavior
and is not well understood till now. It might be related to the fact that the thermal
glass transition is related to an out-of-equilibrium transition where the dynamic glass
transition temperature is measured under equilibrium conditions.
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3.2 Main Chain Polymers

The inset of Fig. 15 shows results of the dielectric expansion dilatometry for the
main chain polymer poly(bisphenol A carbonate) (polycarbonate, PC) [42]. The
normalized real part of the complex dielectric function decreases with increasing
temperature. A thermal glass transition temperature can be estimated at a given fre-
quency, whereas the temperature dependence of φ∝ changes. In Fig. 15, the difference
in the glass transition temperature for thin films and the bulk is plotted versus the
film thickness d. With decreasing film thickness, Tg increases strongly for film thick-
nesses smaller than 20 nm. This behavior implies an interaction of polycarbonate with
the aluminum substrates (electrodes), which leads to the formation of an adsorbed
boundary layer with reduced mobility. This will be discussed in detail later.

Besides dielectric expansion dilatometry, dielectric relaxation spectroscopy was
carried out simultaneously on the identical polycarbonate samples. The estimated
dielectric relaxation rates are plotted for the different thicknesses versus inverse
temperature (relaxation map) in Fig. 16.

All data sets are curved in such a representation as found typical for glassy dynam-
ics and can be described by the VFT-equation. To analyze the temperature dependence
of the relaxation rate in more detail, a derivative method can be employed [98]. Using
Eq. (11), it holds
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[
d log fp

dT

]−1/2

= A−1/2(T − T0). (13)

Therefore, a dependence in accordance to the VFT equation shows up as a straight
line in the derivative plot. This technique was applied to the data of thin PC films
(see inset of Fig. 16). For all thicknesses, the data can be well described by straight
lines. From the intersection with y = 0, the Vogel temperature T0 can be extracted.
Figure 15 compares the thickness dependence of T0 with that of Tg estimated from the
dielectric expansion dilatometry. Both temperatures estimated independently from
each other have a similar dependence on the film thickness indicating that the same
process is sensed.

In addition to the dielectric data, Fig. 16 depicts also the relaxation rates as a
function of inverse temperature obtained for thin polycarbonate films by specific
heat spectroscopy [43]. Compared to the dielectric data, the results obtained by
thermal spectroscopy are shifted slightly to lower temperatures.

Similar to the dielectric data, the temperature dependence of the relaxation rates
estimated from specific heat capacity is curved when plotted versus 1/T. All data can
be described by a common set of VFT parameters. This means down to the lowest
film thickness no dependence of the glass transition temperature on the film thickness
is observed within the experimental uncertainty of ca. 3 K.

The different thickness dependence of the polycarbonate films measured by dielec-
tric and specific heat spectroscopy could be explained by the different interaction of
the polymer segments with the substrate. Figure 17 gives the dependence of the glass
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transition temperature versus the interaction energy between the substrate and the
polymer segments εSP for ca. 20 nm thin polystyrene and polycarbonate films accord-
ing to Ref. [56], where the number of polar groups of an octodecyltrichlorsilane/SiO2
surface was varied by X-ray radiation. A correlation between the change of the Tg of
the film and the interaction energy was observed. For polycarbonate on AlOx εSP is
2.51 mJ/m2 [42], while for PC on SiO2 εSP = 2.15 mJ/m2 is estimated [43]. These
two values agree with the correlation line found in Ref. [56], which might support
the assumption that the change in the glass transition temperature of thin films is due
to the interaction of the polymer segments with the substrate.

The presence of a reduced mobility layer with a profile of mobility affecting the
segmental dynamics of the film [99, 100] should be also reflected in the relaxation
time distribution of the segmental dynamics, this means in the width of the λ-peak.
Figure 18 shows that the loss peak related to segmental dynamics broadens with
decreasing film thickness. This broadening is due to heterogeneity in the molecular
dynamics, related to the introduction of slower modes in the distribution of relaxation
times. At the polymer/metal interface, the mobility of chains is hindered down to the
segmental motion, due to less available space [101] and the favorable interactions
with the AlOx surface. The perturbations into the chain conformations responsible
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for such deviation from bulk dynamics vanish after exceeding a dynamic length scale
λ [42].

Figure 19 gives the relaxation map for polysulfone for the dynamic glass transition.
The derivative method described above is employed to estimate the parameters of
the VFT equation (Eq. (11); for details see Ref. [54]). From the VFT parameters as
a measure for Tg a dielectric glass transition temperature, TDiel

g can be calculated
and plotted versus the film thickness, in the inset of Fig. 20. Besides the absolute
values, the qualitative behavior is more or less the same as that for polycarbonate.
With decreasing film thickness, Tg increases strongly for film thicknesses smaller
than 20 nm.

Like for polycarbonate the interaction energy between the segments and the
surface was estimated and a value of εSP = 5.45 mJ/m2 [54] was obtained. This
value is much larger than the value of 2.51 mJ/m2 [42] measured for polycarbonate
where a similar increase of the glass transition temperature of about 5 K (for a ca.
20-nm-thickfilm) was found. This means by using the glass transition temperature
the corresponding point for polysulfone is located far away from the correlation line
between the polymer/substrate interaction energy and the change in the glass tran-
sition temperature (see Fig. 17). This result might provide some evidence that the
interaction energy between the polymer segments and the surface of the substrate is
not the only relevant parameter for the glass transition behavior of thin films.
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Figure 20 compares the thickness dependence of the Vogel temperature T0 for
polycarbonate and polysulfone. As a result, for polysulfone T0(d) is much stronger
than that of polycarbonate. This is probably directly related to the higher interaction
energy between the polysulfone segments and the AlOx substrate. Moreover, by
taking T0 as measure for the thermal glass transition temperature, the correlations
between the change in the glass transition temperature and the polymer substrate /
interaction energy [56] is fulfilled (see Fig. 17).

The Debye theory of dielectric relaxation generalized by Kirkwood and Fröhlich
[102] predicts for the temperature dependence of the dielectric relaxation strength

τφ = 1

3φ0
g

μ2

kBT

N

V
(14)

where μ is the mean dipole moment of the process under consideration and N/V is the
number density of dipoles involved. g is the so-called Kirkwood/Fröhlich correlation
factor, which describes static correlation between the dipoles. The Onsager factor is
omitted for sake of simplicity. The inset of Fig. 21 gives the temperature dependence
of the dielectric relaxation strength estimated from the fit of the HN-function to
the polysulfone data for different film thicknesses. With decreasing thickness τφ

decreases strongly. τφ is taken at a temperature of 485 K and plotted versus inverse
layer thickness in Fig. 21. As it can be already seen from the raw data, τφ decreases
strongly but follows a linear dependence when plotted versus inverse layer thickness.
Because the dipole moment is a molecular property it should not depend on the film
thickness. Further, assuming that the correlation factor g weakly depends on the film
thickness, it is concluded that the strong decrease of τφ is due to a strong reduction
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of the number density of fluctuating dipoles with decreasing film thickness. This can
be understood by employing the reduced mobility layer model discussed above. Due
to the high interaction energy between the polysulfone segments and AlOx surface,
the segments close to the electrodes get adsorbed at the substrate. Because of this
interaction, these segments have a strongly reduced mobility, in comparison to the
time scale of the dynamic glass transition of bulk polysulfone. For polycarbonate [42]
as well as for other polymers [11, 16, 22], a corresponding behavior is observed. In
general, a gradient of molecular mobility starting from the substrate into the middle
of the film as suggested in Ref. [55] has to be discussed.

Equation (11) defines the fragility parameter D, which is plotted for polycarbonate
and polysulfone versus the reciprocal film thickness in Fig. 22. For both polymers,
a similar dependence of D on the film thickness is observed. First, it decreases with
decreasing film thickness and reaches a more or less constant value for the thinnest
films. This value seems to be similar for both main chain polymers. This decrease
of the fragility parameter with decreasing film thickness corresponds to change of
the system from a fragile to a stronger one. In Ref. [103], it was discussed that the
fragility of the bulk system is one key parameter for the thickness dependence of the
glass transition temperature for thin polymer films. Although the fragility was not
estimated in dependence of the film thickness, this hypothesis, however, seems to
disagree with the experimental results presented here.
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3.3 Proof of the Concept of the Polymer/Surface Interaction
Energy

In Ref. [56], attempts to correlate the change in the glass transition temperature with
the interaction energy between the substrate and the polymer surface εSP are made.
Figure 17 the data for all the polymers discussed here are summarized. For the both
main polycarbonate and polysulfone, it is already discussed above that this correla-
tion is partly fulfilled. In Fig. 17, the data for the different polystyrene samples are
added, whereas the interaction energy between the AlOx surface of the substrate and
the polystyrene segments is taken from Ref. [86]. The corresponding points for the
different polystyrene samples are located far away from the correlation line between
the polymer/substrate interaction energy and the change in the glass transition tem-
perature. The observed dependence of the thermal glass transition temperature on
the molecular weight is also in contradiction to the assumption that the interaction
energy between the polymer segments and surface of the substrate is the only para-
meter, which determines the value of the glass transition temperature of ultra-thin
polystyrene films. Moreover, data for poly(vinyl acetate) taken from Ref. [104] pre-
pared on different surfaces were added to Fig. 17. Also these data do not support
the correlation between the polymer/substrate interaction energy and the change
in the glass transition temperature. In conclusion, the polymer/substrate interaction
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energy is not the only parameter, which is responsible for the change in the thermal
glass transition temperature with the film thickness. Packing effects and/or densifi-
cations of the reduced mobility layer at the surface as discussed above and also in
Refs. [54, 86] plays a role as well.

3.4 Length Scale of Cooperativity at the Glass transition

Ultra-thin films provide an ideal sample geometry to analyze the confinement effect
on the cooperativity length scale ζ or the corresponding volume VCRR at the dynamic
glass transition by varying the film thickness. The cooperativity approach to the glass
transition by Adam and Gibbs [105] was extended by the fluctuation theory of Donth
[106]. Within this approach, a correlation length ζ (or volume VCRR) of dynamically
correlated segments at the glass transition can be estimated to

ζ3 ≤ VCRR = kBT2
g τ(1/cp)

ρηT2 (15)

Tg is the dynamic glass transition temperature, ρ is the density at Tg, and τ(1/cp) is
the step of the reciprocal specific heat capacity at the glass transition, where cV ≈ cp

was assumed. ηT is the width of the glass transition and can be extracted experi-
mentally from the temperature dependence of the specific heat capacity [107, 108].
Moreover, ηT can be estimated from the phase angle of specific heat spectroscopy
measurements [109–112]. Two quantities, the specific heat capacity cp and the mean
temperature fluctuation ηT , will determine the extent of cooperativity. According to
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Eq. (6), for identical chips (τU0 = 0), the specific heat capacity of the material can
be related to the measured heat capacity of the system CS by

cp = CS

m
= iβ

CUR

m S P0
= iβ

CUR

ρd Ar S P0
≤ UR

d
. (16)

where m is the sample mass, ρ the density, Ar is the heated area of the sensor and
d is the film thickness. C and S can be estimated from the frequency dependence
of the thermopile voltage of a single sensor [69]. Figure 23 gives the real part of the
complex differential voltage divided by the film thickness d for polycarbonate for
different values of d. Within the experimental error, all data collapse onto a single
chart. Similar results were obtained for polystyrene and poly(vinyl methyl ether).
Furthermore in the literature, identical results have been found [69]. This means cp

in both the glassy and the liquid state is independent of the film thickness within the
experimental error limit.

The mean temperature fluctuation ηT is the remaining quantity to estimate the
extent of the cooperativity according to Eq. (15). It can be estimated by fitting Gaus-
sians to the data of the phase angle (see for instance [43, 63]). Figure 24 depicts
the thickness dependence of ηT for polystyrene, polycarbonate, poly(vinyl methyl
ether), and poly(2-vinylpyridine). For all four polymers with a quite different struc-
ture, ηT is independent of the film thickness down to the lowest values of d. In
conclusion, this means that firstly, the cooperativity length scale at the glass transi-
tion should be smaller than ca. 10 nm and secondly, there is no confinement effect
on the cooperativity length scale.
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3.5 Thin Films of Miscible Polymer Blends

By investigating thin films of blends, where the both components are miscible in the
bulk state, the interaction of the polymer segments with the surface of the substrate
and/or the formation of a surface layer with higher molecular mobility can be studied.
Corresponding experiments were carried out by specific heat spectroscopy for the
system polystyrene (PS)/poly(vinyl methyl ether) (PVME) at a concentration of
50/50 wt-%. Recently, some results for this system have been published [113–118].

PS/PVME blend of 50/50 weight ratio was dissolved in toluene to form a solution
with different overall polymer concentrations. After spin coating, all samples were
dried in an oil-free vacuum for 24 h at room temperature and further annealed at
50 ◦C(T = Tg, Bulk + 45 K) for at least 72 h in order to remove the residual sol-
vent and the stress induced by the spin coating procedure. AFM topography images
before and after the annealing procedure further show homogeneous films with a low
roughness even for the thinnest films. No sign of dewetting was observed.

Figure 12a shows the temperature dependence of the normalized phase angle for
PVMEBulk measured at a frequency of 640 Hz and Fig. 13 presents the corresponding
relaxation map. Down to the lowest film thickness of 12 nm all datasets collapse into
one chart indicating that the dynamic glass transition temperature for poly(vinyl
methyl ether) films is independent of the film thickness [63], like for polystyrene
(see Fig. 8b).

Figure 25 compares the temperature dependence of the normalized phase angle
of a film of a PVME/PS blend with that of the corresponding homopolymers [119].
Similarly to the corresponding bulk system [120], the characteristic broadening of
the relaxation function for the blends is also observed for the cases of thin films.
Figure 26 gives the normalized phase angle for the blend PVME/PS at a concen-
tration of 50/50 wt-% for different film thicknesses. In contrast to the behavior of
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Fig. 26 Normalized phase angle of the complex differential voltage measured by specific heat
spectroscopy for thin films of the polymer blend PS/PVME (50/50 wt-%) at a frequency of 320 Hz
for the indicated film thicknesses. The data were taken from Ref. [119]

both homopolymers, polystyrene (see Fig. 8b) and poly(vinyl methyl ether) (see
Fig. 12a), where the dynamic glass transition temperature does not depend on the
film thickness, the loss peak for the blends shifts to lower temperatures with decreas-
ing film thickness.

From the peak position of the phase angle, a corresponding dynamic glass transi-
tion temperature can be estimated and together with measuring frequency the relax-
ation map can be constructed (Fig. 27). As already evident from the raw data (Fig. 12a)
for pure PVME within the experimental uncertainty (approximately 2 K) the data for
all film thicknesses collapse into one chart (see also Ref. [63]). The same is true for
the specific heat spectroscopy data of pure polystyrene [45]. This is different for the
blend system. With decreasing film thickness the data shifts to lower temperatures.

To discuss this in more detail, Fig. 28 gives the dynamic glass transition temper-
ature measured by specific heat spectroscopy at a frequency of 320 Hz. For both
homopolymers, the dynamic glass transition temperature is independent of the film
thickness (see inset of Fig. 28). For larger thicknesses of the blend film (d > 100 nm),
the glass transition temperature is also independent of d similarly to the correspond-
ing homopolymers. At a thickness of around 80 nm, Tg drops down with decreasing
film thickness by around 10 K followed by a further decrease of the dynamic glass
transition temperature with decreasing film thickness.

To discuss these results, a structural model for thin films of polymer blends had to
be developed. PVME has a lower surface tension, with respect to air, than polystyrene.
Therefore, it is possible that poly(vinyl methyl ether) segments segregates at the
air/polymer surface of the film [121] forming a PVME-rich surface layer. Therefore,
the following model can be assumed to discuss the thickness dependence of the
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dynamic glass transition temperature of thin polymer blend films. At the SiO2 surface
of the sensor, a polystyrene-rich layer with a reduced mobility is formed. In the
middle of the film, a more or less bulk-like behavior is present. Whereas at top of the
film, the polymer/air surface, a poly(vinyl methyl ether)-rich layer is developed, due
to the mentioned segregation process. In contrast to polystyrene, PVME contains
oxygen. Therefore, the concentration of poly(vinyl methyl ether) in a surface layer
(ca. 3–7 nm) can be estimated by XPS to evidence the existence of PVME-rich surface
layer. Figure 29 depicts the XPS-spectrum of a PS/PVME blend (50/50 wt%) film,
with a thickness of 200 nm. The two observed peaks correspond to the C–H as well
as C–O bonds as indicated [74]. The areas of both peaks (IC − O and IC − H) can
be estimated by fitting Gaussians to the data. For the weight fraction w of PVME in
a surface layer of 3–7 nm thickness one obtains

IC−O

IC−H
= 2w/MVME

8(1 − w)/MS + 3w/MVME
(17)

where MVME and MS are the molecular weight of the repeating units of PVME
and PS, respectively. This calculation leads to the results, that the concentration
of PVME in the surface layer is 84 wt-%, in contrast to the formulation which is
50/50 wt-%. For thick films of the polymer blend, the bulk-like middle layer of the
film dominates the glass transition behavior. Therefore, the dynamic glass transition
temperature is independent of the film thickness for d ≈> 100 nm. For decreasing
film thicknesses, the PVME-rich surface layer with a higher molecular mobility
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becomes more and more important for the overall glass transition behavior of the
film. Therefore, the observed decrease of the dynamic glass transition temperature
with decreasing film thickness for the blend (see Fig. 28) systems can be assigned
to the increasing influence of the PVME-rich surface layer on the glass transition
of thin polymer blend films of polystyrene and poly(vinyl methyl ether). In general,
these results provide evidence that a mobile surface layer is important for the glass
transition phenomena of thin polymer films [64]. At the lowest film thicknesses, the
thickness dependence of the dynamic glass transition is due to a counter play of the
adsorbed layer at the surface of the substrate with a lower molecular mobility and
the surface layer at the polymer/air interface with a high molecular mobility.

4 Summary, Conclusions, Outlook

Although the glass transition behavior of ultra-thin supported polymer films is
discussed controversially in the literature for around 20 years, substantial efforts
have been archived to understand its molecular dynamics and especially the glass
transition phenomena.

On one side, there are many experimental investigations that the polymer seg-
ments undergo an attractive interaction with the surface of the substrate. These inter-
actions will give rise to the formation of a layer with a reduced molecular mobility,
which will lead, in general, to an increase in the thermal glass transition temperature.
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The strength of these interactions will depend on both the chemical nature of the
surface, including its roughness, or the chemical reactivity and the structure of the
macromolecule. It should be noted that a simple modeling of the substrate polymer
interaction by the molecular interaction energy between the polymer segments and
the surface of the substrate would not be valid in the general case. Other effects like
the packing density of the polymer segments close to the surface of the substrate,
including its change with annealing above the glass transition temperature or even
the formation of real chemical bonds, will have an impact onto the glass transition
behavior.

On the other side, in most cases, thin polymer films will have a free polymer/air
interface. Due to the lack of molecular interactions, which are present in the bulk
state, the free polymer/air interface will lead to a formation of a surface layer with a
higher molecular mobility than the bulk state. In principle, this highly mobile surface
layer will lead to a decrease of the thermal glass transition temperature compared to
the bulk value.

The actual value of the thermal glass transition temperature of a polymer film with
a given thickness will be due to a delicate balance of the reduced mobility layer at
the substrate surface, the bulk-like middle layer and the highly mobile surface layer
at the polymer/air interface.

The recent results of the decoupling of the thickness dependence of the thermal
and dynamic glass transition temperature need further experimental and theoretical
investigations.
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Abstract While structure and conformation of condensed (semi-) isolated low
molecular weight and polymeric molecules is well explored, nothing is known about
their molecular dynamics as measured in a broad spectral range (1 Hz–1 MHz) and at
widely varying temperature (200–400 K). This is achieved in this study by employing
broadband dielectric spectroscopy (BDS) with nanostructured electrode arrange-
ments, enabling electrode separations down to 35 nm. The approach offers, addition-
ally, to determine in parallel the structure and conformation of the identical sample
by scanning force microscopy (AFM). For the case of high molecular weight poly
(2-vinylpyridine), it is demonstrated that even condensed (semi-) isolated polymer
chains perform glassy dynamics, well comparable to the bulk state with the char-
acteristic Vogel-Fulcher-Tammann temperature dependence; only ∗10−15 % of the
mobile segments are weakly slowed down. The results are in full accord with the
understanding that the length scale of the dynamic glass transition is ∗2−3 polymer
segments. Complementarily, AFM and infrared (IR) spectroscopy are employed to
examine the chain conformation and to analyze the interfacial interactions, respec-
tively. The former yields a condensed coil conformation, the average volume of
which agrees within limits of ±10 % with that calculated for a single chain assuming
bulk density. A fraction of ∗30 % of the segments is found to be in a 0.4-nm-layer
being directly in contact with the solid substrate. From IR investigations it is deduced
that only half of them are influenced by the substrate presumably due to Coulombic
interactions.
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Abbreviations

AFM Atomic force microscope
BDS Broadband dielectric spectroscopy
HF Hydrofluoric acid
IR Infrared
P2VP Poly(2-vinylpyridine)
PDI Poly dispersity index
PS Polystyrene
VFT Vogel-Fulcher-Tammann

1 Introduction

Polymers are one of the major basic materials due to their low cost of production,
facile processability and wide range of tunable properties enabling the fabrication
of tailor-made materials for applications as diverse as lightweight construction ele-
ments, functional surface coatings, and organic semi-conductors. Being present in the
vast majority of modern everyday-life appliances, polymers are vital in the ongoing
demand for miniaturization in recent technology. The perspectives of this develop-
ment are as appealing as flexible displays realized by ultra-thin functional layers and
sensors or completely new devices as promised by molecular motors. Regardless
of the particular application, manufacturing at the nanometric length scale down to
single molecules requires a detailed understanding of the potential changes of the
materials properties due to finite size effects.

The impact of such effects on one key quantity of polymeric materials, the glass
transition temperature (Tg), is in the focus of intense research for about two decades
now [1–30]. Publication of partly contradicting results has stirred up a controver-
sial discussion; recent ideas aiming for a comprehensive explanation suggest that
techniques probing the nonequilibrium state deliver results which are different from
those obtained using equilibrium methods [30–37] (see also Chap. “Equilibrium and
Out-of-Equilibrium Dynamics in Confined Polymers and Other Glass Forming Sys-
tems by Dielectric Spectroscopy and Calorimetric Techniques”).

In this chapter, we go beyond the investigation of thin layers and examine glassy
dynamics of isolated condensed polymer chains [38]. It will be shown that even the
ultimate case of the single building unit of a polymer—the isolated macromolecule—
conducts a dynamic glass transition. The challenge of an exiguous amount of sample

http://dx.doi.org/10.1007/978-3-319-06100-9_13
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material, which would inhibit a successful measurement by any other experimental
method because of insufficient signal intensity, is overcome by employing broad-
band dielectric spectroscopy (BDS) in combination with a refined nanostructured
electrode arrangement. This is because a reduction of the thickness of the probe
capacitor, and accordingly the probe volume, results in an increase of signal inten-
sity. Furthermore, the (macroscopic) response of BDS has a clear-cut microscopic
assignment and its broadband character enables examination of molecular motion in
a wide spectral and temperature range [39].
Structural information of these samples on the nanoscale is gained by atomic force
microscopy (AFM), which has already demonstrated its abilities to unravel the con-
formation of isolated polymer chains [40–47]. Additionally, it turned out enlightening
to explore the type and especially the extent of polymer-surface interactions by means
of infrared (IR) spectroscopy due to its chemical specificity.

2 Sample Preparation

The investigation of isolated polymer chains by means of BDS requires a unique
probe setup. This is because the sample material does not cover the electrode com-
pletely. Therefore, evaporation of electrodes, as conventionally used to study thin
polymeric layers [14, 18, 48–50], is not applicable. Instead, a recently developed
technique employing highly conductive ultra-flat silicon electrodes with strongly
insulating silica nanostructures as spacers [51] has been refined as described in
the following to enable such measurements. This work is complemented by results
obtained using IR spectroscopy on the polymer in nanopores, the fabrication of which
is briefly described afterward.

2.1 Capacitors with Nanostructured Electrodes

As electrodes, highly doped silicon wafer dice with a specific resistance of <10
mεcm are employed. The bottom electrode, which also serves as support for the
sample, has a root mean square roughness of <0.3 nm.1 After a cleaning proce-
dure which comprises rinsing with acetone, a plasma treatment and finally a surface
purification with a snow jet gun,2 isolated polymer nanodroplets are deposited by
spin-coating from a very dilute solution (c ∗ 0.001 wt%). Due to its strong segmental

1 The root mean square roughness (Rq ) refers to an area of 1×1µm2 scanned with a digital resolu-
tion of 512×512 pixels which corresponds to an absolute resolution of 2×2 nm2. It is calculated

from the mean height z̄ = 1/N αN
j z j of the respective image as Rq =

√
1/N αN

j

(
z j − z̄

)
where

N is the number of pixels.
2 A snow jet gun expands super-critical CO2 through a nozzle which generates a fast jet of CO2 gas
carrying CO2 ice crystals. The latter polish the surface and by that remove contaminating particles.
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Fig. 1 a Sketch of the 4 × 10 mm2 large supporting electrode covered by the 1×1 mm2 sized
counter electrode. b Schematic enlargement of the counter electrode tilted to show the spacer array
which faces the sample on the bottom electrode. c Scanning electron microscopy image of the regular
array of nanostructures and d 3D animation of an AFM height image of a single nanostructure.
e Scheme of the sample cross section (dimensions not to scale)

dipole moment, poly(2-vinylpyridine) (P2VP) is a suitable candidate for dielectric
measurements of extremely small amounts of sample material. As solvent, chloro-
form is adapted due to its particular interaction with P2VP, which favors the formation
of collapsed coils3 (for details see Sect. 3.1.1).

The final assembly of the capacitor requires some sort of spacer to avoid an elec-
trical connection between the electrodes since the isolated nanodroplets exhibit no
continuous surface coverage. For that, the counter electrode bears a regular matrix
of strongly insulating nanostructures made of SiOx, which act as spacers. With a
quadratic base area of 5µm edge length and an inter-spacer separation of 45µm,
these nanostructures occupy an area of ∗1 % in the assembled capacitor (Fig. 1).
Even though the height of the spacers, which has been decreased particularly for
these experiments to only 35 nm, is considerably smaller than in previous studies
[22–24, 51] the polymer nanodroplets account for only about 1 % of the probe vol-
ume. Clearly, such a sensitive preparation requires high standards regarding purity
and freedom from dust, for which reason it must be performed in a flow box or clean
room.

3 Notwithstanding the nomenclature used in the field of dissolved proteins for states of conformation,
e.g., extended coils and collapsed globules, we will denote the conformation of polymer chains
deposited in droplets as condensed coils.
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Before the actual measurement, a severe annealing at a temperature of ∗50 K + Tg

(∗150 K) for at least 24 h in a high, oil-free vacuum (10−6 mbar) is carried out. This
procedure has been developed to combine best possible removal of solvent [52, 53],
prevention of chemical degradation [54], and equilibration of the polymer to avoid
metastable states [55]. Further, AFM checks of the surface topography are essential
to verify the conformation and status of agglomeration of the chains. After the sample
has been measured by means of BDS, the counter electrode is removed in order to
directly investigate the surface of the actual probe area. In contrast, before the BDS
measurement, such checks are restricted to spots nearby the top electrode since its
removal would allow contaminating particles to vitiate the polymer surface.

2.2 Nanoporous Membranes

Isolated polymer chains forming nanodroplets exhibit a huge surface to volume
ratio, therefore it is expected that interactions at the boundary play an important
role in determining their structure and dynamics. Since the droplets are supported
on a substrate, a considerable fraction of the boundary is composed of the P2VP-
silica interface, which is reported to exhibit attractive interactions [56, 57]. However,
details about this interaction like length scale or contributing entities are not easily
found. For the latter, one may infer from coordination chemistry that the pyridine
ring of the P2VP segments establishes some kind of bond with the terminal OH
group of the native silica layer of the silicon substrate, but their range or quantity is
unclear.4

To analyze this in detail, IR spectroscopy has been applied (Sect. 3). Since attempts
of such an analysis on the flat silicon substrates employed for the BDS investiga-
tions have not been successful, systems with a much larger surface to volume ratio
were desired. For that, nanoporous silica membranes turned out to be very use-
ful (Chap. “Rotational Diffusion of Guest Molecules Confined in Uni-directional
Nanopores”).

These membranes are synthesized from conductive silicon wafers by electro-
chemical etching [60]. In principle, the wafer is immersed into a hydrofluoric acid
(HF) solution and an applied current drives the formation of unidirectional pores of
a few nanometers in diameter. The particular pore-diameter and porosity are con-
trolled by the material and process parameters like wafer doping, HF concentration,
current density, and anodization time [61]. Afterward, the porous silicon matrix is
passivated by thermal oxidation. Details on the preparation can be found elsewhere
[60, 62–64]. Immediately before filling the polymer into the pores, the membrane
is annealed at 573 K in high vacuum (10−6 mbar, oil-free) for 24 h to remove any

4 Although some studies claim to provide insight into the interaction mechanism based on the
measurement of the glass transition temperature by means of X-ray reflectometry and fluorescence
intensity detection [4, 9, 58, 59], these are very indirect observations, which try to deduce a molec-
ular mechanism from a macroscopic quantity whose molecular origin still remains unclear [31–33].

http://dx.doi.org/10.1007/978-3-319-06100-9_5
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water contained in this porous material. Subsequently and under argon atmosphere,
the P2VP powder is placed on top of the membrane and heated to 443 K under high
vacuum (10−6 mbar, oil-free) and kept there for 87 h to allow for the infiltration of
the pores.

3 Experimental Results

The present investigation of isolated polymer chains contains three complementary
experimental methods. These are (i) a comprehensive analysis of the surface by AFM,
(ii) measurements of the segmental dynamics by means of BDS, and (iii) a detailed
examination of the polymer-substrate interactions at the interface. Subsequently, a
molecular picture containing all these results is given.

3.1 Surface Characterization

The characterization of the surface topography is inevitable to verify the existence
of isolated chains. Therefore, AFM is a suitable technique which has been applied
in several studies to identify the conformation of chains [40–47], but can also be
employed to probe many other aspects. In the present investigation, we use AFM
to determine (i) the (type of) conformation of the chains, (ii) the volume of the
nanodroplets from which the number of enclosed chains is calculated, (iii) the spatial
distribution of segments with respect to the substrate, and (iv) the radius of curvature
in order to consider the internal pressure in such droplets.

3.1.1 Chain Conformation

Most studies which investigate the conformation of single polymer molecules on
solid substrates focus on expanded chains, which are strongly adsorbed at a surface.
Such samples would not be suitable to study dynamics since a strong immobilization
of the adsorbed segments is expected. In contrast, condensed droplets contain only a
certain fraction of segments potentially adsorbed at the substrate while the remaining
proportion can be anticipated to exhibit a noticeable mobility.

It is well known that the dimension of polymer chains in solution strongly depends
on the solvent, i.e., the interaction between solvent molecules and the segments [65].
This predominantly affects the topology of polymer chains deposited from solution
onto solid substrates as evident, e.g., from block copolymers prepared from selective
solvents (Fig. 2c) [40, 43]. In the case of P2VP, a sharp transition of the conformation
between extended coils and collapsed globules is induced, e.g., by increasing the pH
or the ion concentration in aqueous solution (Fig. 2b) [41, 47, 66, 67]. Similar effects
have been studied in mixed polymer brushes of P2VP and polystyrene (PS) where
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Fig. 2 a AFM images a & b with height scale bar d and profile c of a P2VP chain adsorbed on mica
as extended coil, and b of P2VP chains on mica in different pH dependent conformations showing
the transition between extended coils and collapsed globules (both reprinted with permission from
[47]. Copyright 2005 American Chemical Society). c AFM image of an agglomerate of three diblock
copolymer PS-b-PMMA chains deposited from aqueous solution; the selective solvent enables the
PMMA blocks adsorbing on the mica support in an extended conformation while the PS blocks
are collapsed (adapted with permission from [43]. Copyright 2003 American Chemical Society).
d AFM image of nanodroplets of the collapsed P2VP coils investigated in this study (the inset
shows an enlargement of one of the coils)

the chains were selectively stretched by swelling with different organic solvents [68].
These experiments reveal that in the presence of ethanol, a good solvent for P2VP,
the chains undergo a large extension, while swelling with chloroform (which is also
a solvent for P2VP), leads to collapsed chains.

Consequently, P2VP is dissolved in the moderate solvent chloroform favoring
the formation of collapsed coils already in the solution, from which they are cast
onto the substrate. In a sufficiently dilute solution, this also prevents the formation of
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entanglements with neighboring chains. As a result, isolated noninteracting collapsed
coils of P2VP are deposited as visualized in Fig. 2d.

3.1.2 Volume of Isolated Coils

The volume of the isolated P2VP coils enables one to determine the number of chains
in these nanodroplets. Therefore, AFM height images of the respective sample surface
have been examined according to the following protocol. First, all grains above a
certain height threshold, which must cover the roughness of the substrate or rather
its peak-to-peak height, are masked. In the present case, the threshold value has
been chosen to be 1.3 nm. To exclude potential spikes, any of these masked areas
smaller than 381.5 nm2 (corresponding to a diameter of 22 nm) are excluded from
further investigation. Then, for the remaining grains, the Laplacian background is
determined and the volume encased by this background, the grain surface and the
mask boundary is calculated.5 The grain volumes obtained by this type of analysis
of several images taken from the same sample at different positions yield a mean
value V̂grain. As reference, the volume of a single chain Vchain is estimated from the
molecular weight and the assumption of bulk mass density β = 1.14 kg/m3 [69]

Vchain = Mn

βNA
(1)

where NA represents Avogadro’s number. For this calculation, the number averaged
molecular weight Mn is used since volume scales with the number of segments and
therefore the average chain volume is proportional to Mn . On a first glance, assuming
bulk density may appear questionable on the level of individual macromolecules, but
nevertheless this supposition has been substantiated in previous studies [40, 43, 45].

Table 1 summarizes the average droplet volumes and calculated chain volumes
for several polymer portions resulting in distinct distribution regimes of different
molecular weights. Two of the regimes show droplet volumes which are about a factor
of five larger than the estimated single chain volume. This indicates agglomerates of
about five chains in one nanodroplet, which we refer to as semi-isolated chains. In
samples cast from even more dilute solutions, the droplets have an average volume
comparable to the calculated volume of a single chain, revealing individual well-
separated polymer chains. The spread of the detected volumes is assigned to the
relatively large molecular weight distribution.

5 For the described routine the free software Gwyddion, version 2.25 (GNU General Public License,
downloaded from http://www.gwyddion.net, 2012) has been applied.

http://www.gwyddion.net
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Table 1 Characteristic properties of the used polymers and volumetric analysis of the respective
isolated nanodroplets: Weight averaged and number averaged molecular weight MW and Mn , respec-
tively, polydispersity index PDI, calorimetric glass transition temperature of bulk Tg , estimated
volume of a single chain Vchain and the average volume of the grains/ nanodroplets V̂grain

Property P2VP 1 P2VP 2

MW (kg/mol) 1,020 2,250
Mn (kg/mol) 766 1,510
PDI 1.33 1.49
Tg (K) by DSC 371 (±1) 375 (±1)
Vchain (nm3) calculated 1,142 2,251
Chain distribution Semi-isolated Semi-isolated Isolated
V̂grain (nm3)±SE 8,864 (±2,500) 11,564 (±3,500) 2,033 (±500)
Vchain/V̂grain±SE 7.8 (±2.2) 5.1 (±1.6) 0.9 (±0.2)
Curvature r (nm) ±SE 325 (±54) 753 (±67) 92 (±12)
Droplet density (µm−2) 37.5 10.0 4.0
Area analyzed (µm2) 8 8 13.75
# droplets analyzed 300 80 55

3.1.3 Distribution of Segments

Especially in view of interfacial interactions which are examined in Sect. 3.3, the
distribution of segments with respect to their distance to the supporting substrate is
of importance. Interfacial interactions are, depending on their range, likely to alter
dynamics of the segments within that specific distance. Combined with information
from the dynamics, knowledge of the spatial distribution thus enables an estimation
of the range of specific interfacial interactions.

Therefore, height profiles of the nanodroplets are taken from the AFM images.
For each droplet, four profiles along different axes (horizontal, vertical and both
diagonals) coincide to a large extent which reveals a high degree of radial symmetry.
This feature is explained in detail in Sect. 3.1.4. The width of a P2VP chain segment
which has been determined to be 0.4 nm [47] (Fig. 2a) is then used to divide these
profiles into slices of chain segments. Considering the radial symmetry yields a
volume fraction of ∗15 − 20 % and ∗25 − 30 % for the very first segment layer at
the surface in a droplet of semi-isolated and isolated chains, respectively (Fig. 3).

3.1.4 Internal Pressure

The previous section demonstrates a remarkable symmetry among the isolated
nanodroplets, which supports the assumption of a driving mechanism generating
this particular shape. In fact, surface tension of liquids controls the shape of small
droplets. For spherical droplets, the relation between surface tension χ and radius of
curvature r is given by the Young-Laplace equation for the internal pressure p of the
droplet
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(a) (b)

(c) (d)

Fig. 3 Profiles of exemplary P2VP nanodroplets extracted from AFM scans for a and b semi-
isolated (MW = 1,020 kg/mol) and c and d isolated chains (MW = 2,250 kg/mol). Each graph depicts
four profiles taken along four different directions (1-horizontal, i.e. in AFM scan line direction, 2-
vertical, i.e. perpendicular to scan line direction, 3-diagonal from top left to bottom right, 4-diagonal
from top right to bottom left) of the same droplet. The dashed lines are interpolations of the data
and act as a guide to the eye while the colored areas underneath the curves indicate the fraction of
the volume within a 0.4-nm-thick layer at the bottom, which represents the first layer of segments
at the substrate

p = 2χ

r
(2)

Insertion of the radii of curvature (Table 1), which range from almost 1µm to
∗100 nm for semi-isolated and isolated chains, respectively (Fig. 4), and an esti-
mated6 surface tension of ∗40 mN/m yields an internal pressure between ∗105 Pas
and ∗106 Pas. These values correspond to about 1–10 times the ambient pressure
which is reasonable in terms of a counterbalance of internal and external pressure and
furthermore explains the high degree of radial symmetry of the droplets. However,
as evident from Fig. 4 the larger droplets (semi-isolated chains) are not adequately

6 Sauer and Dee [70] give values for the surface tension of P2VP only in the temperature range of
450–500 K (35–32 mN/m). Extrapolating these values to temperatures of 300 (room temperature as
employed during the AFM investigation) and 430 K (representing the annealing temperature) yields
approximate surface tensions of 44 and 37 mN/m, respectively.
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(a)

(c) (d)

(b)

Fig. 4 Same profiles as shown in Fig. 3 of exemplary P2VP nanodroplets for a and b semi-isolated
(MW = 1,020 kg/mol) and c and d isolated chains (MW = 2,250 kg/mol). The dashed lines are inter-
polations of the data and act as a guide to the eye while the solid lines represent fits describing the
profiles as segments of a circle with a curvature as indicated

described by a single radius of curvature. Hence, their curvature is rather close to
∗100 nm as well which, in consequence, corroborates an estimated internal pressure
of about 10 times the ambient pressure. This does not match the counterbalance
reasoning, but a specific interpretation of this value requires a detailed consideration
of the thermodynamic history of the samples, which is difficult to comprehend as
discussed on a qualitative basis in the following.

In solution the extension of the chains is driven by the interaction between sol-
vent molecules and chain segments and results in a particular expansion which can
be probed, e.g., in terms of the hydrodynamic radius rh . The spin-coating process is
expected to introduce a flattened and laterally extended conformation in which the
chains are deposited onto the substrate while the solvent volatilizes. This removal
however is certainly incomplete and therefore the chains will remain in a swollen
state as nanodroplets which consequently are likely to have a reduced surface tension.
At this stage, the counterbalance of external pressure and surface tension will cause
the formation of droplets with a particular radius of curvature. Since subsequently the
solvent continuously evaporates, the surface tension increases resulting in a larger
radius of curvature. During the following annealing procedure, the solvent is removed
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even more rigorously whereas in contrast the increased temperature would decrease
the surface tension. Although it is not clear which of these two effects predominates,
it is evident that the reduction of the external pressure by up to nine decades (from
ambient pressure of ∗1 bar to ∗10−6 mbar ) exceeds both of them by far and would
cause extraordinarily large radii of curvature. After the annealing, the effect may be
reversed when the sample is transferred to room temperature and ambient pressure.
In the following BDS measurement, elevated temperatures decrease the surface ten-
sion, and therefore the curvature, while the external pressure corresponds (nearly) to
ambient conditions. During the AFM investigations, the chain is exposed to ambient
pressure and room temperature.

Overall, external pressure, temperature and, related but not exclusive to the latter,
surface tension change substantially during the sample preparation and it is by no
means clear, up to which stage the radius of curvature of the coils is driven by ther-
modynamic parameters and when it remains stable and resists due to a sufficiently
high surface tension. It should be noted that the values for the latter are extrapolated
from the melt at high temperatures, and consequently may be remarkably under-
estimated, especially for room temperature. Any further interpretation is therefore
difficult since the chains undergo several changes in their thermodynamic history.

3.2 Molecular Dynamics

After extensive characterization of the surface topography which proves the existence
of semi-isolated and isolated chains in a collapsed coil conformation, the molecular
dynamics in such mono-molecular nanodroplets is to be focused. P2VP enables, due
to sits strong segmental dipole moment, the investigation of its segmental or glassy
dynamics by means of BDS. Figure 5 depicts spectra of the dielectric loss δ′′ (the
imaginary part of the complex dielectric function δ∝ = δ′ – i δ′′ with the imaginary
unit i = (–1)1/2) of P2VP which clearly show the φ-relaxation in bulk but also in semi-
isolated as well as isolated chains. Consequently, even isolated macromolecules in a
condensed coil conformation contain mobile segments.

To analyze the relaxation processes and extract their mean relaxation time τc (the
inverse of which is the mean relaxation rate and indicates the maximum position of the
relaxation peak), the empirical Havriliak-Negami function [71] has been employed

δ∝
H N (ϕ) = δ⊗ + ρδ

(1 − (iϕτH N )φ)ζ
(3)

where δ⊗ and ρδ denote the permittivity of the unrelaxed medium and the dielectric
strength, respectively. The latter has not been investigated since, in the used sample
arrangement, the reduced filling fraction causes a systematic diminution. Even con-
sidering the sample geometry is insufficient to reliably extract ρδ while the other
parameters are not affected at all as examined in the appendix. φ and ζ are parameters
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(a) (b)

(c) (d)

Fig. 5 Dielectric loss versus temperature for P2VP in a & b bulk and c & d in semi-isolated as
well as d isolated chains for two different molecular weights and several frequencies as indicated.
The dashed, dotted and solid lines are Havriliak-Negami functions (extended by a Vogel-Fulcher-
Tammann temperature dependence of the relaxation time) which have been fitted to the data. At
high temperatures (T > 410 K) some curves exhibit a conductivity contribution. Adapted from [38].
Reprinted with permission from AAAS

accounting for symmetric and asymmetric broadening, and τH N is a relaxation time
which can be converted into τc by the relation

τc = τH N sin

(
φζη

2 + 2ζ

)1/φ

sin

(
φη

2 + 2ζ

)−1/φ

(4)

Analyzing the temperature dependence of the mean relaxation time τc(T) in the
semi-isolated and isolated P2VP chains (Fig. 6) reveals a trend described by the
Vogel-Fulcher-Tammann (VFT) equation [72–74]

τ (T ) = τ0 exp

(

− DTV

T − TV

)

(5)

with the constants τ0, D and the Vogel temperature TV . This relation is typically
applied to describe the temperature dependence of the mean relaxation rate as shown
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Fig. 6 Mean relaxation time versus inverse temperature for P2VP in bulk, semi-isolated and isolated
chains for two different molecular weights as indicated. Fits to the Vogel-Fulcher-Tammann equation
are included as dotted black and blue lines for bulk with MW of 1,020 kg/mol and 2,250 kg/mol,
respectively as well as solid orange, dashed green and solid red line for semi-isolated chains with
MW of 1,020 kg/mol and 2,250 kg/mol and isolated chains with MW of 2,250 kg/mol, respectively.
(Inset) Corresponding dielectric loss spectra normalized with respect to the peak maximum of bulk,
semi-isolated and isolated chains for a MW of 2,250 kg/mol at a temperature of 407 K. Adapted
from [38]. Reprinted with permission from AAAS

in Fig. 6 and represents a major characteristic of glassy systems. Furthermore, it can
be used to introduce temperature as free variable in the Havriliak-Negami function
(as used in Fig. 5) by inserting Eq. 5 in Eq. 3, namely by the substitution τH N = τ (T).
Beyond the fact that the mean relaxation rate of semi-isolated and isolated chains
exhibits a VFT temperature dependence, it even coincides with the curve for the bulk
sample. This means that a majority of the mobile segments exhibits bulk-like glassy
dynamics.

A detailed inspection of the loss spectra reveals a broadening of the φ-relaxation
in the case of semi-isolated and isolated chains (Fig. 6 inset). In a representation
normalized with respect to the peak maximum, the excessive area in the spectra of the
nanodroplets, which occurs on the low frequency side, can be extracted. It amounts
to ∗12 % of the whole peak area. Accordingly, ∗12 % of the mobile segments in the
(semi-) isolated chains relax slightly slower than the remaining bulk-like fraction.

This finding apparently does not match the result of Sect. 3.1.3. There, for isolated
coils, a fraction of ∗30 % of the segments is determined to be in direct contact with
the surface. This mismatch cannot be explained so far but is presumably interrelated
with the specific polymer-surface interactions for which reason they are addressed
in the following section.
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3.3 Interfacial Interactions

To explore the interfacial interactions of P2VP with the silica surface, IR spectroscopy
is a suitable technique due to its chemical specificity (a detailed description of IR
spectroscopy can be found elsewhere [75]). As only material in a very small range
near the interface is expected to show alterations, the sample should contain a large
fraction of that particular region to provide enough signal strength. Appropriate
systems for such investigations are membranes with nanometric unidirectional pores.
In silica nanopores of 10 nm diameter, the IR spectrum of P2VP7 shows a general
shift to higher wave numbers by 1.5–2 cm−1. Such effects are well known from other
materials in pressure dependent measurements and can be assigned to density effects
due to packing defects [76]. Furthermore, an absorption band at 1,590 cm−1 specific
for the stretching vibration of the pyridine ring [77–79] shows a shoulder which is
not present in bulk (Fig. 7). Subtraction of the bulk spectrum, after correction for the
density effect, reveals a remaining absorption band which is assigned to a modified
stretching vibration of the bound pyridine ring. However, an analysis of the peak
area is not reasonable in this case since the transition moment of the bound pyridine
ring possibly differs from the nonbound and hence the areas are not comparable any
more. In contrast, the silica surface as counterpart of the bond possesses an attribute
which enables a quantitative analysis. Namely, the terminal OH group at the silica
surface shows an absorption band at ∗3,750 cm−1 assigned to its stretching vibration
in the nonbound case [60, 79, 80]. If the membrane is filled with P2VP, it is observed
that the intensity of this band is reduced and its area decreased by 50 % (Fig. 8). This
means that about half of the terminal OH groups bind to the pyridine ring.

A comparison of the mean distance (of ∗0.45 nm) between the terminal OH
groups [60] and the size (∗0.4 nm) of a P2VP chain segment [47] reveals a similar
surface coverage for both. Considering that only 50 % of the OH groups establish
bonds, leads to the conclusion that about half of the P2VP segments in direct contact
with the surface are bound. The reason for that remains unclear but is possibly related
to tacticity in general and steric afflictions of neighboring segments with respect to
the orientation of the pyridine ring in particular.

3.4 Combining the Results: A Molecular Picture

The previous sections present results obtained by three very different methods, that
is, AFM, BDS, and FTIR, and reveal a wealth of information which now merges
to a consistent and detailed picture (Fig. 9). Single P2VP chains in a collapsed coil
conformation put onto a silica surface take the shape of a flat spherical calotte. This
is driven by the surface tension and the internal pressure which roughly balances
with the ambient pressure. In that shape, ∗30 % of the segments directly contact the

7 Note that, to ease the infiltration, the P2VP filled into the pores has a MW of 22 kg/mol which is
much lower than that of the P2VP deposited as isolated chains.
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Fig. 7 IR absorption bands of the pyridine ring stretching vibration (scheme on the left) of bulk
P2VP (solid line) and P2VP in silica nanopores of 10 nm diameter (dash-dotted line). After the
P2VP bulk spectrum has been shifted (dotted line) to take into account a density effect (see text for
details) it has been subtracted from the spectrum of P2VP in pores. A remaining peak (short-dashed
line) is assigned to the stretching vibration of pyridine rings bound to terminal OH groups of the
silica surface (scheme on the right). For comparison, the spectrum of an empty silica membrane of
the same type is shown (long-dashed line). Adapted from [38], supplementary materials. Reprinted
with permission from AAAS

Fig. 8 IR absorption band of the stretching vibration of free (nonbound) OH groups of silica
(scheme on the left) measured in an empty nanoporous silica membrane (dashed line) and of a
P2VP filled nanoporous membrane (dash-dotted line). The IR signal of bulk P2VP (solid line) in
the same spectral region is shown for comparison. Adapted from [38], supplementary materials.
Reprinted with permission from AAAS

substrate and about half of these are bound to terminal OH groups. About ∗12 %
of the mobile segments show a slowed dynamics which is assigned to interactions
with the interface. To explain the fact that only about half of the segments in direct
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Fig. 9 Scheme of a single chain in a collapsed coil conformation supported on a solid substrate
which establishes bonds to the segments as found for the P2VP-silica system (vertical and lateral
extension not to scale)

contact with the surface is slowed down two possibilities are envisaged. Either the
bound segments account for the slower relaxation modes while any other segment
has bulk-like relaxation, or these segments are completely immobilized due to the
bond and the nonbound segments in their immediate neighborhood exhibit slower
dynamics. In both cases, about 15 % of slowed segments are expected to be found
by BDS.

According to studies on the adsorption of polymer chains at solid interfaces
[18, 35], the latter of the two possibilities seems more plausible. In these studies,
Napolitano et al. found that an increase of the thickness of the adsorbed layer is
accompanied by a reduction in the dielectric strength of the segmental relaxation of
P2VP and PS on aluminum surfaces.8 This means that adsorbed chains do not con-
tribute to the dielectric relaxation process because they are immobilized. The fact,
that Napolitano et al. find adsorbed (and therefore immobile) layers of ∗5 nm thick-
ness in P2VP with a MW of 159 kg/mol [18] while in the present study nanodroplets
of lesser height exhibit segmental mobility is attributed to the difference in molec-
ular weight. This is inferred from a recent study of PS by the same authors which
examines the kinetics of the adsorption [35]. Therein, an adsorbed layer thickness
of 8 nm has been found to fully develop after annealing at ∗50 K + Tg for more than
10 h for a MW of 97 kg/mol. In contrast, an increase in MW by less than a factor of 2
(MW = 160 kg/mol) resulted in an increase of the time scale of adsorption kinetics by

8 Despite the fact that the aluminum surfaces are different from the silica substrates in the present
study, especially in the case of the upper electrode which is evaporated onto the polymer layer, the
discussion of these results will show that there is no contradiction between them and the herein
reported dynamics of isolated chains.
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a factor of almost 100 (in this case, the authors could not observe the full development
of the adsorbed layer in their experiment). Extrapolating this to the extremely high
molecular weights of the isolated chains in the current study leads to the conclusion
that the development of such adsorbed states takes orders of magnitudes longer than
the duration of the experiment. In contrast, the segments not slowed down by inter-
facial interactions, which comprise the vast majority in the coils, exhibit bulk-like
glassy dynamics. This holds even for the isolated chains, i.e., single macromolecules.
The reason for this is the fact that glassy dynamics takes place on the length scale
of 2–3 segments (∗0.5 nm) [81, 82], which is much smaller than the extension of
a single chain in a condensed coil conformation (see also Chaps. “Dielectric Relax-
ation of a Polybutadiene Melt at a Crystalline Graphite Surface: Atomistic Molecular
Dynamics Simulations” and “Molecular Dynamics of Poly(cis-1,4-Isoprene) in 1-
and 2-Dimensional Confinement”).

4 Summary

Investigating the properties of isolated molecules is of major interest for new devel-
opments, especially miniaturization, in several branches of research, be it sensor
technology, catalysis, nanomotors and machines, etc. This applies also to polymers
as a class of materials which is in wide range of use in modern technology. On
the cutting edge of what is experimentally possible, BDS in combination with a
nanostructured electrode arrangement has been employed to study glassy dynam-
ics in isolated P2VP polymer chains, which are deposited on a solid substrate in
a condensed coil conformation. Remarkably, their dynamics is found to be mainly
bulk-like; only a small fraction of segments, namely those in direct contact with the
solid surface, are slowed down. Complementary IR measurements reveal that about
half of them are bound to the surface due to the specific interactions between the
pyridine rings and the terminal OH groups of the silica surface. These bound seg-
ments are highly likely to be immobilized while the remaining segments in this first
layer at the interface are assigned to the slightly slowed fraction seen in the dielectric
spectra.

As demonstrated for the system of isolated condensed P2VP chains on a silica sur-
face, the sample capacitor particularly developed for these measurements paves the
way for further investigations of the dynamics of isolated molecules. This comprises
but is not limited to more complex molecules from copolymers to large proteins and
may include variation of the substrate chemistry as well.
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Appendix

A.1 Model Considerations

The nanostructured electrode arrangement is, on the one hand, superior to convention-
ally evaporated electrodes since first, it avoids an exhibition of the sample material to
hot metal atoms and second, it enables the measurement of samples without a com-
plete surface coverage, like the presented isolated polymer coils, in the first place.
On the other hand, in this arrangement several different components are, besides the
actual sample, located within the probe volume of the capacitor. The contributions
of all these components superimpose in an intricate way yielding the total complex
capacity. In order to analyze data obtained with this setup in more detail, it is nec-
essary to employ equivalent circuit representations. Several equivalent circuits of
complex capacities which model different possible descriptions are considered in
the following.

A.1.1 Equivalent Circuits

A schematic representation of the sample cross-section is given in Fig. 10a together
with four different equivalent circuits. For the latter, the schematic cross-section is
divided into regions containing only one kind of material, each of which is then
described by a single capacitor with the complex capacity C∝ = C′ – i C′′ (C′ and C′′
denote the real and imaginary part of the capacity, respectively).

C∝ = δ0δ
∝ A/d (A.1)

C∝ is defined by the respective complex dielectric function δ∝ = δ′ – i δ′′ (with the real
and imaginary parts δ′ and δ′′, respectively which will be referred to as permittivity
and loss) as well as the area and the separation of the electrodes A and d, respectively.
δ0 = 8.8548· · · ×10−12 As/Vm denotes the permittivity of vacuum. The specific
choice of how these capacitors are connected to a each other resembles the presence
or absence of paths of electrical conduction at boundaries and thereby affects the
total capacitance of the whole arrangement. Since it is not clear which boundaries
are sufficiently conductive to justify a connection, several different circuits (as shown
in Fig. 10b–e) reflecting different degrees of complexity or surface conductivity are
modeled in the following.

A.1.1.1 Model 1: Simple Network

In the simplest network, all regions which are—in parallel to the electrode—made
of the same material are described by a single capacitor each (Fig. 10b). Thereby,
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Fig. 10 a Simplified scheme of the sample cross section to match the description by a network of
parallel plate capacitors (measures not to scale). b–e Different equivalent circuits for modeling the
schemed cross section as discussed in the text. The same color code as in a is used for the different
materials: red–polymer, light purple–silicon, gray–silica, light blue–air/nitrogen, blue–aluminum
(since aluminum is considered an ideal conductor compared to the other components, it is not
included in the equivalent circuits). For definition of the parameters depicted in a see Sect. A.1.1.1
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the capacitor representing the spacers is combined with that of the empty space
in-between them in a parallel arrangement which results in an effective complex
capacitance C∝

sp, eff

C
∝

sp, eff =
δ0

(
βspδ

∝
sp + 1 − βsp

)
A

dsp
(A.2)

where δ∝
sp denotes the complex dielectric function of the spacers, dsp their height

and βsp their density of coverage. Since both the base area of the structures and their
planar spacing to nearest neighbors are quadratic, βsp is easily deduced from the
width wsp and the distance in-between ssp as

βsp =
(

wsp

ssp + wsp

)2

(A.3)

In a similar way the effective complex capacity of the polymer nanodroplets and the
space in-between C∝

p, eff is obtained

C
∝

p, eff =
δ0

(
βpδ

∝
p + 1 − βp

)
A

dp
(A.4)

with the complex dielectric function of the polymer coils δ∝
p, their height dsp and the

density of coverage βp. In this case the latter must be determined from AFM scans of
the sample surface (for compact layers βp = 1). Further, due to the simplification of
the shape of the coils (this aspect will be addressed in Sect. A.1.2), the height reflects
a certain average which must yield, in combination with the density of coverage, a
volume that matches the experimentally determined value.

Together with the remaining capacitors, C
∝

W , C
∝

gap, C
∝

o representing the wafer,
an interfacial oxide layer and an additional gap, respectively, these two parallel cir-
cuits are connected in a serial arrangement and the total complex capacitance C

∝
total

is given by

1

C∝
total

= 2

C∝
W

+ 1

C∝
sp, eff

+ 1

C∝
gap

+ 1

C∝
p, eff

+ 1

C∝
o

(A.5)

The gap takes into account the fact that in most cases the separation between the
electrodes is somewhat larger than the spacers. This can have different origins: While
deviations by more than∗50 nm are very likely to be caused by particle contamination
which is circumvented by a severe cleaning as described in Sect. 2.1, differences on
the order of ∗5–10 nm are presumably induced by surface irregularities and hardly
avoidable. Since there is no experimental way to determine the height of this gap, it
must be treated as a fit parameter in the analysis.
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After inserting Eqs. A.2 and A.4 as well as equations of the type of Eq. A.1, into
Eq. A.5 the permittivity of the vacuum δ0 and the base area of the capacitor A cancel
out and the total complex dielectric function δ∝

total,1 of circuit 1 is obtained as

D

δ∝
total,1

= 2
dW

δ∝
W

+ dsp

βspδ∝
sp + 1 − βsp

+ dgap

δ∝
gap

+ dp

βpδ∝
p + 1 − βp

+ do

δ∝
o

(A.6)

where thicknesses and complex dielectric functions of the silicon wafers, the native
or thermally oxidized silica layer, the gap, the polymeric layer and the silica spacers
are given by dW , δ∝

W , do, δ∝
o , dgap, δ∝

gap = 1, dp, δ∝
p, dsp, δ∝

sp = δ∝
o , respectively.

Technically, D is the distance between the electrodes

D = dsp + dgap + dp + do (A.7)

Note that D does not comprise the thickness of the silicon electrodes because this
component contributes only in case it would resemble a dielectric rather than a
conductor. This is the case at high frequencies (f > 104 Hz) causing an additional
contribution which increases with frequency. It has to be considered in the analy-
sis of weak signals like obtained from the isolated chains but it is not present in
the following example measurement of a thin layer. At lower frequencies though,
the wafers’ conductivity is still sufficiently high to resemble a conductor, hence the
negligence of its thickness is justified. Further, if Eq. A.6, rearranged with respect to
δ′

total,1 and/or δ′′
total,1, is applied as a fit function to measured permittivity and/or

loss spectra, a correct analysis requires D to take the thickness value which has been
used to extract this data from the measured capacity, irrespective of fulfilling Eq. A.7.
This action traces back to the capacity, the actually measured quantity, and therefore
prevents the propagation of any errors possibly arising from an estimation for D.

Admittedly, circuit 1 reflects a very simplified scenario since it comprises paths
of charge transport which are physically implausible. For example, the path from
the lower surface through the polymer nanodroplets (instead of the empty space
in-between) and then, after bridging the gap, through the silica spacers is in the
model open to all charges. In contrast, if in a real sample a polymer nanodroplet is
located such that there is no spacer atop, the distance for charges to pass through
the latter would be much larger than bridging just the space to the top electrode.
Consequently, more refined circuits have to be considered (Fig. 10c–e). The rising
degree of complexity is interpreted in terms of physical considerations.

A.1.1.2 Model 2: Conductive Silica Surface

Circuit 2 pays attention to the fact that the parts of the polymeric layer which have
spacers on top are not electrically connected to those without. A parallel arrangement
of these two paths is taking this into account. Physically, this scenario corresponds to
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a high surface conductivity of the silica components and its total dielectric function
δ∝

total,2 is given by

D
δ∝

total,2
= 2 dW

δ∝
W

+
(

βsp
K ∝ + (1−βsp)βp

dsp+dgap+ dp
δ∝p

+ (1−βsp)(1−βp)
dsp+dgap+dp

)−1

+ do
δ∝

o
, where

K ∝ = dsp

δ∝
sp

+
(

dgap + dp

dgap + dp/δ∝
p

)

(A.8)

A.1.1.3 Model 3: Conductive Silicon Surface

In circuit 3, a similar way of reasoning is made so that the silica components, namely
spacers and the native oxide layer, are divided and merged to the parallel paths
in addition to the polymer. This reflects a low surface conductivity of the silica
components while that one of the silicon electrodes remains high. The respective
equation reads

c
D

δ∝
total,3

= 2
dW

δ∝
W

+ (
L∝

1 + L∝
2 + L∝

3 + L∝
4

)−1
, where

L∝
1 = βspβp

dsp
δ∝

sp
+ dgap + dp

δ∝
p

+ do
δ∝

o

L∝
2 =

(
1 − βsp

)
βp

dsp + dgap + dp
δ∝

p
+ do

δ∝
o

L∝
3 = βsp

(
1 − βp

)

dsp
δ∝

sp
+ dgap + dp + do

δ∝
o

L∝
4 =

(
1 − βsp

) (
1 − βp

)

dsp + dgap + dp + do
δ∝

o

(A.9)

A.1.1.4 Model 4: No Surface Conductivity

The last considered circuit also lumps parts of the divided silicon electrodes into
the parallel paths, hence this arrangement represents a low surface conductivity of
this semi-conducting material. That may possibly occur at high frequencies and is
described as follows

D
δ∝

total,4
=

(
βspβp

M∝
1

+ (1−βsp)βp
M∝

2
+ βsp(1−βp)

M∝
3

+ (1−βsp)(1−βp)
M∝

4

)−1
, where



84 M. Tress et al.

M∝
1 = dsp

δ∝
sp

+ dgap + dp

δ∝
p

+ do

δ∝
o

+ 2
dW

δ∝
W

M∝
2 = dsp + dgap + dp

δ∝
p

+ do

δ∝
o

+ 2
dW

δ∝
W

M∝
3 = dsp

δ∝
sp

+ dgap + dp + do

δ∝
o

+ 2
dW

δ∝
W

M∝
4 = dsp + dgap + dp + do

δ∝
o

+ 2
dW

δ∝
W

(A.10)

A.1.1.5 Model and Data: What Does It Tell About the Sample?

The introduced models are employed as fit functions, with a certain number of para-
meters, to the measured data of the whole sample. Therefore, Eqs. A.6, A.8, A.9 and
A.10 have been rearranged to separate their real and imaginary parts, and then are
used to fit δ′ and δ′′ at the same time with one set of parameters. As dielectric func-
tion of the polymer δ∝

p two Havriliak-Negami functions δ∝
H N ,φ and δ∝

H N ,ζ (Eq. 3)
describing the φ- and ζ-relaxation, respectively as well as a conductivity term are
combined

δ∝
p (ϕ) = δ∝

H N ,φ (ϕ) + δ∝
H N ,ζ (ϕ) − i

aλ0

δ0ϕs
(A.11)

where λ0 denotes the DC-conductivity and s is an exponent describing the slope of
the conductivity contribution in the spectra (for purely electronic conductivity s = 1
while for other types of charge transport s < 1 is observed [39]). The parameter a
has the dimension (rad Hz)s(Hz)−1. Note that in Eq. A.11, a rigorous replacement
of δ∝

H N ,φ and δ∝
H N ,ζ by Eq. 3 yields two constants δ⊗ (one for each process) which

can be expressed by a single constant. The δ⊗ given in Table 2 represents such a
combined constant for the whole δ∝

p. Additionally to the inclusion of Eq. A.11 in
the four equivalent circuits, for comparison it is employed directly to analyze a bulk
measurement of P2VP. The parameters describing the ζ-relaxation obtained from
this analysis (ρδ = 1.28, φ = 0.37, ζ = 1 and τH N = 4.6 × 10−8 s) were included
as constants in the fit functions for two reasons. First, to reduce the number of free
parameters in the model and second, the used example spectra do not cover the peak
maximum of the ζ-relaxation hence there is not enough data to properly fit this
feature. This approach is justified by the fact that the ζ-relaxation is assigned to
local dynamics which is not expected to change in the present sample (∗30 nm layer
thickness).

For the dielectric functions of the silica components as well as the silicon elec-
trodes, fixed values derived from measurements of the respective materials are used
as stated above. As for the geometrical dimensions, the thicknesses of polymer layer
and the gap are allowed to vary while the thicknesses of the interfacial silica, the
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(a)

(b)

Fig. 11 a Permittivity and b loss spectra of a supported P2VP layer of∗30 nm thickness as measured
in the nanostructured electrode arrangement at a temperature of 400 K and fits as indicated according
to the four different equivalent circuits described by Eqs. A.6, A.8, A.9 and A.10 as depicted in
Fig. 10. (Insets) Permittivity and loss spectra of bulk P2VP at a temperature of 400 K and a fit of
Eq. A.11 to the data. The fit parameters are shown in Tables 2 and 3

silicon electrodes as well as the spacer height and their density of coverage are
kept constant.9 This classification of quantities into two categories—those subject
to rather large uncertainties, and the ones which are very well defined—is supposed
to reduce the number of free parameters.

The fit curves shown in Fig. 11 indicate that any of the modeled circuits can techni-
cally describe the data. This is confirmed by statistics revealing adjusted coefficients
of determination (adjusted R2) very close to 1 for all conducted fits. Furthermore,
the values of most fit parameters coincide within the limits of uncertainty (Tables 2
and 3). Consequently, the specific choice of one of the tested models has only minor
impact, hence none of them can be rejected as inappropriate.

9 In detail, in a first step the parameters for thicknesses of the polymer layer and the gap were fixed
to the experimentally deduced value while the other free parameters have been varied to achieve
a best fit to the data. Then, in a second step, in addition to the latter, also the former parameter
was allowed to change to find those minima in the parameter space being closest to the known
geometrical dimensions.
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Table 2 Fit parameters according to Eqs. A.6, A.8, A.9, A.10 and A.11 for a thin layer of P2VP at a
temperature of 400 K as shown in Fig. 11: The permittivity at the high frequency limit δ⊗, dielectric
strength ρδ, parameters for symmetric and asymmetric broadening φ and ζ, respectively, the
relaxation time of the Havriliak-Negami function τH N , DC-conductivity λ0 and the slope parameter
s of the conductivity contribution. For comparison the respective values of bulk P2VP according to
Eq. A.11 are given

φ-relaxation Conductivity
δ⊗ ρδ φ ζ τH N (10−4 s) λ0 (10−11S/cm) s

bulk 2.47 2.55 0.82 0.61 7.7 3.3 0.99
(±1.27) (±0.11) (±0.01) (±0.03) (±0.5) (±0.2) (±0.03)

fit 1 1.71 1.76 0.74 0.71 8.6 2.1 0.80
(±0.17) (±0.12) (±0.01) (±0.03) (±0.5) (±0.2) (±0.01)

fit 2 1.55 1.70 0.74 0.74 8.3 2.1 0.80
(±0.17) (±0.13) (±0.01) (±0.04) (±0.6) (±0.2) (±0.01)

fit 3 1.69 1.75 0.74 0.72 8.6 2.1 0.80
(±0.17) (±0.12) (±0.01) (±0.03) (±0.5) (±0.2) (±0.01)

fit 4 1.70 1.76 0.74 0.71 8.6 2.1 0.80
(±0.17) (±0.12) (±0.01) (±0.03) (±0.5) (±0.2) (±0.01)

Table 3 Dimensions of the components, as measured by AFM∝ or ellipsometry∝∝, of the thin P2VP
layer from which the data shown in Fig. 11 has been obtained as well as the corresponding fit para-
meters and constants deduced from the fits according to Eqs. A.6, A.8, A.9 and A.10: Thicknesses
of the polymer layer dp , the gap atop the polymer layer dg , the interfacial silica do, as well as the
height of the spacers dsp , the thickness of the silicon electrodes dW , and the surface coverage of the
spacers and the polymer βsp and βp , respectively

Parameters Constants
dp (nm) dg (nm) do (nm) dsp (nm) dW (µm) βsp βp

sample 30∝ – 30∝∝ 37∝ 599-650 0.006 1
(±5) (±5) (±1)

fit 1 33.3 5.0
(±2.3) (±0.2)

fit 2 31.6 5.3
(±2.3) (±0.2) 30 37 600 0.006 1

fit 3 32.8 4.7
(±2.3) (±0.2)

fit 4 33.0 4.7
(±2.3) (±0.2)

A comparison with the bulk values shows that the relaxation time τH N of the
φ-relaxation is nearly unchanged while the broadening parameters φ and ζ, the
dielectric strength ρδ, the permittivity in the high frequency limit δ⊗, the DC-
conductivity λ0 and its slope parameter s deviate (Table 2). The discrepancies in ρδ

and δ⊗ may be affected by the specific choice of the dielectric properties of the silica
components; hence, these parameters are subject to much larger uncertainties then
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pretended by the fit result. Consequently, any further interpretation is not meaningful.
Regarding the broadening parameters, it is more appropriate to compare the slopes of
the wings of the relaxation process on the low and high frequency side, respectively.
While the former is expressed by the symmetric broadening parameter φ, the latter
is given by the product of both parameters φζ. In fact this product is similar for the
thin layer fits and the bulk. In contrast, the slope at the low frequency side differs
which can not be explained so far. Furthermore, the values of the DC-conductivity
λ0 and its slope parameter a are slightly diminished compared to the bulk, where the
latter indicates a less steep slope. An interpretation regarding the type (and potential
change) of charge transport is however difficult and outside the scope of this work.
Besides seeking for a physical interpretation, the change in slope affects the low
frequency wing of the φ-relaxation which means that herein may be the cause for
the change in the symmetric broadening parameter φ.

A.1.2 Impact of Height Distributions

Apart from the complicated geometry of the sample capacitor as a whole, the partic-
ular shape of the polymer nanodroplets (Sects. 3.1.1 and 3.1.3) is expected to affect
the total dielectric response. Again, equivalent circuits are a versatile tool to study
the impact of any arbitrary height distribution. For reasons of simplicity, a model
capacitor containing only a single droplet and an empty space above it is considered
(Fig. 12). The resulting system is approximated by several sets of two capacitances,
each: one represents a certain fraction of the polymer, while the other models the
empty space atop. These sets are connected parallel to each other, while their con-
stituent components are serially linked (Fig. 12). The accuracy of this approach can
be increased with the number of subsets included in the calculation. To keep the
calculation as simple as possible, the empty space laterally in-between the droplets
has been neglected as well since its contribution is simply superimposed to the over-
all signal. As it contains no loss, it introduces a purely linear down-scaling of the
intensity which is constant in the whole spectrum and identical for any chosen height
distribution of the polymer nanodroplet.

For a gradual monitoring of possible effects, the number of subsets is varied
between 1 and 8. The case of only 1 subset represents just two layers of uniform
thicknesses. To ensure comparability, the average height of the layers of all subsets
in any of the following circuits is fixed to the same value. In particular, Fig. 13 shows
modeled spectra for such circuits with a total height of 36 nm which comprise in the
simplest case a 4 nm thick capacitor with dielectric properties of bulk P2VP. Every
addition of a further subset or branch is accompanied by a change of the capacitor
thicknesses in a way that the polymer capacitors of the subsets differ by 1 nm in
height but their mean height remains fixed 4 nm. The thickness of the empty space
capacitors is adjusted accordingly to give each subset a total height of 36 nm. For
example, in the 2-branch circuit, the polymer capacitors are 3.5 and 4.5 nm high
while their empty space counterparts have heights of 32.5 and 31.5 nm, respectively.
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(a)

(b)

Fig. 12 a Sketch of a capacitor partially filled with a single polymer nanodroplet. b Schematic
approach of an equivalent circuit for calculation of the total response

(a)

(b)

Fig. 13 a Permittivity and b loss spectra of several equivalent circuits as schemed reflecting different
height distributions of a polymeric sample (for the depicted calculations P2VP bulk data is used)
in an incompletely filled capacitor. Adapted from [38], supplementary materials. Reprinted with
permission from AAAS

Comparing the dielectric functions of these circuits as depicted in Fig. 13, starting
from a single subset, which corresponds to a uniform layer structure, to eight sub-
sets, following a gradual distribution of heights, reveals only minor differences. The
permittivity δ′ increases by only ∗0.5 % in the case of eight branches, which means
that the thinnest and thickest polymer capacitors in the corresponding subsets have
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thicknesses of 0.5 nm and 7.5 nm, respectively. Similarly, such a slight increase in
overall signal intensity is found for the dielectric loss δ′′. Moreover, neither the posi-
tion nor the shape of the relaxation peak is affected by this variation of the thickness
distribution.

A.1.3 Implication

The previous Sects. A.1.1 and A.1.3 examine equivalent circuits which model the
complicated composition of the whole sample including nanostructured electrodes,
as well as the nonuniform height distribution of the actual sample material in a
parallel plate capacitor, respectively. In both cases, neither the position nor the shape
of the relaxation peak allotted to the polymeric component is affected. Only its
intensity and thereby its apparent dielectric strength is reduced due to the very small
filling fraction in the probe volume. Therefore, it is justified to compare the peak
position and the peak width of the measured dielectric function of the whole sample.
Especially for the latter, it is helpful to normalize the curves with respect to the peak
maximum. However, this way of analysis excludes a quantitative extraction of the
dielectric strength as shown in Sect. A.1.1.5. Consequently, this property can be used
only as a relative measure of the amount of mobile segments, but it cannot be related
accurately to the volume of sample material.
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Molecular Dynamics of Poly(cis-1,4-Isoprene)
in 1- and 2-Dimensional Confinement
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Abstract Broadband Dielectric Spectroscopy (BDS)—in combination with a
nanostructured electrode arrangement—is employed to study thin layers of poly(cis-
1,4-isoprene) (PI). PI is further probed in the 2D confining space of Anodic Alu-
minum Oxide (AAO) nanopores. Being a type A polymer, PI presents an unrivaled
opportunity to investigate two distinct relaxation modes taking place at two different
length scales: the segmental motion (corresponding to the dynamic glass transition)
which involves structures of about one nanometer in size, and the so-called nor-
mal mode which represents the global dynamics of the chain. We report that while
the structural relaxation shows no dependence on either layer thickness or mole-
cular weight, the normal mode—actually the fluctuation of the end-to-end vector
of the unperturbed chain—is dramatically influenced by confinement: (i) its relax-
ation strength is layer-thickness-dependent; (ii) for PI having a molecular weight Mw
comparable to Mc (i.e. the critical molecular weight below which Rouse dynamics
dominate), the mean spectral position does not shift with layer thickness, (iii) in con-
trast, when Mw > Mc, the relaxation strength and rate of the normal mode respond
to the confinement; (iv) it is demonstrated—for the first time—that the concentration
of the mother solution from which the thin layers are spin-cast has an impact on the
chain dynamics; and (v) the extent by which the normal mode is affected depends on
the dimensionality of confinement. Overall, these results show that while the chain
dynamics are altered in a manifold of ways (due, for instance, to interactions with
the confining surface), the structural relaxation retains most of its bulk-like nature.
The latter observation is due to the fact that the length scale underlying the dynamic
glass transition is less than a nanometer.
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Keywords Poly(cis-1, 4-isoprene) ·Dynamic glass transition ·Broadband dielectric
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Abbreviations

AAO Anodic aluminum oxide
ACC Alternating current calorimetry
AFM Atomic force microscopy
BDS Broadband dielectric spectroscopy
BLS Brillouin light scattering
DMA Dynamic mechanical analysis
DR Dye-reorientation
DSC Differential scanning calorimetry
FS Fluorescence spectroscopy
h Hour(s)
HN Havriliak–Negami
Hz Hertz
Mc Critical molecular weight
Mn Number-averaged molecular weight
mol Mole(s)
Mw Weight-averaged molecular weight
NBI Nano-bubble inflation
NM Normal mode
NS Neutron scattering
PI Poly(cis-1,4-isoprene)
PLS Positron lifetime spectroscopy
PTFE Polytetrafluoroethylene
rms Root-mean-square
Rg Radius of gyration
s Second(s)
SM Segmental mode
TES Thermal expansion spectroscopy
TSC Terminal subchains
VFT Vogel–Fulcher–Tammann
WLF Williams–Landel–Ferry

1 Introduction

The nature of the glass transition remains a subject of intense studies in soft matter
science even after several decades of devoted investigations. This arises from the fact
that while several theoretical models have been advanced to explain this phenomenon,
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none vigorously explains all aspects of glass formation. In an attempt to make
a break-through, considerable research effort is now focussed on understanding glass
formers in confinement. The cooperative concepts of Adam and Gibbs [1] inform
this approach since it is reasoned that for a sufficiently supercooled liquid, structural
relaxation can only occur when a number of constituent molecules rearrange col-
lectively. This cooperativity therefore points at so-called finite size effects, that is,
changes in the dynamics and glass transition temperature when the material is con-
fined to length scales near the cooperative size. Such confinement can be achieved
and studied using, inter alia, nanoporous media, entangled polymeric systems, or thin
films. The latter provide an ideal sample geometry since the extent of confinement
can be remarkably diminished simply by reducing the thickness of the films.

Focus on glass formers in confinement is also due to their current and potential
technological applications. In many of these applications (e.g., photoresists, batteries,
sensors for smart drug delivery, nanolubrication, nanoadhesion, etc ), the materials are
used in miniaturized dimensions for purposes of increasing performance and conve-
nience. Consequently, they have—due to an increased surface area to volume ratio—a
large fraction of segments near an interface. How aspects of this miniaturization—
confinement effects, interfacial interactions, and finite size effects—influence over-
all properties of the system must be understood for appropriate innovations. To this
end, several experimental techniques (e.g., Ellipsometry [2–30], X-ray Reflectivity
[25, 31–36], Differential Scanning Calorimetry [6, 8, 37–44], Positron Lifetime
Spectroscopy [28, 45, 46], AC-Chip Calorimetry [25, 47–50], Fluorescence Spec-
troscopy [22, 51–63], Neutron Scattering [21, 36, 64–66], Brillouin Light Scattering
[4, 67–70], Rheology [71–73], Atomic Force Spectroscopy [74, 75], Nano-bubble
inflation [76–80], dewetting [81–83], Optical Waveguide Spectroscopy [84], and
Broadband Dielectric Spectroscopy [24–26, 38, 44, 45, 47, 85–105]) have been
employed to study key parameters (such as molecular weight [3, 7, 19, 25, 45, 86],
tacticity [5, 11, 106, 107], measurement ambience [20, 88, 90, 95, 108, 109], nature
of polymer–substrate interaction [3, 5, 6, 14, 26, 31, 67, 84, 109, 110], concentra-
tion of mother solutions [104], and even the type of measuring technique [14, 29,
101, 111]) that may influence the observed dynamics in confinement.

Most of the attention has been paid to the effect of confinement on short time-
scale motions ( ε- and α-relaxations) of the glass formers [112, 113]. These studies
have shown, for example, that the segmental relaxation is largely unaffected, in its
rate, by the geometrical restriction of thin films [24–26, 39, 45, 50, 63, 74, 95, 106,
114–117]. Longer time-scale motions (so-called normal modes) have not received as
much attention [118–120]. The reason for this—at least with respect to BDS—is the
fact that there is just a handful of so-called Type A [121] polymers which can be syn-
thesized with narrow molecular weight distributions. Poly(cis-1,4-isoprene) (PI) is
one such polymer which, therefore, presents a unique opportunity to simultaneously
probe the segmental and normal mode processes. Because of the lack of symmetry in
its chemical structure, it has nonzero components of the dipole moment perpendic-
ular and parallel to the chain contour; the former causes a dielectric relaxation due
to segmental motions, while the latter is responsible for the normal mode process
[121, 122].
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In this chapter, we investigate the effects of confinement, for a series of molecular
weights, Mw, by systematically varying the layer thicknesses, d, from bulk to dimen-
sions comparable to the respective radius of gyration, Rg. Further, we explore a hith-
erto presumed parameter: the concentration, c, of the spin-cast solution. In the final
part, we present inaugural results for PI confined in Anodic Aluminum Oxide (AAO)
membranes and compare this with the case of thin layers. By this we demonstrate
that molecular dynamics exhibit a dependence on the dimensionality of confinement.

2 Theory

The one-sided Fourier or pure imaginary Laplace transform of the time deriva-
tive of the normalized response function, β(t), for the dielectric polarization of a
macroscopic system delivers the system’s complex dielectric permittivity, χ∗(δ)

[123–125]:

χ∗(δ) = χ∞ + (χs − χ∞)

∞∫

0

exp [−iδt]

{

−dβ(t)

dt

}

dt (1)

where χs and χ∞ are, respectively, the limiting low- and high-frequency permit-
tivities. The response function β(t) comprises contributions of the dipole moment
components parallel, μ||, and perpendicular, μ∝, to the chain backbone [126]. The
former components correspond to the end-to-end vector motion, defined as:

∑

j

∑

l
⊗μ||

i j (0).μi j (t)〉 = μ2⊗ri (0).ri (t)〉 (2)

Hence β(t) is written as

β(t) = μ2⊗rt (0).ri (t)〉 + ∑
j
∑

l⊗μ∝
i j (0)μ∝

i j (t)〉
μ2⊗ri (0).ri (0)〉 + ∑

j
∑

l⊗μ∝
i j (0)μ∝

i j (0)〉 (3)

where ⊗ri (0).ri (t)〉 is the end-to-end vector autocorrelation function for the chain i at
time t, and μ is the constant having the meaning of the parallel dipole moment per unit
contour length. The second term of Eq. (3) is simply reduced to the autocorrelation
function of the perpendicular dipole moment component representing segmental
motions. Detailed analysis is available in references [125, 127].

To describe the chain dynamics of a polymer, the Rouse–Zimm [128, 129] bead-
spring model is often invoked, and is successful from dilute to concentrated polymer
solutions up to bulk, so long as the molecular weight is below the critical entangle-
ment molecular weight, Mc. For higher molecular weights, the model does not hold
although it forms the basis for other models which account for entanglements, that
is, reptation dynamics [130, 131]. For unentangled chains, the Rouse–Zimm theory
gives the correlation function for the end-to-end vector as
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⊗r(0).r(t)〉 = 8⊗r2〉
φ2

∑

p

1

p2 e(−t/τp) (4)

τp = ϕ N 2b2

3φ2kB T p2 (5)

where τp is the relaxation rate of the pth Rouse mode (p = 1, 3, 5, . . . and p = 1
corresponds to the longest Rouse mode), ϕ is the monomeric friction coefficient,
N is the degree of polymerization, and b is the effective bond length. Since N is
proportional to the molecular weight M, this theory predicts for the longest relaxation
time τ1 ∞ M2. It should be noted here that τ1 dominates the dielectric response, and
shows up as the peak maximum in the dielectric spectrum of the normal mode. For
entangled polymer chains, the equations above are modified according to de Gennes’
[130] tube model:

⊗r(0).r(t)〉 = 8⊗r2〉
φ2

∑

p

1

p2 e(−p2t/τd ) (6)

τp = ϕ N 3b2

φ2kB T

(
b

d

)2

= 3τR N

(
b

d

)2

(7)

where d is the tube diameter, τd is the longest relaxation time for the tube disengage-
ment, τR = (ϕ N 2b2/3φ2kB T ). This model predicts the M3 dependence of τd .

For all thin polymer films prepared from samples with Mw → Mc, we observe
a normal mode that is no longer bulk-like. We, therefore, designate it as terminal
subchain (TSC) mode, and provide an explanation in the Discussion section.

3 Experimental

3.1 Thin Layers: Sample Preparation and Measurement

Highly doped silicon wafers with orientation (100) were purchased from MicroFab
Bremen. These wafers have a root mean square (rms) roughness of 0.23 nm (as
measured on a scan area of 1µm2 by Atomic Force Microscopy), specific resistivity
less than 3 mρ cm, and a 30-nm thermally oxidized surface layer. First, a layer of Al
(≤80 nm) is evaporated on the backside of the wafers in high vacuum (10−7 mbar)
and a coating of photoresist is then spin-cast on the frontside. These two layers
serve as electrical contacts and as protection during subsequent cutting, respectively.
After cutting into small pieces, typically 4 mm × 8 mm, the wafer dice are rinsed
in acetone to remove the photoresist; purged with a plasma cleaner and a snow-jet
gun to eject any organic contaminants; sonicated successively in acetone (10 min)
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Table 1 Characteristics of the PI samples

Samplea 103 Mw Mw/Mn ⊗R2
E E 〉0.5b ⊗R2

g〉0.5c
T d

g

(nm) (nm) ±0.5K

PI-12 11.6 1.06 8.9 3.5 208.3
PI-25 24.5 1.06 11.4 5.3 09.2
PI-45 44.5 1.06 17.4 6.9 208.8
PI-53 53 1.06 19 7.5 209.4
PI-75 75 1.08 22.6 9 210.4
aThe microstructure (data provided by Polymer Source Inc.—Canada) is 80 % (cis-1,4), 15 %
(trans-1,4) and 5.0 % (vinyl-3,4) for all samples
b Calculated [112] assuming a Gaussian chain, ⊗R2

E E 〉 = Na2, where N is the degree of polymer-
ization and a is the statistical segment length, a = 0.68 nm
c Evaluated [132] as ⊗R2

g〉 = 1.07 × 103 Mw
d Measured by differential scanning calorimetry at a cooling rate of 10 K/min

and dichloromethane (10 min); and, dried under nitrogen flow and on a hot plate
(at 423 K for 5 min) before eventual spin-coating of polymer films.

All the poly(cis-1,4-isoprene) (Polymer Source Inc.) thin layers (for properties,
see Table 1) were prepared by spin-casting from chloroform (Sigma-Aldrich, purity
≈99.9 %) solutions at a rate of 3,000 rpm. Always handled using glass syringes
(neoLab GmbH), the solutions were filtered through PTFE (polytetrafuoroethylene)
membranes with 200-nm pores. In one series of the experiments, for different mole-
cular weights, the layer thicknesses were systematically decreased by reducing the
concentration of the polymer in (semi-dilute) solution, and carrying out one spin-
ning process. In another, several thin layers with nearly the same thickness (from
PI-53) were prepared from solutions with varying concentrations (from semi-dilute
to dilute regimes). In this case, with reducing concentration, several depositions
had to be made to attain the required film thickness. All the films—supported on
highly conductive silicon wafers—were annealed at 400 K for 24 h in an oil-free
high vacuum (10−6 mbar). Details on the annealing and vacuum system are avail-
able in Chap. “Rotational Diffusion of Guest Molecules Confined in Uni-Directional
Nanopores.”

The absolute film thickness and the surface topography were determined by
employing a Veeco Dimension 3000 Metrology Atomic Force Microscopy (AFM)
(Digital Instruments, Veeco Metrology Group) operated in tapping mode by using
silicon tips (nominal radius of curvature <10 nm) with a force constant of about
40 N/m and a resonance frequency in the range 200–400 kHz. The film thickness
was measured with 1–2 nm precision by analyzing AFM images of scratches applied
to the polymer film with a sharp steel blade. The surface topography was probed
both for the as-prepared film, and the same film after all dielectric measurements.
The latter step is mandatory in order to exclude dewetting effects. The topography
was analyzed in terms of the root mean square roughness, Rrms, as calculated for at
least seven images taken from different spots on the sample. Images were scanned
with a resolution of 512×512 pixels at room temperature and processed and analyzed

http://dx.doi.org/10.1007/978-3-319-06100-9_5
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(a) (b)

Fig. 1 AFM images of the surface of a thin polyisoprene (from PI-12) layer (thickness, 81 nm) as
prepared (a) and after annealing and dielectric measurements (b). The rms roughness values are
1.7 ± 0.1 and 1.6 ± 0.1 nm, respectively

using the Gwyddion software 2.25 [133]. The procedure for calculation of Rrms was
computer implemented as follows. First, a slope correction of the image is carried
out using a second- or third-order polynomial plane fit. Rrms, for each image, is then
calculated as

Rrms =
√

1

M N

∑M−1

k=0

∑N−1

l=0
[Z(xk, yl) − μ]2 (8)

where μ is the mean height defined as, μ = 1
M N

∑M−1
k=0

∑N−1
l=0 Z(xk, yl), M and

N are the dimensions of the image (M = N , for a quadrangular image), and z is
the height of a given pixel in the image defined by its coordinates. Notably, μ is
not subtracted from the height values before squaring, and hence a proper plane
correction is mandatory. It was found that Rrms ranges between 1 and 2 nm (on a 10
µm2 scan area) with a standard deviation less than 0.2 nm, while the variability in
the film thickness is in the range 10–20 %. Figure 1 shows the typical surface of a
sample at two instances: just after preparation, and later, at the end of experiments
(i.e., 24 h of annealing, and 2 days of dielectric measurements). An insignificant
variation (≤6 %) in the Rrms is observed, implying a stable film topography.

Broadband Dielectric Spectroscopy (besides Nuclear Magnetic Resonance) is
the experimental tool to study molecular dynamics in a broad frequency (10−6 Hz
to 10+12 Hz) and temperature range [134]. It has the additional advantage that
the sensitivity of the measurements increases with decreasing separation of the
capacitor electrodes and hence with decreasing amount of sample material. For
the current studies, the sample capacitors were assembled using a novel technique
(Fig. 2a–e) where a regular matrix of highly insulating silica nanopillars serves
as spacers. Ultraflat and highly conductive silicon wafers are used as electrodes
(rms roughness of 0.6 nm on a micrometric scale, resistivity <5 mρ cm). Detailed
information on the use of this capacitor arrangement is available in Ref. [135], and a
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Fig. 2 a A side-view scheme of the sample capacitor assembled using ultraflat highly conductive
silicon wafers as electrodes and insulating silica nanostructures as spacers; b top-view of the same
sample capacitor; c optical microscope image of a matrix of quadratic silica nanospacers embedded
on a conductive silicon wafer; d tapping mode AFM-height image of a single spacer of 110 nm in
height and lateral dimensions of 5µm; and e the corresponding profile of the AFM-height image.
[Adopted from Ref. [104]. Reproduced by permission of the Royal Society of Chemistry

further analysis using equivalent circuits is given in the appendix of Chap. “Molecular
Dynamics of Condensed (Semi-) Isolated Polymer Chains”. It is important to note
that, at least up to now, the absolute value of the dielectric strength, ζχ, of a given
material probed in this geometry cannot be obtained. But this does not impair the
current studies since the relaxation strength of the segmental mode can be used as a
reference. The imaginary part of the (total) measured permittivity is denoted as χ

′′
total

and used in the analysis. Previous evaluations (see [105, 136]) have shown that the
mean relaxation rate and the shape of the dielectric response (of the material under
study) are not altered by the presence of the air gap.

The dielectric measurements of the bulk samples were done using a high-
resolution Alpha Analyzer (Novocontrol), while for all the thin layers, the mea-
surements were performed using an Andeen-Hagerling impedance bridge which has
an accuracy of ≤10−5 in tan(η), corresponding to an error in the dielectric loss χ′′
smaller than the symbol size in all presentations. Temperature regulation for both
systems was executed by a Quattro System (Novocontrol) using a jet of dry nitrogen,
thereby ensuring relative and absolute errors better than 0.1 and 2 K, respectively.

http://dx.doi.org/10.1007/978-3-319-06100-9_3
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(a)

(b)

Fig. 3 Dielectric loss as a function of temperature, at different frequencies (as indicated), for
a a polyisoprene (PI-12) sample of thickness 81 ± 2 nm measured after 24 h of annealing at 400 K
(filled symbols), and after a subsequent annealing for 48 h (empty symbols), and b two polyisoprene
(PI-12) samples prepared from the same solution, and hence having nearly the same thickness, i.e.,
19 ± 2 nm (empty symbols) and 21 ± 2 nm (filled symbols). Unless otherwise indicated, the
experimental uncertainty is less than the size of the symbols

Figure 3 shows representative results from an experiment carried to check the sam-
ple stability in terms of its dielectric response, as well as the reproducibility of the
sample preparation. Here, a thin PI film with a thickness of 81 nm was annealed for
24 h at 400 K in high vacuum (10−6 mbar) before the first dielectric measurements.
Thereafter, this sample was kept at 400 K in dry nitrogen flow for 48 h and remea-
sured. No changes are observed (in the temperature dependence of the dielectric
loss) for the two relaxation processes as accessed by BDS (Fig. 3a). In Fig. 3b, data
is displayed for two identically prepared and measured PI film samples of thickness
≤20 nm; it is evident that the dielectric data thus obtained is replicate, ascertaining
the reproducibility of the sample preparation and measurement procedure.
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Table 2 Characteristics of the AAO membranes used for these studies

I II

Diameter of membrane
(±0.2 mm) 13 13
Thickness (±2µm) 48 50
Porosity (%) 11 10
Pore diameter (nm) 55 ± 6 18 ± 3
Pore density (cm−2) 2 × 109 5 × 1010

(a) (b)

Fig. 4 Scanning Electron Microscope images of an AAO membrane with pores having a mean
diameter of 55 nm, viewed from the top (a), and from the side after cleaving along the pore direction
(b). The first image displays the well-known hexagonal array of cylindrical pores [139], while the
second demonstrates the unidirectional nature of the channels

3.1.1 PI in Anodic Aluminum Oxide Nanopore Media

Aluminum can be oxidized by means of an electrochemical procedure which changes
the surface chemistry of the metal to produce an anodic oxide layer. During this
anodization process, a self-organized, highly ordered array of cylindrical-shaped
pores can be produced (in dependence on oxidation parameters) with controllable
pore diameters, periodicity, and porosity [137, 138]. AAO membranes are, therefore,
used as templates in a variety of nanotechnology applications because the need for
expensive lithographical techniques is circumvented.

AAO membranes with unidirectional pore channels were purchased from Synkera
Technologies Inc., USA, (see Table 2 and Fig. 4) and infiltrated with poly(cis-1,4-
isoprene) for dielectric studies. The experimental procedure was carried out as fol-
lows: (i) the empty membrane was weighed before being annealed at 573 K for 24 h
in oil-free high vacuum (10−6 mbar); (ii) the system was cooled down to 300 K to
allow for injection of 0.5 ml of a PI/chloroform (23 vol % PI) onto the membrane (still
in high vacuum); (iii) after 12 h of infiltration at 300 K, the membrane was annealed
at 374 K for 1 h to remove solvent, and then (iv) cooled down again to 300 K for the
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Fig. 5 A scheme describing the fractionated pore-infiltration procedure applied in this work. The
thick arrows show the instances when injection of the solution is made

next injection of solution. This was repeated over several days, and a filling factor (as
determined from weight measurements) of ≈70 % is achieved in 6 days (for PI-53
in 55-nm pores). Figure 5 is a schematic representation of the pore-filling procedure
used in this work. A scheme of the main components of the annealing and pore-filling
chamber is provided in Fig. 5.4.

3.2 Data Analysis

The empirical Havriliak–Negami (HN) equation [140] is commonly used to quantify
the main features of a dielectric relaxation process, i.e., the relaxation strength,
relaxation time, and the shape parameters of the relaxation peak. It is a generalization
of the well-known Cole–Cole [141] and Cole–Davidson [142] relations, and defines
the complex dielectric function, χ∗(δ), as

χ∗(δ) = χ∞ + ζχ/(1 + (iδτH N )α)λ (9)

where ζχ is the dielectric strength (ζχ = χs − χ∞), τH N denotes the character-
istic relaxation time, α is a parameter characterizing a symmetrical broadening of
the distribution of relaxation times, and λ accounts for asymmetrical broadening
(0 < α, λ ≤ 1). δ = 2φ f is the angular frequency of the applied external elec-
tric field. The relaxation time at maximum loss, τmax, is analytically obtained as
τmax = τH N

[
(sin(αλφ/2 + 2λ ))/(sin(αφ/2 + 2λ ))

]1/α . τmax not τH N , is used
to generate activation plots (Fig. 13) since the latter is a function of shape para-
meters α and λ . When τmax has a non-Arrhenius temperature dependence, as is

http://dx.doi.org/10.1007/978-3-319-06100-9_4
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characteristic of the structural relaxation for all glass formers, it is described by the
Vogel–Fulcher–Tammann (VFT) equation [143–145]:

τmax(T ) = τ0exp

(

− DTv

T − TV

)

(10)

where τ0 and D are fit parameters (the latter is referred to as the fragility parameter,
and is oft used to quantify the extent by which the temperature dependence of the
relaxation times deviates from Arrhenius behavior) and TV is the so-called Vogel
temperature. It has been shown that the normal mode in bulk PI is also VFT-like
[122, 146]. The VFT equation is mathematically equivalent to the Williams–Landel–
Ferry (WLF) equation [147] which reads

log
τmax

τ0
= C1(T − T0)

C2 + T − T0
(11)

where T0 is a reference temperature, τ0 is the corresponding relaxation time, and
C1 and C2 are fitting parameters. The parameters of these two equations are related
[122] by DTV = C1C2 and TV = T0 − C2.

Combining Eqs. (9) and (10), and assuming a temperature independence of the
dielectric strength and shape parameters, delivers a temperature-dependent descrip-
tion of the complex dielectric function:

χ∗ (δ) = χ∞ + ζχ
[

1 +
(

iδτ0exp
{
− DTV

T −TV

})α
]λ (12)

To extract the distribution of relaxation times for the two dynamic processes in PI,
each was modeled, as illustrated in Fig. 6, in a step-by-step manner using Eq. (12).
First, a function which best describes the segmental mode was calculated and sub-
tracted from the measured (raw) data (Fig. 6a). This delivers a separated normal
mode peak (Fig. 6b), which is then easily modeled as next step (Fig. 6c). Figure 7 is
a representative display of data (PI-45) described using this procedure. Notice that
fitting Eq. (12) directly to the data would involve at least eight free parameters, a
procedure which would not deliver unique values.

With τH N and the shape parameters α and λ , the distribution of the relaxation
times, L(τ ), is computed employing an analytically derived equation [134, 148] of
the form

L(τ ) = 1

φ
xαλ {sin (λπ(x))ρ(x)} (13)

where, x = τ
τH N

π(x) = arctan
[

sin(φα)

xα+cos(φα)

]
, and ρ(x) = [1 + 2xα cos(φα) +

x2α ]−x/2
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(a)

(c) (d)

(b)

Fig. 6 An illustration of how dielectric loss data in the temperature representation is described
step-by-step: a the raw data {1} showing the two relaxation processes present in a thin spin-cast PI
sample, and a model function {2} calculated using Eq. (12) to fit the segmental mode; b a separated
terminal subchain (TSC) mode {3} obtained by subtracting {2} from {1}; c a model function {4}
evaluated to fit the TSC mode; and d a plot showing all the functions {1}, {2}, {3}, and {4}

3.3 Results

It is conventional in this kind of studies to vary the concentration of the polymer
in solution in order to get films with desired thicknesses. Figure 8 presents the
results for such a study for PI-12 and PI-75 where all samples were prepared from
semi-dilute solutions by a single deposition procedure. Here, the layer thicknesses
were systematically adjusted from bulk to dimensions comparable to the radius
of gyration, Rg, of the respective chain in bulk. It is evident, for both molecular
weights, that the segmental peak remains unaffected—in its spectral position and
shape—within the limits of experimental uncertainty. Concerning chain dynamics,
for Mw ≤= Mc(PI-12), the normal mode remains bulk-like in its relaxation rate down
to the thinnest layer (d = 6 nm) studied, that is, d ≤ 1.7Rg (Fig. 8a, c, e). For
Mw = 7.5Mc (PI-75), the normal mode for all the thin layers is not bulk-like in its
relaxation rate and shape. We, therefore, refer to this mode as the terminal subchain
(TSC) mode (and explain it later). We observe that the TSC modes become faster
and reduce in their dielectric strength upon increasing confinement (Fig. 8b, d, f).

In order to check how these results would evolve with a gradual variation of
molecular weights, three more molecular weights (lying between PI-12 and PI-75)
were investigated. Figure 9 is a summary of the results at a representative frequency of
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(a)

(b)

Fig. 7 a The measured dielectric loss, χ
′′
total , plotted as a function of temperature (at 80 Hz) for

thin layers (thicknesses indicated) prepared from PI-45. b The same data in a normalized w.r.t.
the maximum loss value of the segmental mode (SM). The lines represent functions (shown in the
normalized data for graphical clarity) calculated to describe the data as explained in Fig. 6. The
parameters used to construct these model functions are recorded in Table 3

80 Hz. It is observed that (i) irrespective of the molecular weight, the segmental mode
is not shifted by a reduction in film thickness; (ii) its shape parameters (see Table 3)
remain invariant with thickness, even when d ◦ Rg , implying an unbroadened peak
at this level of confinement; and (iii) TSC modes are present, vary in their shape
(Table 3), and approach the segmental mode with decreasing film thickness (see also
Fig. 10).

It is significant to note that the results so far presented involve a variation of
the concentration of the mother solution used to prepare the thin layers. However,
the findings for PI-12 point to the fact that entanglements play a role in the chain
dynamics. To probe this intuition further, we carried out experiments where the film
thickness and molecular weight are kept constant, but the solution concentration,
c, systematically varied. Figure 11 is a plot of the results thus obtained (PI-53) and
shows the dielectric loss (as a function of temperature) in its dependence on the
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(a) (c) (e)

(d) (f)(b)

Fig. 8 Temperature dependence of the imaginary part, χ
′′
total , of the measured complex permittivity

at 80 Hz for a PI-12 and b PI-75. In c and d, respectively, the same dielectric data is shown normalized
w.r.t. the maximum loss value of the segmental mode. e and f display the corresponding relaxation
time distribution functions at T=312 K. Panels a, c, and b, d share common legends. The bulk data
in b does not share the same y-axis scale with the rest of the curves. [Adapted from Ref. [104].
Reproduced by permission of the Royal Society of Chemistry]

concentration, c, of the mother solution used to deposit thin layers. c was varied
from 4.15 to 0.32 % vol. of PI, that is, from semi-dilute to dilute regimes, and
several samples with thickness d ◦ 7 nm prepared. In order to attain this same
thickness, the number of depositions required (at the same spinning rate) had to be
increased with reducing concentration. It is evident for all samples studied, when
compared to bulk, that the temperature position of the segmental relaxation peak
remains unchanged. Additionally, the TSC mode—shifted by about 95 K to lower
temperatures—is present, and its strength reduces with decreasing concentration of
the mother solution (Fig. 11a, b). The corresponding distributions of the relaxation
times for both the segmental and TSC modes are shown in Fig. 11c, and confirm the
unaffected nature of the former mode, together with the c-dependence of the latter.

Having determined the effect of c on the resulting dynamics, we now proceed to
keep c fixed (in the semi-dilute regime), and vary the molecular, Mw, in order to
unravel the influence of the size of the chain on the molecular dynamics in confine-
ment. The results of this experiment (for PI-45, PI-53 and PI-75) are displayed in
Fig. 12 where films with thicknesses, d, ≤10, ≤15 and ≤60 nm were prepared from
solutions with c equal to 0.05, 0.25, and 1.25 mg/ml, respectively. It is consistently
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Fig. 9 Temperature dependence of the imaginary part, χ
′′
total , of the complex permittivity at 80 Hz

for a PI-12, b PI-25, c PI-45, d PI-53, and e PI-75. In f–j, respectively, the same dielectric data is
shown normalized w.r.t. the maximum loss value of the segmental mode. k–o display the corre-
sponding relaxation time distribution functions at T = 312 K. The bulk data in c, d, e does not
share the same y-axis scale with the rest of the curves. [Adapted from Ref. [104]. Reproduced by
permission of the Royal Society of Chemistry]

clear that while the structural relaxation remains unchanged, the TSC mode becomes
faster with decreasing chain length.

Figure 13 provides an overview of the activation map for the all the samples
studied. It shows, for the segmental mode, that the temperature dependence of the
relaxation rates is independent of both the layer thickness and molecular weight.
Furthermore, a VFT fit to the data, extrapolated to a relaxation time of 100 s, delivers
a dielectrically determined Tg value which is in quantitative agreement with what is
obtained (for bulk) by differential scanning calorimetry (DSC). Similar results have
been obtained for other polymer systems, e.g., in [25, 26, 95, 105].
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Table 3 Havriliak–Negami (HN) shape parameters

Sample Thickness (nm) Segmental mode Normal mode
α λ α λ

PI-12 Bulk 0.74 0.46 0.99 0.84
327 0.74 0.43 0.95 0.85
79 0.72 0.42 0.97 0.82
16 0.71 0.42 0.96 0.79
6 0.73 0.41 0.92 0.75

PI-25 Bulk 0.72 0.72 0.69 0.52
276 0.71 0.71 0.54 0.45
81 0.72 0.72 0.49 0.47
10 0.69 0.69 0.50 0.38

PI-45 Bulk 0.74 0.45 0.99 0.40
312 0.72 0.40 0.55 0.14
116 0.72 0.40 0.55 0.14
57 0.71 0.41 0.51 0.10
11 0.70 0.43 0.55 0.84
7 0.71 0.42 0.39 0.90

PI-53 Bulk 0.72 0.49 0.71 0.35
369 0.71 0.45 0.54 0.15
111 0.70 0.42 0.54 0.15
28 0.69 0.43 0.54 0.21
15 0.70 0.41 0.65 0.30
7 0.70 0.42 0.28 0.35

PI-75 Bulk 0.73 0.51 0.63 0.36
326 0.70 0.40 0.50 0.14
57 0.70 0.40 0.45 0.14
21 0.61 0.40 0.47 0.15
17 0.69 0.40 0.85 0.15
9 0.70 0.40 0.17 0.35
6 0.70 0.40 0.17 0.34

[Adapted from Ref. [104]. Reproduced by permission of the Royal Society of Chemistry]

4 Discussion

The preceding experimental findings can be summed up as follows: (i) the
segmental relaxation, i.e., the dynamic glass transition in poly(cis-1,4-isoprene) is
not shifted or broadened independent of all the studied parameters; in contrast (ii)
the chain dynamics corresponding to the fluctuation of the end-to-end vector of the
polymer chain or of the free tails of tethered chains (terminal subchains, TSC), are
strongly affected by the concentration from which the polymer layers are deposited,
the thickness of the layers, and the molecular weight of the sample. An interpretation
of these observations is mainly of a qualitative nature because atomistic simulations
of the dynamic glass transition, and more importantly of entangled systems, are not
yet available.
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Fig. 10 Thickness (d)-dependence of the characteristic temperature Tε (left panels) and TN M
(right panels) for the segmental and normal modes, respectively, as measured at 1 kHz for different
molecular weights (as indicated) of PI. Unless indicated, the experimental uncertainty is smaller
than the size of the symbols

It has been generally [149], and specifically for PI [150], shown that the segmen-
tal mode is a fluctuation occurring at a length scale of about 2–3 chain segments,
corresponding to about 7 Å. This is a size far below the external, one-dimensional
confinement of d ≈ 6 nm, given by the layer thickness (Fig. 14). At this extent of
confinement, no changes in the dynamic glass transition are expected, at least for
measurements carried out in the linear-response regime [101]. As has been recently
proven for poly(vinylpyridine) on silica [105], certainly some polymer segments at
the polymer-substrate interface (for the case of predominantly attractive interactions)
will be immobilized [100], with respect to the time-scale of the experiment. This
explains the reduction in the dielectric strength of the segmental mode as, for instance,
observed in Fig. 9. Unfortunately, we cannot carry out a quantitative analysis of the
dielectric strength because of the geometry applied in these measurements—there are
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Fig. 11 a Dielectric loss
χ

′′
total versus temperature at

80 Hz (PI-53) for thin layers
of thickness ≤7 nm, each pre-
pared from a different solution
(in terms of concentration,
c), with c varied from dilute
(0.008 mg/ml) to semi-dilute
(0.05 mg/ml) regimes. In b, the
same data is shown normal-
ized w.r.t. the maximum loss
value of the segmental mode.
For comparison, data for a
bulk sample is included. Pan-
els a and b share a common
legend. c The relaxation time
distributions at T = 232 K
for the various thin layers.
Notice that all curves for the
segmental mode superimpose.
[Adapted from Ref. [104].
Reproduced by permission of
the Royal Society of Chem-
istry]

(a)

(b)

(c)

inaccuracies in defining the macroscopic evenness of the nanostructures at extensions
of 4 mm

We provide here an elaborate discussion of the chain dynamics. In the bulk state,
the main parameters of a chain depend on the macromolecular nature of the material,
with the characteristic dimension being the radius of gyration, Rg , which is propor-
tional to the molecular weight. The chain has a Gaussian distribution of the distances
of one chain end from the other [151]. As first predicted by Flory [152], a given test
chain occupies ≤1 % of the volume within the nearly spherical region encompassed
by the chain itself, while the rest is occupied by many other entangled chains and
free volume. The length scale characterizing the chain dynamics is therefore that of
the end-to-end distance (Fig. 14a). However, this conformation of the chain must be
modified when it comes in contact with a solid substrate (Fig. 14b), or when spin-cast
from solution into a thin geometrically constrained layer (Fig. 14c, d). In the spin-
coating process, the polymer solution is transferred—within a time much shorter
than the time required for the whole chain to relax—to a molten, nonequilibrium
state [153], in which most of the solvent is removed. As observed in the current
experiments, this results in a suppression of the normal mode relaxation (see Figs. 7,
8, 9, 12 and 13) in nanometric PI layers and is explained by several factors which add
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(a) (e)
(i)

(j)

(k)

(l)

(f)

(g)

(h)

(b)

(c)

(d)

Fig. 12 Temperature dependence (at 80 Hz) of the measured dielectric loss, χ
′′
total , for thin layers

(prepared from different molecular weights of PI, but the same solution concentrations) with compa-
rable thicknesses: a 312–369 nm; b 39–57 nm; c 11–17 nm; and 7–9 nm. The same data normalized
w.r.t. the maximum loss value of the segmental mode is plotted in e–h. Panels i–l show the respective
distribution of relaxation times at 312 K. [Adapted from Ref. [104]. Reproduced by permission of
the Royal Society of Chemistry]

up: (i) chain segments in the immediate vicinity of, and attractively interacting with
the substrate become immobilized, leading to a suppression of the fluctuations of the
end-to-end vector; (ii) the end-to-end vector of a chain prepared in a nanometric layer
preferentially orients perpendicular to the E vector of the external electric field in
the sample capacitor, and hence its contribution to the relaxation process is no longer
dielectrically observable; (iii) topological constraints imposed by the spin-coating
procedure might as well interrupt the normal mode process.

For polymer chains prepared from solutions in the dilute regime (c = 0.003
mg/ml), a weak relaxation is observed close to the segmental mode. It is assigned to



Molecular Dynamics of Poly(cis-1,4-Isoprene) 115

Fig. 13 Activation plot for the segmental, normal, and terminal subchain modes of PI samples
prepared from different molecular weights, as indicated. Complementary data obtained from AC
Calorimetry for PI-53 is presented by open triangles: bulk (up triangles), 100 nm (down triangles)
and 15 nm (side triangles). Tg data determined for bulk samples by DSC is included as well. The solid
line is a VFT fit to the segmental mode, with parameters: logτ0 = 10.6, DTv = 299 K and Tv =
185 K, while the dash-dotted line is calculated for the normal mode as expected for Mw = Mc =
104 g/mol. [Adopted from Ref. [104]. Reproduced by permission of the Royal Society of Chemistry]

the relaxation of terminal subchains (TSC) as depicted in Fig. 14d. The length of the
TSC can be estimated from the frequency position of the respective peak to be about
90 segments. Increasing the polymer concentration in the spin-cast solution leads to
an overlap of the polymer chains in the semi-dilute regime (c > 0.008 mg/ml), and
hence to an increase in the strength of the TSC relaxations (Fig. 11a, b). It is also note-
worthy that as the concentration of the solution is increased (and hence the number
of spin-casting processes reduced), the angle between the TSC and the external field
E increases (Fig. 14c, d); this should also account for the increase in the strength
of the dielectric response. Remarkably, the relaxation time distribution of the TSC
relaxation shows very minimal dependence on the polymer concentration. The TSC
relaxation, however, shows pronounced molecular weight dependence, as demon-
strated for samples prepared from semi-dilute solutions (Fig. 12). With increasing
molecular weight, the peak of the TSC relaxation shifts to higher temperatures cor-
responding to lower relaxation times.

The fact that entanglements matter for the TSC relaxation is clearly reflected
in the Mw-dependence of the chain dynamics in confinement (Fig. 7): for Mw =
11.6 kg/mol, which is close to Mc = 10 kg/mol, the cross-over molecular weight
from Rouse- to reptation dynamics, the normal mode is not changed in its spectral
position and relaxation time distribution (Fig. 8a, c, e)—only the strength of the relax-
ation is decreased. This is in pronounced contrast to all measurements on samples
having Mw → Mc, where TSC relaxations are observed.
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Fig. 14 Schematic representation of different polymer chain conformations induced by preparation.
In the bulk melt, the chain has its equilibrium conformation and the molecular relaxations detected
by BDS correspond to the segmental motions as well as the fluctuations of the end-to-end vector (a).
In thin layers, the interaction with the solid substrate leads to adsorption of chain segments directly
at the interface which are therefore immobilized (b). This interferes with the bulk normal mode:
the dipole moment along the chain between pinned segments cannot perform fluctuations anymore;
hence, only the free chain ends after the first and/or last adsorbed segment, the so-called terminal
subchains (TSC), perform relaxation motions which we refer to as TSC modes. Spin-casting a
thin layer from a semi-dilute solution (where chains still have overlap/entanglements) presumably
results in an entangled network (c) with adsorption of segments causing TSC. For preparations
from dilute concentrations (no overlap/entanglements of chains), several depositions are necessary
which suggest that chains individually wet the substrate and are strongly stretched in parallel to
the substrate (d). Consequently, the dipole moment of the TSC has only a minor component in the
direction of the applied electrical field, causing a reduction in the strength of the detected signal

As reviewed in the theoretical section, the Rouse and reptation theories, respec-
tively, predict M2 and M3 dependencies of the mean relaxation times of the normal
mode, below and above Mc = 104 g/mol. In Fig. 15, a plot of the mean relaxation
times versus molecular weight is presented as a function of PI layer thickness. It must
be clarified here that, for the thin layers, the molecular weights presented are those of
the mother (starting) sample before dissolution in chloroform. We find, for the bulk
samples, the relation τ ∞ M3.5∓0.1, which is in quantitative agreement with reported
results in the literature, e.g., in [113, 122] (see inset Fig. 15). For the case of spin-cast
samples, we observe a gradual reduction in the gradient of the logτ versus logMw

plots as the layer thickness is decreased. It is thus inferred that the dynamics of the
TSC modes approach Rouse dynamics with reducing layer thickness, even though
the mother chains are entangled.
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Fig. 15 Dependence of the mean dielectric relaxation time on molecular weight, Mw, for the
normal mode (bulk samples) and terminal subchain mode (spin-cast layers) of poly(cis-1,4-isoprene)
at 320 K. Inset data for bulk linear PI—Reprinted with permission from [122]. Copyright 1990
American Chemical Society

4.1 1-D Versus 2-D Confinement of PI

We consider thin films (with one free interface) as being one-dimensional (1-D)
confinement, since a given chain experiences constraints only in one direction, while,
with the same reasoning, unidirectional nanopores offer a two-dimensional (2-D)
confining space.

Figure 16 shows data obtained (after subtraction of the alumina background) for PI
measured in AAO nanopores (pore diameter, 55 nm (Fig. 16a) and 18 nm (Fig. 16b))
and the comparison with the case of PI in thin layers (Fig. 16c, d). In addition to the
fact that the 2-D confinement measurements are reproducible, given the coincidence
between the heating and cooling runs, it is also observed that (i) the mean spectral
position of the segmental mode remains unchanged, when 1- and 2D confined systems
are compared to bulk data; (ii) the segmental mode is broadened in the AAO nanopore
matrix, a phenomenon not observed for 1D confinement; (iii) the broadening of the
segmental mode is pore-size dependent (Fig. 16e); and (iv) the (remaining) normal
mode (also referred to as TSC mode) becomes faster with reducing pore diameter
(inset Fig. 16).

The reason for the first observation (concerning the dynamic glass transition) is the
same as already provided for the thin films in the Discussion section. Fundamentally,
the 2D confining space ≈18 nm (i.e., the pore diameter) is still large enough to allow
for fluctuation of sufficient basic units (2–3 segments) that underlie the (dynamic)
glass transition. On the other hand, the broadening in the structural relaxation process,
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(a)

(c)

(e)

(d)

(b)

Fig. 16 Temperature dependence of the dielectric loss, χ
′′
, (heating and cooling runs) for PI-53

measured in AAO templates with pores of diameter a 55 nm and b 18 nm. In c and d, a comparison
of normalized data is made for PI measured (at 120 Hz) in pores and in thin films of comparable size
to the pore diameter, as indicated. Bulk data is included as well for completeness. Panel e shows
the respective distribution functions of the relaxation times at T = 312 K. Inset Normalized loss data
(measured at 120 Hz) is plotted as function of temperature for PI in 55- and 18-nm pores

in pores as compared to thin films, is a consequence of the increase in the number
of segments per unit volume that interact with the solid surface. This is because the
surface area to volume ratio increases by at least three orders of magnitude from thin
films to nanopores. A further reduction in the pore diameter would increase the chain–
surface interaction, and hence the pore-size dependent broadening as observed. The
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Fig. 17 A schematic view of a chain (viewed in one plane inside a nanopore) constrained by
the solid surfaces A and B. Segments of the chain in (attractive) interaction with the surfaces are
adsorbed, and hence become immobilized. The tail ends (terminal subchains) are free to fluctuate
with resultant vectors p and q or r and s in the presence or absence, respectively, of wall A

scheme in Fig. 17 presents a possible explanation for why the TSC mode in nanopores
is faster than that in a thin film of comparable size. For the pore system, taking
a snapshot view in one plane, the chain interacts with the two surfaces A and B so
that the resultant terminal subchains have vectors p and q. If surface A is removed—
producing a system equivalent to an uncapped thin film—the TSCs have vectors r
and s, which are, intuitively, longer than p and q; the fluctuation of the latter should
therefore be faster.

5 Summary

Being a Type A polymer, poly(cis-1,4-isoprene) is an ideal candidate for studying both
segmental and chain dynamics in confinement. The use of the nanostructured elec-
trode arrangement, on the other hand, avails the experimental possibility of probing
ultrathin layers by BDS. It has been shown in this chapter—for several molecular
weights of PI lying in the range 10 < Mw < 80 kg/mol—that while the struc-
tural relaxation remains largely unaffected by changes in layer thickness (down to
7 nm), molecular weight, and the polymer concentration in the spin-cast solution,
the chain dynamics are drastically altered in dependence on these parameters. It has
also been shown, courtesy of inaugural experiments, that chain dynamics in confine-
ment depend on the dimensionality of the confining geometry. For a full understand-
ing of this dependence, there is need for more experiments devoted to comparing
1D with 2D confining systems, as well as the corresponding molecular simulations.
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Confined in Uni-directional Nanopores
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Abstract Broadband dielectric spectroscopy (BDS) is employed to study the
rotational diffusion of Tris(2-ethylhexyl)phosphate (TEHP), a glass-former, and
4-heptyl-4∗-isothiocyanatobiphenyl (7BT), a liquid crystal, both confined in
nanoporous silica membranes having uni-directional pores with diameters in the
range 4–10.4 nm. It is observed that upon cooling, the glassy dynamics (α-process)
of TEHP is enhanced near the calorimetric glass transition. This confinement effect
is attributed to a slight reduction in density of the liquid in the nanopores. The sec-
ondary β-relaxation in TEHP is however unaffected by the geometrical confinement.
Silanization of the inner pore surfaces has no measurable effect on the mobility of
the guest molecules. For the case of liquid crystal 7BT, two relaxation processes
originating from librations about the molecule’s short (δ-process) and long axes
(βLC-process) are observed. The former becomes suppressed with decreasing pore
diameter, while the latter is nearly unaffected with a tendency to become faster with
decreasing pore diameter, an effect caused by orientational ordering due to geomet-
rical constraints.
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Abbreviations

BDS Broadband dielectric spectroscopy
TEHP Tris(2-ethylhexyl)phosphate
7BT 4-heptyl-4∗-isothiocyanatobiphenyl
NMR Nuclear magnetic resonance
DSC Differential scanning calorimetry
MWS Maxwell–Wagner–Sillars
LCs Liquid crystals
SmE Smectic E
HF Hydrofluoric acid
Si Silicon
pSi Porous silicon
pSiO2 Porous silica
SEM Scanning electron micrograph
h Hour(s)
s Second(s)
HMDS Hexamethyldisilazane
FTIR Fourier transform infrared
HP Hewlett Packard
HN Havriliak–Negami
I Isotropic
N Nematic
S Smetic
RTD Relaxation time distribution
VFT Vogel–Fulcher–Tammann
T Temperature
Tg Glass transition temperature
DFT Density functional theory
NCS Isothiocyanate
Hz Hertz

1 Introduction

Porous materials have a large surface area to volume ratio. When guest molecules are
imbibed in these materials, their rotational diffusion/dynamics is affected by the type
of guest/host interactions in addition to the effects of geometrical restrictions. The
type of probe molecules (simple glass formers, liquid crystals, polymers) and con-
fining matrix are also key influencing factors. Several experimental techniques for
instance: Rayleigh Light Scattering [1, 2], X-ray Diffraction, [3] Neutron Scattering,
[4] Raman Scattering, [5] Nuclear Magnetic Resonance (NMR) Spectroscopy, [6–8]
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Differential Scanning Calorimetry (DSC), [9, 10] Optical Kerr Effect Spectroscopy,
[11, 12] and Broadband Dielectric Spectroscopy (BDS), [13–22] have been applied
with an attempt to unravel the impact of confinement on the dynamics of mole-
cules having different sizes and architectures restricted in nanopores. In most of
these studies, porous glasses (vycor, sol–gel processed silica, silicates), molecular
sieves, anopore membranes, nucleopores, ZrO2, Zeolites, and vermiculite clay have
been utilized as confining matrices [13, 15, 23–32]. However, these studies are ham-
pered by the lack of definite microstructures of the nanoporous materials used. In
recent studies, [33–35] the current authors circumvented this problem by utilizing
nanoporous silica having uni-directional nanopores. This chapter contains details of
the preparation of these nanopores and the rotational diffusion (studied by BDS)
of two classes of materials: (i) a simple glass former; Tris(2-ethylhexy)phosphate
(TEHP) and (ii) liquid crystal; 4-heptyl-4∗-isothiocyanatobiphenyl (7BT) confined
therein.

Owing to its ability to probe molecular fluctuations over a wide frequency and
temperature range, BDS is an ideal tool to study the dynamics of guest molecules
restricted in nanopores. However, for quantitative analysis, it requires well-defined
geometry of the confining matrix. If the sample is contained in porous host systems
having intersecting pores or random cavities of indefinite morphologies, (as is the
case for most porous system discussed above) then the permittivity of the matrix and
the guest molecules become non-additive quantities. This complicates the analysis of
the dielectric data because one has to clarify how much of the dielectric mixing affects
the apparent confinement-induced effects. Maxwell and Wagner solved this problem
of how to get the net permittivity of a mixture of two dielectrics. The approach was
further refined by Sillars and is now referred to as Maxwell–Wagner–Sillars (MWS)
polarization. In this framework, the permittivity of fillers (guest molecules) assuming
that their shapes can be adjusted in terms of polarization factor p, is given by: [36]

εc(ω) = εm(ω)
pεf(ω) + (1 − p)εm(ω) + φ(1 − p)(εf(ω) − εm(ω))

pεf(ω) + (1 − p)εm(ω) − φp(εf(ω) − εm(ω))
(1)

where εm and εf are the permittivities of the confining matrix, and filler/guest mole-
cules respectively, εc is the effective permittivity of the confined /filler material, and
φ is the volume filling fraction. Richert [36] showed that the results based on this
model are very sensitive to variation of p, which generally defines the geometry
of the confining space. Besides the MWS, several other models such as Maxwell
Garnett formula, Hanai–Bruggeman equation, and the Rayleigh’s approach fail
because of the assumption of the topology and the limiting case of φ < 0.2 [36, 37].
It is therefore imperative to use nanoporous host systems having well-defined
geometries.

By utilizing such host systems with uni-directional nanopores, the current authors
show that the glassy dynamics of confined TEHP increases with decreasing pores
sizes when approaching the calorimetric class transition temperature, while the sta-
tic dielectric relaxation strength remains relatively bulk-like. Under this confine-
ment, the rotational diffusion is determined by the interplay between surface and
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confinement effects [38]. The former is observed for attractive interactions between
guest molecules and the pore walls resulting in a decrease in the relaxation rate of
the dynamic glass transition. Silanization of the pore surfaces removes this effect.
Confinement effects are observed for repulsive interactions between guest and host
systems and are manifested by an increase of the molecular mobility closer to Tg
[34]. With decreasing pore diameter, confinement effects become more pronounced.
Silanization has no or negligible influence in this case. Considering liquid crystals
(LCs), finite pore sizes and surface effects induce nontrivial alterations of the bulk-
like properties. For instance, one can observe the induction of thermodynamic phases,
the shift of phase transition temperatures, as well as orientational and translational
order. Typically, as the pore diameter decreases, the phase transition temperature
is reduced with respect to the bulk one [27, 37, 39, 40]. Below a critical value
comparable to the correlation length of the liquid crystalline order parameter, the
discontinuous phase transitions are replaced by the gradual occurrence of orienta-
tional order [41–45].

TEHP is mainly used in extraction of heavy metal ions, [46] as plasticiz-
ers/antiplasticizers [47] and in ion-selective membrane electrodes [48, 49]. It can also
act as flame retardant in lithium ion batteries and polymer gel electrolytes [50, 51].
7BT can be used as a component of liquid crystalline mixtures suitable for twist-
type displays [52, 53]. In bulk, it shows smectic E (SmE) phase with orthorhom-
bic arrangement within the molecular layers in the temperature range 330–345 K
[54–56]. The current development of device miniaturization requires knowledge of
the properties of materials confined in nanometric length scales such as nanopores.

2 Preparation of Nanoporous Silica Membranes

Electrochemical partial dissolution of silicon in the presence of hydrofluoric acid
(HF) presents an easy and cheap method to obtain porous silicon (pSi). The defects,
which result from non-uniform native oxide layer on the surface of the silicon wafers,
serve as initial spots for the etching process. Several mechanisms leading to pore
formation have been proposed. The presence of holes (carrier charges) in the bulk
Si plays a key role during this process [57]. The diffusion of holes against ener-
getic barriers is responsible for the rate (self) limiting nature of this process [58].
They are driven to the tip of the etched pits by the applied electric field resulting
in the anisotropic dissolution of Si. The hole depleted regions are passivated [57].
Lehmann and Gösele [59] proposed a generally accepted mechanism of pore forma-
tion (Scheme 1).

When immersed in an HF electrolyte, the Si surface is terminated by hydrogen
atoms. Since the induced polarization of Si–H bonds is very low, dissolution of Si
does not take place at this stage until a hole reaches the hydrogen saturated sur-
face. At this step, fluoride ions displace hydrogen atoms leading to the formation of
Si–F (step 1 and 2). The structure is now generally polarized and an injection of an
electron into the Si substrate takes place. Another hydrogen atom is ejected resulting
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Scheme 1 Anodic dissolution mechanism of Si in the presence of HF electrolyte solution, associ-
ated with pSi formation according to Lehmann and Gösele [59]. The different steps in the reaction
scheme are explained in the text

Scheme 2 Schematic outline of the difference between native (left panel) and silanized (right
panel) of pSiO2

in the release of hydrogen gas (step 3). A further attack on the two remaining Si–H
by HF occurs in step 4 forming SiF4, which spontaneously reacts with HF to form
stable H2SiF6

2−(step 5). Zang [60] proposed an alternative model which involves
competitive dissolution of Si through direct and indirect reaction paths. The former
occurs as described above while the latter takes place via the chemical dissolution
of the Si–O–Si formed in the presence of H2O.

The desired pore sizes, morphology, porosity, and thickness of the pSi layer can
be tuned by a careful selection of the resistivity (dopant and doping ratio) and crys-
tallographic orientation of the Si wafers, and by controlling the HF concentration,
current density, and etching time. Highly and moderately doped p-type Si wafers
with crystal orientation of 〈100∝ are suitable for the formation of non-intersecting
mesopores in the range of 2–10 nm. To achieve this, the current density and HF
concentration must be tuned to the right levels. Pore formation takes place below
a critical current density above which electro-polishing occurs. The details of the
effects of these parameters are shown in Ref. [61].

The pSi membranes used in this work were prepared by electrochemical etching
of highly doped (ρ ⊗ 0.005 ε-cm) p-type 〈100∝ oriented mono-crystalline silicon
wafers in a home built anodization cell. The electrolyte contained hydrofluoric acid
(HF—48 %) and ethanol (C2H5OH—99 %) purchased from sigma Aldrich and mixed
in the ratio of 1:1. Current densities (j) in the range of 20–120 mA cm−2 were applied
to obtain pore diameters between 4 and 10 nm with porosity varying from 9 to 23 %.
In each case, the etching time was adjusted to maintain the thickness of the pSi
at around 50μm. All these anodization parameters were controlled by computer
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Fig. 1 a Scanning electron micrograph (SEM)-cross section of the edged silicon showing the
nonintersecting nanopores. b SEM micrograph of the surface of a porous silica membrane
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Fig. 2 The pore size distribution obtained by NMR cryoporometry. The mean pore diameters of
different preparations are indicated

software. A final electro-polishing step (j = 700 mA cm−2) was applied for 3–4 s to
lift the pSi from the Si substrate. The obtained pSi membranes were subsequently
oxidized thermally in an oven (Vulcan 3–550, Neytech) at 1,100 K (heating rate
3 K/min) for 6 h to form completely transparent and insulating nanoporous silica
(pSiO2) with uni-directional pores. Scanning electron micrograph (SEM) image of
the cross section of pSi (Fig. 1a) reveals non-intersecting pores. The SEM image of
the top surface of pSiO2 is shown in Fig. 1b. Pore size distribution as revealed by
nuclear magnetic resonance (NMR) cryoporometry is depicted in Fig. 2. A detailed
study of pore morphology and characterization is described elsewhere [62].

The surface of the prepared pSiO2 was further modified by silanization. In
this process, pSiO2 were activated by annealing at 573 K in high vacuum (10−6

mbar). The details of the vacuum chamber are described in Sect. 3 of this chapter.
Hexamethyldisilazane (HMDS), (purity ≥ 99.0 %, purchased from Sigma-Aldrich)
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Fig. 3 FTIR spectra of (I) as
prepared nanoporous silicon
(pSi), (II) partially oxidized
pSi, (III) fully oxidized pSi
(pSiO2), (IV ) Hexamethyld-
isiloxane (HMDS), and (V )
silanized pSiO2

was injected into the vacuum chamber containing pSiO2 at 350 K. Under these condi-
tions, HMDS reacts with the silanol groups leaving trimethylsilyl as terminal groups
on the silica surface (see Scheme 2). The chamber was then evacuated after 3 h at
350 K for 6 h to remove the unreacted HMDS. Fourier Transform infrared (FTIR)
spectroscopy was used to characterize the as-prepared pSi, the partially and fully oxi-
dized pSi (pSiO2), and the surface modified pSiO2 (Fig. 3). The freshly etched pSi
(spectrum I) shows a strong peak around 2,200 cm−1 assigned to vibrations of Si–H
bond and peaks at about 900 cm−1 are attributed to either Si–F or Si–H stretching
vibrations. This proves that basically the surface of freshly prepared pSi is hydride
terminated. Upon oxidation, Si–H is slowly replaced by stable Si–OH bonds. This
is depicted in partially oxidized pSi (spectrum II), which shows diminishing inten-
sity of Si–H and a growth of a broad peak at around 3,300 cm−1 due to H-bonds
of adsorbed H2O and another narrow peak at about 3,700 cm−1 assigned to isolated
OH. The intensity of this band remarkably increases when the membrane is fully
oxidized (spectrum III). This is reversed when the membrane is treated with HDMS
during silanization. The FTIR of HDMS and fully silanized pSiO2 membrane are
shown in spectra (IV) and (V), respectively, proving the exchange of silanol with
methyl groups. The C–H stretching bands in the region 2,800–3,000 cm−1 verify the
presence of methyl groups.

3 Infiltration of the Guest Molecules into the Nanoporous Silica

Before filling the membranes with the material under study, they were annealed in
a high vacuum chamber (10−6 mbar) at 573 K for 24 h to remove water and other
volatile impurities. This was done in a home-built vacuum chamber (Fig. 4), which
is evacuated in two steps. The first step involves a membrane pump that brings
the pressure in the chamber down to ∞10−3 mbar before a turbo-molecular system
pump is engaged in the second step to achieve a vacuum better than 10−5 mbar. In the
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Fig. 4 A custom-made vacuum annealing chamber that is evacuated by a two-step pumping system
that employs a turbo molecular pump and an oil-free membrane pump. The sample is placed inside
a fused silica glass tube which is heated by an oven equipped with a temperature controller

process, nanoporous silica samples contained in fused silica glass tube were heated to
573 K by radiation using an oven equipped with a temperature controller. After 24 h,
the temperature was then decreased to 300 K before the probe sample (liquid) was
injected into the closed vacuum where the pores were filled by capillary wetting. The
natural rubber (which is used only once) ensures that the vacuum chamber remains
airtight even after the injection of the sample. A similar procedure was used during
silanization with the exception that the chamber was evacuated to get rid of the
ungrafted HDMS (as described above) before injecting the probe sample. By this
method, the samples (pSi and the infiltrated material) are not exposed to ambient air
nor to oil vapor. For the case of the liquid crystal (7BT), the powdered sample was
placed on top of the annealed membranes in Argon atmospheres and then returned
in the vacuum chamber where it was kept at the temperature corresponding to its
isotropic phase (363 K).

3.1 Broadband Dielectric Spectroscopy

A thin aluminum foil (0.8μm) was placed on both sides of the membranes to
improve the electrical contacts. The samples were then placed between two plat-
inum electrodes and measured by BDS within the temperature (120–353 K), which
was controlled by a jet of pure nitrogen with stability better than 0.1 K using a
Quatro controller. The frequency range of (10−3–107) and (107–109) Hz was spanned
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using a Novocontrol high-resolution alpha analyzer and Hewlett Packard (HP) 4291A
impedance analyzer respectively. In order to describe the dielectric spectra quantita-
tively, a superposition of model functions according to Havriliak–Negami (HN) and
a conductivity contribution Eq. (2) was used to fit the isothermal dielectric loss data.

ε→
HN(ω) = ε∗(ω) − iε∗∗(ω) = ε≤ + αε

[
1 + (iωτHN)β

]γ + σ0

iωε0
(2)

where ε∗ and ε∗∗ are real and imaginary (dielectric loss) parts of the complex dielec-
tric function, αε is the dielectric relaxation strength, τHN is the characteristic time
constant that is related to relaxation time at the maximum loss (τmax) by Eq. (3):

τmax = τHN

[

sin
πβγ

2 + 2γ

]1/β [

sin
π β

2 + 2γ

]−1/β

(3)

σ0 is the dc-conductivity, ε0 the permittivity in free space, β and γ(0 < β,βγ ⊗ 1)

represent symmetric and asymmetric broadening of the loss peaks respectively [37].
This approach implies a power law equal to β and −βγ in the low and high fre-
quency limits of the loss peak respectively. At low frequencies (f < fmax), increase
in the dielectric loss spectra with decreasing frequency is mainly due to a dc-
conductivity contribution [63]. A superposition of Debye-functions with different
relaxation times τ (Eq. 4) is considered to be a formal description of the broadened
relaxation processes,

ε→(ω) = ε≤ + αε

∫
L(τ )

1 + iωτ
d ln τ (4)

where the relaxation time distribution L(τ ) fulfills the normalization condition shown
in Eq. (5) below.

∫

L(τ )d ln τ = 1 (5)

The macroscopic dielectric response of LCs depends on the microscopic orientation
of molecules in different phases. LCs have different thermotropic phases classified
according to their degree of order. The isotropic (I) phase is found at higher temper-
atures followed by nematic (N) phase where the molecules are randomly positioned
and oriented [64]. In this phase, the molecules have an average orientation along a
common director denoted by a unit vector n. Upon further reduction in temperature,
a transition to smectic (S) phases occurs where higher degree of order is found. In
this phase, the mean orientation of molecules can be parallel (smetic A), or tilted
(smectic C) with respect to the direction of the layer normal [37]. Smetic phases
(B, E, F. . .) of highly organized molecules within a layer are also possible [37].

The electric permittivity of ordered LC is described by a second rank tensor εαβ

where the electric susceptibility is defined as [64]:
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χelectric
αβ = pα

ε0Eβ
= Pα

ε0(εαβ − δαβ)
(6)

where P is the induced polarization and E the applied electric field. The symmetry
of the LC phase determines the number of components of the permittivity tensor.
According to Kramers–Kronig relation, both the real and imaginary parts of the
permittivity are frequency dependent and can be expressed as [64]:

ε∗
i(ω) = ε∗

i(≤) + 2
π

≤∫

0

ωε∗
i(ω)

(ω2 − ω2
0)

dω (7)

ε∗∗
i (ω) = 2ω0

π

≤∫

0

ωε∗∗
i (ω)

(ω2 − ω2
0)

dω (8)

In LCs, Eqs. (7) and (8) are also tensor quantities. For uniaxial nematic phases, this
tensor has components parallel and perpendicular to the nematic director n whose
dielectric function ε→≈(ω) and ε→⊥(ω) respectively consists of weighted sum of the
underlying relaxation modes.

ε→≈(ω) = ε≤,≈ + G

3kBT

[
(1 + 2S)μ2

l Cl≈(ω) + (1 + S)μ2
t Ct≈(ω)

]
(9)

ε→⊥(ω) = ε≤,⊥ + G

3kBT

[

(1 − S)μ2
l Cl⊥(ω) + (1 + S

2
)μ2

t Ct⊥(ω)

]

(10)

where ε≤,≈ and ε≤,⊥ are the limiting high frequency permittivities parallel and
perpendicular to the local director, G is a constant, and S is the order parameter.
Ci

j (ω)(i = l, t; j =≈,⊥) denote the one-sided Fourier transformations of the corre-
lation functions of the longitudinal and transverse components of the dipole moment
vector of the mesogenic unit projected parallel and perpendicular to n.

The relaxation mode, which determines ε→≈(ω) is due to rotational fluctuations
of the molecule around its short axis. It occurs at lower frequencies and is called
δ-process. There are three other relaxation modes, which involve librations of the
molecule about its long axis. These modes have nearly identical relaxation time and
form a broad βLC-relaxation process at higher frequencies that is related to ε→⊥(ω)

[37]. The dielectric strength of the δ process relative to that of the tumbling mode
depends on the order parameter S.
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Fig. 5 a Molecular structure of TEHP with the dielectric relaxations (α and β) indicated. b Dielec-
tric loss of bulk TEHP at selected temperatures in the frequency range of 10−1–109 Hz. Lines
represent fits by the empirical Havriliak–Negami (HN) function. The error bars are smaller than
the symbols if not explicitly stated otherwise

3.2 Results and Discussion

3.2.1 Rotational Diffusion of TEHP

A scheme of the molecular structure of TEHP and its raw dielectric spectra (imag-
inary part) in the bulk state for a few selected temperatures are shown in Fig. 5a, b
respectively. The polar unit of P=O and P–O–C moieties at the core are surrounded
by non-polar aliphatic chains. The dielectric loss spectra of molecules under confine-
ment (Fig. 6) were corrected to eliminate the contribution from the silica membrane
as discussed later. Intensity indicated by relaxation time distribution (RTD) shown in
Fig. 6d–f reduces with decreasing pore sizes. The RTD of confined molecules shows
negligible broadening compared to the bulk at higher temperature (Fig. 6f) which
increase with decreasing temperature (Fig. 6d, e).The peak position shifts to higher
frequencies, which implies a faster α-relaxation with decreasing pore diameters.

The relaxation rate ωα for bulk TEHP is well described by the empirical Vogel–
Fulcher–Tammann (VFT) equation given as:
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Fig. 6 Comparison of dielectric loss spectra for bulk and confined TEHP at a 162, b 180 and
c 210 K (The lines denote HN fits). The corresponding relaxation time distribution (RTD) of the
α-process as calculated from the HN fits for bulk and confined TEHP are shown in (d–f), (e) and
(f) respectively. Adopted from [33]

ωα(T) = ω≤ exp

( −DT0

T − T0

)

(11)

where ω≤ = τ−1≤ , the high temperature limit of the relaxation rate; D is a constant
related to fragility—a measure of the extent of deviation from Arrhenius dependence
and T0 is the Vogel temperature. In contrast, TEHP contained in nanopores exhibits
a confinement effect, i.e., when approaching the glass transition temperature the
relaxation rate becomes faster than in the bulk. This increase is—counterintuitively—
highest for the smallest pores (Fig. 7). Donth [65] explained this scenario in terms of
hindered dynamic glass transition, which is implicitly based on Adams and Gibbs
free volume theory. This model postulates that the glassy dynamics in pores becomes
faster if its growing characteristic length-scale exceeds the pore sizes. However, this
explanation is premised on the assumption that the temperature dependencies of ωα

in bulk and confined molecules are identical. The possible surface effects are also
not considered. A refined possibility to analyze the observed change in the type of
thermal activation of ωα, shown in Fig. 7, is to determine the difference quotient of
the measured relaxation rate with respect to 1/T and to compare it with the calculated
derivative Eq. (12)

d

(
log ωα

T−1

)

= −DT0

(

1 − T0

T

)2

log e (12)

For the VFT dependence, a plot of (−d log ωα/dT−1)−1/2 versus (1/T) results in a
straight line [37]. This method is sensitive to the functional form of ωα(T) irrespective
of the pre-factor. Pronounced deviations are observed, which are attributed to the
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interplay between intermolecular and host/ guest interactions. The derivative plots
(inset in Fig. 7) show a peculiar temperature dependence. The confinement effect
sets in for 4 nm at the relatively highest temperature. This is attributed to changes
in packing density. Slow molecular relaxations are sensitive to small changes in
density [66]. From computer simulations, density of fluids decreases by 2–5 % when
confined in nanopores [67, 68]. Kawasaki [69] and Spiess [70] separately showed that
when mass density/or packing density changes by merely 2 %, the relaxation time
spans a range of 8 orders of magnitude. On the other hand the observed temperature
dependencies for 4, 8, and 10.4 nm show that the changes in molecular dynamics
are more intricate. At higher temperatures, the dynamic glass transition of bulk and
confined TEHP has identical thermal activation. Conversely, at lower temperatures,
a shift to second VFT dependence occurs (for confined molecules) at characteristic
temperatures related to the pore diameters. Certainly, the intramolecular mobility of
the guest molecules besides the counterbalance between surface and confinement
effects has to be considered. In order to investigate the effects of the guest/host
interactions, similar measurements were done using silica pores that were coated
with a hydrophobic silane layer. We found that closer to Tg, the rotational diffusion
of TEHP confined in silanized pores is slightly faster compared to uncoated pores.
A realistic analysis would require atomistic simulations to unravel the details of
guest/host interactions, which is at the moment not possible.
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The rates of the secondary β-relaxation of confined molecules coincide with that
of the bulk within the limits of experimental accuracy (see Fig. 7). This is because
the β-process is assigned to librational fluctuations of the C–O moiety close to the
molecular core of TEHP. The relaxation rate ωβ exhibits an Arrhenius-type of thermal
activation described by

log ωβ(T) = log ω≤ −
(

Ea

kBT

)

log e (13)

where Ea is the activation energy, ω≤ is the relaxation rate in the high temperature
limit. We obtain an activation energy Ea = 27.5 KJ/mol which is similar to the values
obtained for other low molecular weight glass forming liquids [37].

To analyze the effective dielectric strength (αεα) for confined molecules, a model
of two impedances in parallel is employed: one due to the guest molecules and the
other due to the confining matrix (silica) for the case where there is no interfacial
relaxation. Equations (14) and (15) give the measured real and imaginary dielectric
permittivities:

ε∗
m = φε∗

c + (1 − φ)ε∗
SiO2

(14)

ε∗∗
m = φε∗∗

c + (1 − φ)ε∗∗
SiO2

(15)

where ε∗
c, ε∗

SiO2
, ε∗∗

c , ε∗∗
SiO2

are real and imaginary permittivities of confined mole-
cules and silica matrix, respectively, and φ is the porosity. Considering Eq. (15) the
dielectric loss for confined molecules becomes

ε∗∗
c = ε∗∗

m

φ
−

(
1 − φ

φ

)

ε∗∗
SiO2

(16)

From Kramers/Kronig relations, dielectric strength αεc is obtained by integrating
Eq. (16). In Fig. 8, the measured dielectric relaxation strength scaled with porosity
using Eq. (16) and the calculated dielectric loss assuming for the confined liquid
bulk properties are compared to the measured values in different pore sizes. Within
experimental uncertainty no differences are observed proving that the confined liquid
behaves bulk-like as measured by αε, being proportional to the number density of the
interacting dipoles. αε is measured only with an accuracy of ±5 %, hence the subtle
assumed decrease in the density on ∞0.1 % scale under conditions of geometrical
confinement cannot be resolved by this quantity. As discussed above, the structural
relaxation time, which is more sensitive to changes in density, shows deviations from
bulk closer to Tg.

3.2.2 Rotational Diffusion of 7BT

Liquid crystals exhibit various mesophases with phase transitions that are sensitive
to perturbations. Consequently, they are ideal candidates to study rotational diffusion
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Fig. 8 Dielectric relaxation
strength for bulk and confined
TEHP. Open symbols repre-
sent measured data while filled
symbols are calculated αε for
confined TEHP assuming
bulk-like properties of ε∗∗(ω).
The porosities for membranes
with pore diameters of 4, 8
and 10 nm are 0.09, 0.2, and
0.23 respectively. Adopted
from [33]

when confined in porous media and to quantify the surface and confinement effects.
The structure of LC, 7BT is shown in Fig. 9a. The dielectric loss (ε∗∗) spectra of
7BT in bulk and in nanopores of mean diameter 7.5 nm at selected temperatures are
depicted in Fig. 9b–d.

The dielectric properties of bulk 7BT in the smectic-E (SmE) and isotropic phases
have been studied before [71] and they are dominated by contributions from one
polar group, i.e. isothiocyanate (NCS) with dipole moment of μ = 3.5 D oriented
roughly along the para-axis of the benzene ring [56]. In the SmE phase of bulk
7BT, a single Debye-type relaxation process around the short axis (δ-relaxation)
[72] is detected in the low frequency regime. In nanopores, two relaxation processes
are observed at high temperatures (see Fig. 9). One process has the same origin
as that of the bulk response and corresponds to the flip-flop motions of molecules
around their short axis (Fig. 9). The second process is attributed to librational motions
(βLC-relaxation) of molecules [27, 73]. In the case of polar molecules an interfacial
re-order is induced by the pore walls [27]. The existence of polar layers has been
confirmed by Nuclear Magnetic Resonance (NMR) [32, 74, 75] and neutron exper-
iments [44, 76]. Due to the symmetry of 7BT, the molecular jumps around the short
axis are more probable if the applied electric field is parallel to the molecular axis.
The βLC-process is detected under geometrical confinement if the external electric
field is parallel to the pore walls and molecular dipole moments are inclined to the
surface. With decreasing temperature both processes merge and the resultant relax-
ation rate exhibits an Arrhenius-type of thermal activation. On subsequent heating,
only the βLC-relaxation process is detected. The influence of the pore size on the
dielectric response is shown in Fig. 10. It is evident that as the pore size decreases,
thermal hysteresis becomes less pronounced. In the pores of mean diameter 4 nm,
the δ-relaxation does not show up and hysteresis is not observed.

The activation plots of the various relaxation processes observed for 7BT in bulk
and nanopores of different diameters are shown in Fig. 11. The observed enhancement
of molecular mobility around the short axis (7BT) compared to the bulk is typical for
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Fig. 9 a Scheme of the structure of 4-heptan-4∗-isothiocyanatobiphenyl (7BT). Geometry of the
lowest energy conformation of the molecule optimized by a quantum mechanical method (DFT at
the B3LYP/6-31 level). Dielectric loss of 7BT at different temperatures as indicated in the SmE
phase for bulk (b) and confined in the pores of diameter 7.5 nm (c) and (d). The solid lines are a fit of
a sum of two Havriliak–Negami functions to the experimental data. The dashed-dotted and dotted
lines indicate δ and βLC relaxations, respectively. The dashed line corresponds to conductivity
contribution. Adopted from [35]

confined LCs [27–31, 37, 73, 77, 78]. It indicates that the molecules in nanopores
have more free volume. The temperature dependence of the δ-relaxation rates is
Arrhenius-like for bulk as well as confined molecules. The values of activation energy
of this process are slightly higher for the sample confined in pores compared to the
bulk of the SmE phase, which is similar to previous observations [27]. The second
process is attributed to a librational motion around the long axis of the LC molecules
and appears at relaxation rates faster by two decades than the δ-relaxation.

Based on this information, we sketched the morphology of the molecules in pores
(see Fig. 12). At the center of pores, the preferred direction of molecular orienta-
tion is parallel to the pore walls, and the δ-relaxation is observed. On decreasing
temperature, a layer of partially immobilized molecules develops on pore walls. The
molecules inclined to the pore walls liberate resulting in the observed βLC-relaxation
process. The interfacial layer increases progressively and becomes comparable to the
pore radius at lower temperatures [37]. As the pore size decreases the surface effect
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becomes more pronounced, consequently the δ-relaxation is suppressed in smaller
pores. Quantitative information regarding the density distribution of the molecules
in nanopores is not directly accessible from the experiments described in the current
work.

4 Conclusions

In this study, we used porous silica having uni-directional nanopores in the range
4–10.5 nm to investigate rotational diffusion of a glass forming liquid (TEHP) and a
liquid crystal (7BT). By use of these nanopores, quantitative information regarding
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Fig. 12 Scheme of the mole-
cular orientational order dis-
tribution of 7BT in nanopores
of varying diameter. a The
molecules are partially immo-
bilized and only librational
fluctuations take place. b
and c Upon cooling, a layer
of ordered LC molecules is
formed at the pore walls, the
number of which increases
with decreasing temperature.
Adapted from [35]

the surface and confinement effects on the rotational diffusion of guest molecules
is reliably obtained. From the ωα(T), αε(T) and RTD, of TEHP confined silica
nanopores, we conclude that these molecules do not strongly interact with the pore
walls maybe because of steric hindrance by nonpolar terminal groups. The mean
α-relaxation rates of TEHP increases with decreasing pore sizes as the glass transition
temperature is approached. This is attributed to a slight decrease in density caused by
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confinement. The study of liquid crystalline 7BT under similar confinement shows
remarkable difference in rotation diffusion compared to the bulk molecules. The
smetic E phase observed in bulk is replaced by a molecular order imposed by the
interaction of the molecules with the pore walls. In nanopores of mean diameter
10–6 nm, two relaxation processes are observed in low frequency regime, which are
assigned to the rotation of molecules around their short axis (δ-relaxation) and the
libration of molecules close to the pore walls (βLC-relaxation). Decreasing the pore
diameters further to 4 nm leads to the suppression of the δ-relaxation. This shows the
intricate counterbalance between surface and confinement effects for different guest
molecules under conditions of geometrical confinement.
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Abstract Diffusion in ionic liquids (ILs) contained in silica nanopores is investigated
in a wide frequency and temperature range by a combination of Broadband Dielectric
Spectroscopy (BDS) and Pulsed Field Gradient Nuclear Magnetic Resonance (PFG
NMR). By applying the Einstein-Smoluchowski relations to the dielectric spectra,
diffusion coefficients are obtained in quantitative agreement with independent PFG
NMR. More than tenfold systematic decrease in the effective diffusion coefficient
(for [HMIM] [PF6]) from the bulk value is observed in the silica nanopores. A model
assuming a reduced mobility at the IL/porous matrix is proposed and shown to pro-
vide quantitative explanation for the remarkable decrease of effective transport quan-
tities (such as diffusion coefficient, DC conductivity and consequently, the dielectric
loss) of the IL in bare porous silica membranes. This approach is supported by the
observation that silanization of silica nanopores results in significant increase of the
effective diffusion coefficient, which approaches the value for the bulk liquid. For a
different IL ([BMIM] [BF4]), it is observed that ionic mobility at lower temperatures
is enhanced by more than two decades under nanoconfinement in comparison to the
bulk value. This increase in the diffusivity is attributed to reduced packing density of
the ions in the nanopores. In summary, the resultant macroscopic transport properties
of glass-forming ILs in confining space are determined by a subtle interplay between
surface- and confinement-effects.
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Abbreviations

BDS Broadband Dielectric Spectroscopy
BMIM BF4 1-Butyl-3-methylimidazolium tetrafluoroborate
FTIR Fourier Transform Infrared
HMDS Hexamethyldisilazane
HMIM PF6 1-hexyl-3-methylimidazolium hexafluorophosphate
NMR Nuclear Magnetic Resonance
PFG NMR Pulsed Field Gradient Nuclear Magnetic Resonance
SEM/TEM Scanning and Tunneling Electron Microscopy
VFT Vogel-Fulcher-Tammann

1 Introduction

Ionic liquids (ILs) are promising for manifold technological as well as fundamen-
tal applications because they exhibit unique features such as low melting points,
low vapor pressures, wide liquids ranges, high thermal stability, high conductiv-
ity, and wide electrochemical windows. They are under intense investigation for
use as reaction media, in batteries and supercapacitors, in solar and fuel cells, for
electrochemical deposition of metals and semiconductors, for protein extraction and
crystallization, in nanotechnology applications, in physical chemistry, and many
others. Thus, detailed knowledge of diffusion in ILs is imperative for their optimal
utilization. Furthermore, since many ILs can easily be supercooled, they offer a rare
opportunity to address basic questions regarding the correlation between ion conduc-
tion (translational diffusion) and the dynamic glass transition (rotational diffusion)
in the broadest length—and time scales as well as localized molecular fluctuations
(secondary relaxations). Due to its ability to measure the complex dielectric func-
tion (and consequently, the complex conductivity) over many orders of magnitude
in frequency and in a wide temperature interval, Broadband Dielectric Spectroscopy
(BDS) turns out to be an ideal experimental tool for this pursuit [1].

Recent experimental studies of some imidazolium-based ILs under nanocon-
finement have demonstrated reduction of molecular mobility and conductance.
For instance, using specialized nuclear magnetic resonance (NMR) techniques,
Le Bideau et al. found a decrease in the diffusivity of ILs in monolithic silica
matrices [2]. Davenport et al. observed about threefold reduction in the conduc-
tance of ILs in small single-pores (<10 nm) and explained their results in terms
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of the “hindered transport theory” [3]. Recently, the current authors found that the
decrease in diffusivity of a selected IL in directed silica mesopores (7.5 nm pore diam-
eter) could be reversed by silanization [4]. These reports emphasize the significance
of the pore sizes, pore wall-IL interaction, as well as the physico-chemical properties
of the IL investigated. Whereas experimental results have shown slower dynamics
in nanopores, theoretical methods have predicted both slower and faster dynamics
of ILs in nanopores depending on the molecular details of the confining space as
well as the IL. For example, Wang et al. performed classical molecular dynamics
simulations of confined ILs in contact with graphite surface and noted remarkable
adsorption and formation of dense double-layers leading to reduction of the ionic
mobility. Conversely, while investigating sorption of CO2 and H2 into ILs confined in
carbon nanotubes by a combination of molecular dynamics and Monte-Carlo simula-
tions, Shi and Sorescu found an increase of self-diffusion coefficients by 1–2 orders
of magnitude in comparison to corresponding bulk IL values [5, 6]. In a recent study,
the current authors obtained results confirming this prediction for a tetrafluoroborate-
based imidazolium IL in nanopores [7]. A quantitative microscopic explanation of
the origin of the experimentally observed enhancement of ionic mobility in some
confined ILs and decrease in other ILs are not yet understood. This chapter presents
detailed experimental studies of two representative ILs, one exhibiting faster and the
other slower diffusivity in nanopores. The impact of the ILs/pore-walls interactions
on ionic mobility of the confined ILs is also explored.

Rotational and translational diffusion in confining space are determined by a subtle
interplay between surface- and confinement-effects. Strong interactions between the
host system and the guest molecules lead to slower dynamics while spatial restriction
of certain molecules in nanometric length scales may have the reverse effect of
enhancing the molecular dynamics. In nanopores, the resultant transport properties
depend critically on the microscopic properties of the confined molecule, extent of
confinement, nature of the inner surfaces, as well as the architecture of the molecules
with respect to the pore walls. The impact of each of these factors on diffusion in
confined ILs forms the main subject of this chapter.

2 Experimental Details

The ILs (1-butyl-3-methylimidazolium tetrafluoroborate [BMIM BF4] and 1-hexyl-
3-methylimidazolium hexafluorophosphate [HMIM PF6], purity >99 %) purchased
from Iolitec GmbH were systematically studied in bulk as well as in silica nanopores
with mean pore diameters between 7.5 and 10.4 nm. The membranes of porous silicon
with nonintersecting nanopores were prepared by electrochemical etching of highly
doped p-type ∗100〉 oriented silicon wafers with resistivity less than 5 mεcm. This
process was followed by thermal oxidization at 1153 K for 3 h resulting in uni-
directional silica nanopores (PSiO2). The insulating oxidized membranes (glassy
SiO2 membranes) were annealed in an evacuated chamber (10−5) mbar at 470 K
for 24 h prior to filling with the IL. For the case of silanized SiO2 membranes,
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Fig. 1 a Scanning electron microscopy image showing the bottom view of SiO2 membrane,
b pore-size distribution obtained by NMR-cryoporometry, c the chemical structure of untreated
and silanized SiO2 membranes d infrared absorption spectra of (i) hexamethyldisilazane (HMDS)
(right y-axis), (ii) surface-modified PSiO2 membrane consisting of nanopores of average diameter
7.5 nm and (iii) surface-modified membrane by silanization with HMDS (left y-axis). In the spec-
trum of the modified PSiO2 membrane, the vibration of the free O–H is not present but the CH3
stretching vibrations are observed instead. Contrary to pure HMDS, there are no vibrations of N–H
in the modified silica membrane. The structure of HMDS is included in the inset

hexamethyldisilazane (HMDS) (purity >99.0 %, purchased from Sigma-Aldrich)
was injected into the vacuum preparation chamber containing the SiO2 membrane at
350 K. After 30 min, the chamber with silica membrane was again evacuated for 3 h at
350 K. By treating the membrane with HMDS, the silanol groups were replaced with
trimethylsilyl groups. The inner surface consequently became hydrophobic. The ILs
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were injected into the membranes in a vacuum chamber and the pores were filled by
capillary wetting for approximately 48 h at room temperature.

In order to characterize the silica nanopores, scanning and tunneling elec-
tron microscopy (SEM/TEM) as well as NMR cryoporometry were employed
(see Fig. 1a, b). To suppress the formation of an interfacial layer due to the presence
of dangling hydrogen bonds, the inner surfaces of the PSiO2 membranes were modi-
fied by silanization using HMDS (Fig. 1c). Trimethylsilyl groups replaced the silanol
groups and the inner surfaces became hydrophobic as confirmed by the resulting
Infrared (IR) spectra (Fig. 1d). A Varian FTIR-Spectrometer equipped with a UMA
500 microscope working in transmission mode was employed to obtain the infrared
spectra. To quantify the effect of surface interaction between guest molecules and
walls of host membranes, ILs in both surface-modified and bare nanoporous silica
membranes were studied.

The untreated silica membrane exhibits a characteristic band at ∝3740 cm−1

corresponding to nonhydrogen-bonded OH groups. The intensity of this band dra-
matically decreases after the membrane is treated with HDMS indicating successful
exchange of silanol with trimethylsilyl groups. This is further evident from the C–H
stretching bands attributed to methyl groups in the region 2,800–3,000 cm−1.

The concentration of CH3 groups in the silanized membranes can be calculated
from the IR absorption spectra using the Lambert-Beer law. As a reference system,
we chose HMDS, where the concentration of methyl groups is known and equal

to 6[HMDS] [4]. The concentration can be estimated by [CH3] = 6
∫

Amembrane∫
BHMDS

=
6 [HMDS]

∫
Amembrane∫

AHMDS
where: A and B denote the absorption and the molar absorption

coefficients, respectively. The integrals indicate that the whole area under the C–H
band must be considered. Substitution of the experimental values gives [CH3] =
6 0.76 gcm−3

161.4 gmol−1 · 0.033 = 0.93 M. Since the pore surface area is much larger than that

of the outer surface, the distance between the silane groups can be estimated by
[CH3] ∝ 3

NA

4p
d

1
d2

silane
, where p is the porosity and d is the pore diameter, since. Using

p = 0.07 and d = 7.5 nm, one obtains dsilane = 0.45 nm. For comparison, the Si–Si
distance in the HMDS molecule is 0.304 nm whereas the distance between methyl
groups bonded to different Si atoms ranges from 0.38 to 0.53 nm. Therefore, we
prove that the pore surface is fully silanized and covered by a hydrophobic layer
with thickness ∝0.5 nm (the geometrical parameters used in these calculations are
determined using the ArgusLab software).

Broadband dielectric measurements were carried out using a Novocontrol high-
resolution alpha dielectric spectrometer (0.1 Hz–10 MHz) in the temperature range
between 110 and 380 K with accuracy better than ±0.1 K achieved by QUATRO
temperature controllers. All the measurements were performed under dry nitrogen
atmosphere. In addition, a 125 MHz pulsed field gradient NMR spectrometer with
home-built gradient unit having gradients q ⊗ 35 Tm−1 was used to perform dif-
fusion coefficient measurements. Both proton and fluoride nuclei were probed. The
diffusion coefficients presented in this chapter are the sum of the diffusivities of both
the cations and anions.
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3 Results and Discussion

Due to its unique ability to probe molecular fluctuations and charge transport over
a broad frequency and temperature range, broadband dielectric spectroscopy (BDS)
has proven indispensable in the quest to understand the underlying mechanisms
of charge transport and dynamic glass transition in ion conducting glass-forming
systems [1]. BDS measures the complex dielectric function, α∗ = (α∞ − iα∞∞),
as well as the complex conductivity function, β ∗ = (β ∞ + iβ ∞∞). At low applied
electric fields (within the linear response regime), the two functions are given by
β ∗ (χ, T) = iα0χα∗(χ, T), implying that β ∞ = α0χα∞∞ and β ∞∞ = α0χα∞ where α0,
and χ denote the permittivity of vacuum, and radial frequency, respectively. The real
part of the complex conductivity function β ∞ in bulk ILs is characterized on the
intermediate frequency regime by a plateau the value of which directly yields the
DC conductivity, β0, as well as the characteristic frequency, fc, at which dispersion
sets in and turns into a power law at higher frequencies. The typical conductivity
spectra of the IL 1-butyl-3-methylimidazolium tetrafluoroborate—([BMIM] [BF4])
in bare SiO2 nanopores of mean pore diameter of 7.5 nm are shown in Fig. 2. In the
current case, we assign β0 to the value of β ∞ at fc. The spectra in the entire accessible
temperature range investigated coincide upon scaling with respect to β0 and fc as
demonstrated in the insets of Fig. 2. This indicates identical thermal activation of
the underlying mechanisms of charge transport and electrode polarization even in
nanopores.

Einstein and Smoluchowski [8, 9] proposed a microscopic description of diffusion
enabling the determination of diffusion coefficients from dielectric spectra. Within
this framework, the diffusion coefficient, D, is given by D = (

δ2χc/2
)
, where δ

denotes the mean ion jump length in the timescale of χc = (2φ/fc).
Figure 3 shows a comparison of diffusion coefficients from BDS and PFG NMR

spanning more than 12 orders of magnitude. A value of δ = 0.16 nm was used to
determine D from the dielectric spectra according to the procedure described in our
previous articles [10]. In order to gain deeper insight into the mechanisms of charge
transport in ILs in nanopores, PFG NMR, a well-established technique for prob-
ing bulk diffusion, is used to probe the ILs both in bulk and nanopores. At higher
temperatures, the measured diffusion coefficients from BDS and PFG NMR coincide
for both bulk and confined ILs. Remarkable increases are observed in the low temper-
ature regime for the confined ILs. For nanopores with mean diameter of 7.5 nm, the
diffusion coefficients are more than two orders of magnitude higher than their corre-
sponding bulk values (see Fig. 3). It should be noted that pore-surface modification
by silanization (Fig. 3) does not lead to any observable changes in the diffusion coef-
ficients for the current [BMIM BF4], in contrast to the hexafluorophosphate-based
IL discussed in the next paragraphs. This indicates that the pore wall/IL interactions
associated with adsorption and desorption processes only play a minimal role and
cannot explain the present results.

The temperature dependence of bulk transport properties of ILs is described
by the empirical Vogel-Fulcher-Tammann (VFT) equation expressed as: D(T) =
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Fig. 2 Complex conductivity function (β ∞(χ) = β ∞(χ) + iβ ∞∞(χ)) of the IL BMIM BF4 versus
frequency at different temperatures in bare 7.5 nm silica nanopores as indicated. Inset scaling with
respect to the characteristic frequency fc and DC-conductivity β0. The error bars are comparable to
the sizes of the symbols, if not specified otherwise

D→ exp [−B/(T − T0)], where D→, B, and T0 denote the diffusion coefficient in
the high temperature limit, a constant, and the Vogel temperature, respectively. It is
instructive to check how well the diffusion coefficient follows the VFT equation under
confinement. The derivative technique often provides a means of verifying the subtle
features of the transport quantities spanning several orders of magnitude [1]. Within

this description, the VFT equation is given by d log β0
d(1/T)

= −B
(

1 − T0
T

)−2
log e. When

the resultant derivative of the diffusion coefficient is plotted against inverse temper-
ature, the VFT equation is transformed into an Arrhenius-type relation (expressed
as: log D(T) = log D→ − EA

kBT log e, where EA denotes the activation energy) with
a single slope as demonstrated in the inset of Fig. 3. In the nanopores, a change
from a VFT-like into an Arrhenius-like thermal activation is observed, resulting in
an enhancement of diffusivities by more than two orders of magnitude [11]. The
precise origin of this remarkable behavior of some ILs in nanopores remains unclear.

Our conjecture is that the increase of ionic mobility in nanopores stems from
subtle changes in ion packing due to the reduction of the density of the ILs in small
pores. A simple physical explanation can be obtained by considering the problem of
packing density of cylindrical balls in cylindrical containers. Both experimental and
theoretical studies of spherical balls in cylindrical containers indicate that the mass
density decreases by up to 7 % when the radii of the balls become comparable to that
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quotients τ =
[

log D(1/Ti)−log D(1/Ti+1)
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]−1/2
versus 1/T for the bulk BMIM BF4 (square symbols)

and confined in porous silica with mean diameter of 7.5 nm (denoted by triangles) as determined
experimentally and τ = [

d log (D) /d (1/T)L
]−1/2) as obtained from the above VFT (continuous

lines)—and Arrhenius (represented by dotted lines)—fit functions

of the confining cylinder. Neglecting surface effects, the mass density ϕc under con-
finement can be expressed by the empirical relation: ϕc = ϕb − E/R − K/H, where
ϕb, R, and H denote the bulk mass density, radius of the cylinder, and height of the
cylinder, respectively. E and K are geometrical constants. More rigorous approaches
involving density functional theory and Voronoi-Delaunay methods deliver compa-
rable results concerning the decrease of mass density under confinement [12–16].
This approach has been extended to explain molecular properties with considerable
success. Recently, Shi and Sorescu employed atomistic simulations to study diffu-
sion in the IL [HMIM NTf2] confined in carbon nanotubes of diameter 4.5 nm and
observed significant decrease in the mass density compared to the bulk value [5, 6].
As a result, the diffusion coefficients increased by about two orders of magnitude.
Our present results confirm this picture at lower temperatures for BF4-based IL (see
Fig. 3). In a recent review article, it was pointed out that 2.1 % change in the mass
density of bulk poly (vinyl) acetate corresponds to variation of the structural relax-
ation rate over eight orders of magnitude [17]. This underscores the role of density
in determining the dynamic properties of glass-forming materials. Regarding the
coinciding plots of diffusion coefficients at higher temperatures, we argue that due
to the higher thermal energy of the molecules, the effects of density on dynamics
are minimal in the high temperature regime. We expect that these effects should,
however, show up in static quantities like the dielectric strength. Experiments in this
direction are in progress for low molecular-weight glass-forming liquids.
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In contrast to [BMIM BF4], the diffusivity of the [HMIM PF6] in the unmodified
silica nanoporous membranes decreases by about one decade compared to the bulk
IL. Notably, this decrease holds on the time scales from nanoseconds to tens of
seconds, probed by both BDS and PFG NMR (Fig. 4). However, the IL in the silanized
membrane shows only small deviation from bulk values. In general, two effects may
contribute to the slowing down of the diffusivity of confined molecules, namely
the interaction with the pore walls and the so-called tortuosity effect [18]. In what
follows, we analyze their possible impact in our experiments.

There is sufficient evidence in the literature that even very carefully grown lin-
ear pores in porous silicon possess some degree of mesoscale disorder [19, 20].
This inevitably results in a distribution of pore sizes. Presumably, this distribution
reflects the variation of the pore diameter along the pore axis. In turn, molecu-
lar propagation in such a disordered structure can be slowed down and computer
simulations can easily quantify the reduction of molecular diffusivities. To esti-
mate the disorder effect upon molecular diffusivities, Monte Carlo simulations of
a point-like particle in linear pores composed of small, statistically distributed cylin-
drical sections with different pore diameters—are employed. Distribution P(d) of

pore diameters is taken to be Gaussian P (d) ≤ exp
{
− (d−d0)

2ρ2

}
, where d0 is the mean

pore diameter and ρ the standard deviation. In the simulations, the mean square dis-
placements

〈
(z − z0)

2〉 along the pore axis direction are determined as function of
Monte Carlo steps number n. At sufficiently large n, the function

〈
(z − z0)

2〉 is found
to grow proportionally to n, as expected for random processes. Thereafter, using
the Einstein relation

〈
(z − z0)

2〉 = 2Dn, the diffusivity D can easily be calculated.
The normalized diffusivities D/D0, where D0 is the bulk diffusivity, for different
structures with different pore size distributions (i.e., different values of ρ) are eval-
uated. The results obtained reveal that with the experimentally estimated value of
ρ = 0.26, the diffusivity is expected to decrease only slightly compared to D0 (by
∝5 %), suggesting that geometrical disorder can by no means explain the observed
results in Fig. 4.

The ability of hydrogen-bonded liquids to attach to untreated SiO2 surface (due to
strong hydrophilicity of the walls of SiO2 membranes) is well established from previ-
ous studies of the role of hydrogen-bond (H-bond) formation on molecular dynamics.
In such cases, a layer of reduced mobility is expected and the remaining volume is
filled with bulk-like molecules—an effect not yet investigated for ILs. Based on this
consideration, the measured dielectric response can be modelled in terms of three
contributions; “bulk-like” molecules in the pores, adsorbed molecules at the pore-
matrix interface, and the insulating porous silica matrix. The simple model con-
sists of the three impedances in parallel (Z∗

b —bulk impedance, Z∗
a —impedance of

the adsorption layer and Z∗
SiO2

—impedance of silicon dioxide matrix) correspond-
ing to the three main components. The total measured impedance Z∗

m is given
by Z∗

m = 1
iχα∗

mCm
where α∗

m—represents the measured complex dielectric func-
tion and Cm denotes the vacuum capacitance of the measurement cell. Thus, the
real and imaginary parts of the measured dielectric function can be expressed as
α∞

m = fbα∞
b + faα∞

a + fSiO2α
∞
SiO2

and α∞∞
m = fbα∞∞

b + faα∞∞
a + fSiO2α

∞∞
SiO2

, where α∗
b , α∗

a , α∗
SiO2
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Fig. 4 Diffusion coefficient determined by applying the Einstein-Smoluchowski equation to the
dielectric spectra of [HMIM PF6] in bulk (solid squares) untreated nanopores (solid circles) and
silanized nanopores (solid triangles). The respective values obtained by PFG NMR are shown by
crossed symbols. Inset Temperature dependence of the ratio of the dielectric loss in bulk to the
total dielectric loss in nanopores (solid symbols). The surface area fraction corresponding to the
adsorption layer (fa) as a function of temperature is also given (open symbols). The structure of
[HMIM PF6] is included in the inset

represent the complex dielectric functions of bulk, adsorption layer and silica mem-
brane, respectively. fb, fa and fSiO2 represent the volume fractions of the bulk liquid,
adsorption layer and SiO2 matrix. With porosity of 7 %, one obtains fb + fa = 0.07.
The oxidized SiO2 membrane was observed to exhibit very low conductivity with
α∞∞

SiO2
⊗ 10−3. It is therefore evident that α∞∞

SiO2
< 10−3 ≈ fSiO2α

∞∞
SiO2

< 0.01

and thus,
α∞∞

b
α∞∞

m
∝= 1

fb
. From this simple analysis, the following experimental features

are obtained: (i) the total measured dielectric loss (and consequently, characteristic
charge transport rate and diffusion coefficient) in the unmodified nanopores is about
1.4 decades less than the bulk value, (ii) α∞

m is dominated by the contribution from the
SiO2 membrane, thereby leading to the absence of the step at frequency correspond-
ing to χc as compared to the bulk spectra, (iii) the deviation of transport quantities
(diffusion coefficient, charge transport rate χc, DC conductivity, dielectric loss) from
the bulk value increases with decreasing temperature since the adsorption contribu-
tion becomes more pronounced at lower temperatures. Thus, fa (T1) < fa (T2) if
T1 > T2, in quantitative agreement with the values of the size of the adsorption layer
at different temperatures as shown in the inset Fig. 4. With decreasing temperature,
the bulk-like contribution from the pores dramatically decreases [21]. The lack of
H-bonding and the decreasing dipole–dipole interactions might explain the increased
diffusivity in the silanized nanopores. Recent studies on a series of alkylcitrates [22]
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illustrate the role of dipole–dipole interactions on diffusivity. The conductivity in the
treated pores is much higher, in accordance with the fact that the diffusion coefficient
increases. The dielectric loss ratio α∞∞

bulk/α
∞∞
silanized ∝ 8 in the entire bulk temperature

range. This would lead to a negative value for fa, implying that there is no adsorbed
layer of ILs in the surface-modified membranes, which also means that the effective
conductivity is higher than in the bulk.

Understanding the mechanism of the formation and the extent of the adsorption
layer as well as its temperature dependence enables one to devise means of eliminat-
ing (or countering) it. Thus, we proceed to modify the surface of the SiO2 membrane
by silanization in order to probe the nature of the adsorbed layer. It turns out that
silanization of SiO2 pore walls significantly reduces this effect (see Fig. 4). This
finding is easily understood by considering our model presented above. Due to the
absence of hydrogen bonding between the IL and the membrane, we expect that
the adsorption layer is both thinner and more mobile, compared to the untreated
membrane case.

4 Conclusions

Rotational and translational diffusion in glass-forming ILs is investigated by a
combination of Broadband Dielectric Spectroscopy (BDS) and Pulsed Field Gradient
Nuclear Magnetic Resonance (PFG-NMR). Detailed analysis of the dielectric spec-
tra delivers the mean ion jump rate and enables one to deduce—using the Einstein-
Smoluchowski equation—the translational diffusion coefficient of the charge carriers
in quantitative agreement with PFG-NMR measurements. To understand the impact
of two-dimensional nanoconfinement of charge transport and glassy dynamics in
ILs, unidirectional nanoporous silica with mean pore diameters between 7.5 and
10.4 nm are prepared in a home-built anodization set-up by electrochemical etching
of ∗100〉 p-type silicon followed by well-controlled thermal oxidation. Diffusion in
tetrafluoroborate- and hexafluorophosphate-based ILs contained in the nanoporous
membranes is investigated using BDS and PFG-NMR. This enables one to deter-
mine the diffusion coefficient and the diffusion rate over more than 13 decades and
to trace its temperature dependence. In nanopores, a change from a Vogel-Fulcher-
Tammann into an Arrhenius-like thermal activation is observed, accompanied by 100-
fold enhancement of diffusivities at lower temperatures. The effect becomes more
pronounced with decreasing pore diameter. It is attributed to changes in molecular
packing and hence in density leading to higher mobility and electrical conductivity,
a view supported by recent atomistic simulations.

For 1-hexyl-3-methylimidazolium-based ILs with the hexafluorophosphate anion,
more than tenfold systematic decrease in the effective diffusion coefficient from the
bulk value is observed in the silica native unsilanized nanopores. The differences of
diffusivity in the nanopores compared to the bulk are explained within a theoretical
framework that considers, in addition to the bulk response, the contribution from the
layer of reduced mobility at the pore—porous matrix interface. In agreement with
this simple model, a remarkable increase of the diffusion coefficient of the IL in
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nanopores is observed upon silanization of the silica membranes. Thus, the resultant
macroscopic transport properties of ILs in confining space are determined by a subtle
interplay between surface- and confinement-effects.

Strong interactions between the host system and the guest molecules lead to
lower diffusion coefficients while spatial restriction of certain molecules in nano-
metric length-scales may have the reverse effect of enhancing the diffusivities. It
remarkable that the dielectric properties of the ILs based on tetrafluoroborate and
hexafluorophosphate anions which, appear similar at first glance, are dominated by
different mechanisms, namely, confinement and surface effects, respectively. More
extensive work involving combination of experimental and computational studies
for systematic series of ILs is still required to unravel the origin of differences in
diffusivity of ILs in nanopores.
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Polymer Nanofluidics by Broadband Dielectric
Spectroscopy

Anatoli Serghei

Abstract A multitude of experimental techniques can be employed to investigate
the dynamics of polymers under condition of geometric confinement. Among them,
Broadband Dielectric Spectroscopy has proven its strength in this research field,
being used in numerous investigations on polymer dynamics in samples having one,
two, or three dimensions on the nanometer length scale. However, in most cases,
the investigated polymers were subjected to constraints arising only from a “static”
confinement, where the dimensionality of the confining geometry and the interfacial
interactions played the most important role. In addition to these static factors, kinetic
constraints and frustrations arise when polymers are flowing in nanometric confine-
ment. Measuring polymer dynamics during flow in nanoconfinement is a challenging
task, which requires the development of new experimental procedures and methods.
Here, we show that different aspects of the flow process of polymers in cylindri-
cal nanopores can be investigated by means of Broadband Dielectric Spectroscopy,
using a recently developed experimental approach, which employs highly ordered
nanoporous media as nanofluidics cell. No significant shifts in the glassy dynamics
of poly-2-vinylpyridine (P2VP) investigated during capillary flow into nanopores are
found down to a pore diameter of 18 nm. In the case of phase-separated polystyrene-
block-poly-4-vinylpyridine (PS-b-P4VP) flowing into nanopores, no shifts in the
dynamic glass transition of the P4VP blocks are observed down to a confinement
size allowing the flow of only one (single) copolymer domain.
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Abbreviations

AAO Anodized aluminum oxide
◦C Degree(s) Celsius
g Gram(s)
h Hour(s)
Hz Hertz
K Degree(s) kelvin
kHz Kilohertz
µm Micrometer(s)
min Minute(s)
Mn Number-averaged molecular weight
mol Mole(s)
Mw Weight-averaged molecular weight
NaOH Sodium hydroxide
nm Nanometer(s)
P2VP Poly-2-vinylpyridine
P4VP Poly-4-vinylpyridine
PCDF-TrFE Polyvinylidene fluoride trifluoroethylene
PDI Polydispersity index
PS Polystyrene
PS-b-P4VP Polystyrene-block-poly-4-vinylpyridine
PVDF Polyvinylidene fluoride
SAXS Small angle X-ray scattering
TEM Transmission electron microscopy
Tg Glass transition temperature
TrFE Trifluoroethylene
V Volt(s)

1 Introduction

Polymer dynamics, measured at different time and length scales under condition of
geometric confinement, remains a topic of large scientific interest in the recent years
[1–11]. In addition to “static” factors related to the dimensionality and morphology
of the confining geometry as well as to the influence of the interfacial interactions,
kinetic aspects come into play when the flow of polymers is investigated in nanometric
confinement. The flow process can give rise to additional constraints and frustrations,
especially in the case when complex fluids are investigated.

While numerous scientific studies have been reported on polymer dynamics under
“static” confinement [1–8], carrying out investigations during the flow process is a
challenging task, due to the fact that only a few experimental methods can be adapted
to measure—in situ—the kinetics of the flow process. Among them, Broadband
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Fig. 1 Images by scanning electron microscopy of highly ordered nanoporous membranes of
aluminum oxide prepared by electrochemical anodization. a top view; b cross section view

Dielectric Spectroscopy has proven, in a recent development [10, 11], its ability
to perform this kind of investigation. In order to enable electrical measurements
during a flow process, a crucial requirement must be fulfilled: as opposed to the
conventional approach where the sample is placed between two metal electrodes, in
situ investigations under flow imply electrical measurements without employing a
direct contact between the sample and at least one electrode. This can be done due to
a fundamental principle underlying electrical properties: the equivalence between the
direct and the displacement current, as stipulated to the 4th Maxwell equation. Based
on this equivalence, it has been proven in several recent developments that electrical
properties can be measured without placing the electrode in direct contact with the
sample under investigation. This has allowed, for instance, avoiding metallization
in dielectric studies on nanometric thin polymer films [12–14], which opened the
perspective for measuring the molecular dynamics of single (isolated) polymer chains
[3]. The same principle has been used, as well, to develop a novel experimental
approach in the field of nanofluidics [10, 11], which enables investigations on flow
processes by means of dielectric measurements.

2 Experimental

As experimental cells for nanofluidics, nanoporous membranes of aluminum oxide
(AAO membranes—anodized aluminum oxide) have been used [15, 16]. These mem-
branes have been prepared in a two-step electrochemical anodization process of pure
aluminum. The AAO membranes exhibit a highly ordered array of parallel (hexago-
nally packed) nanopores, with a narrow distribution of pore diameters and interpore
distances (Fig. 1).

The pore diameters and the porosity of the AAO membranes can be controlled
by adjusting the preparation conditions: the concentration of the anodization solu-
tion, the type of acid, the temperature, and the applied voltage. A schematical
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Fig. 2 Schematic representation of the anodization cell used to prepare nanoporous membranes
of aluminum oxide. The pores diameter and the distance between the pores can be controlled by
adjusting the anodization conditions: type of electrolyte, concentration of the electrolyte solution,
temperature, and the applied voltage

representation of the anodization cell is shown in Fig. 2. The electrochemical anodiza-
tion process is carried out in a two-step procedure, in order to ensure a highly ordered
morphology of nanopores. After the preparation, the oxidized nanoporous layer, still
in contact with the underlying aluminum substrate, can be detached by applying a
voltage in a solution of 2,3-butanedione [17]. This procedure leads to high quality
AAO membranes exhibiting ordered nanopores having both their ends open.

3 Nanofluidics by Optical Microscopy: The Scaling Law
of the Capillary Flow

The kinetics of the capillary flow of polymers into nanoporous AAO membranes
can be easily investigated by optical microscopy. A thick polymer layer is prepared
first by hot pressing and annealed well above its melting point (or its glass transition
temperature) to release the residual stresses and equilibrate the sample. After that,
the polymer layer is placed on top of the AAO membrane and the cell is heated up to
initiate the flow process. After keeping the cell at a constant temperature for a certain
time t , the flow process is stopped by quenching the sample to room temperature.
The layer of bulk polymer present on top of the AAO membrane can be removed
by immersing the sample in liquid nitrogen. At the end, the cell is broken to take
optical images of the cross section. The kinetics of the flow process is clearly revealed
in these images, due to the optical contrast between the empty nanopores and the
nanopores filled with the polymer under investigation. A typical example is given
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Fig. 3 Images by optical microscopy (in cross section) showing the time evolution of the capillary
flow of polystyrene (Mw = 32,000 g/mol) into nanopores of 15 nm diameter. The flow process
was carried out for different time periods, as indicated, at a temperature of 156 ◦C. After stopping
the flow by quenching the sample to room temperature, the bulk polystyrene was removed from the
upper interface by immersing the samples in liquid nitrogen. The porous membranes have a total
thickness of 112µm

Fig. 4 Length of the capillary
filling of the nanopores (15 nm
in diameter) with polystyrene
(Mw = 32,000 g/mol) as a
function of square root of
time. A linear dependence is
observed

in Fig. 3, showing the capillary flow of polystyrene (Mw = 35,000 g/mol, purchased
from Polymer Source) in nanopores of 15 nm diameter.

The experiment was carried out at a temperature of 156 ◦C. After a flow time of
4 h, the polystyrene has infiltrated a distance of 21.2µm into the nanopores, 27.6 µm
after 6 h 15 min, 41.8µm after 12 h 15 min, 53.7µm after 20 h 15 min, 65.8µm after
30 h 55 min, 80.8µm after 43 h 09 min, 92.9µm after 56 h 27 min. The dependence
between the flow distance and flow time is shown in Fig. 4. According to the theory
of the dynamics of capillary flow developed by Washburn [18], the velocity of the
capillary flow, defined as a first derivative of the flow distance L(t) in respect of the
flow time t , is directly proportional to the pore radius R, the interfacial tension γ

and the wetting angle cos(θ ), and inversely proportional to the polymer viscosity η

and the flow distance:
dL (t)

dt
= R

η

γ

4L (t)
cos (θ) (1)
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This relation leads to a linear dependence between the flow distance L(t) and the
square root of the flow time:

L (t) =
(

γ R cos (θ)

2η

)1/2 √
t (2)

A linear dependence between L(t) and
√

t is indeed observed in the experiment
(Fig. 4). This finding indicates that, down to a pore diameter as small as 15 nm, no
deviations from the expected scaling law are observed in the case of capillary flow
in nanoconfinement. One can also note that this flow experiment has been conducted
for a nanopore diameter comparable in size to the end-to-end distance of the polymer
used in this study. According to Eq. 2, the slope of the linear dependence shown in
Fig. 4 is inversely proportional to the square root of the polymer viscosity

√
η. This

opens the perspective of using the simple optical detection routine described here as a
method to determine the polymer viscosity in nanoconfinement. It offers furthermore
a simple approach to determine the characteristic timescale of the kinetics of the flow
process, which provides an accurate estimation of the filling factor of the porous
membrane in dependence on the flow time.

4 Nanofluidics by Broadband Dielectric Spectroscopy

To monitor the flow process by means of dielectric measurements, a special nanoflu-
idics cell has been recently developed [10, 11] (Fig. 5). The approach is based on
metalizing both surfaces of the AAO porous membrane with thin layers of gold in
such a way that the nanopores remain still open. The gold layers are connected to the
dielectric spectrometer and employed as electrodes to allow dielectric measurements
in real-time during the flow process. Since the electrodes are deposited on the empty
nanofluidics cell (before the flow process is initiated), no contribution from the bulk
polymer layer—acting as a flow reservoir—is measured by this approach. The only
signals contributing to the global response arise from the polymer flowing into the
nanopores as well as from the empty nanopores and the aluminum oxide of which
the AAO membrane is made. Taking into account the hexagonal arrangement of
nanopores, the global complex permittivity of the nanofluidics cell can be expressed
as

ε∗
measured = (1 − p) ε∗

alumina + p ε∗
nanopores (3)

with
L

ε∗
nanopores

= l

ε∗
polymer

+ L − l (4)

and

p = π
√

3

9

(
dP

dcc

)2

(5)
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Fig. 5 Nanofluidics cell for dielectric measurements. Both sides of an empty AAO membrane
are metalized by thin layers of gold without closing the nanopores. The gold layers, employed as
electrodes, are connected to a dielectric spectrometer and used to monitor the flow process by means
of a permittivity measurement

where p represents the porosity of the AAO membrane, dcc the center-to-center
distance between the nanopores, dp the nanopores diameter, L the total thickness of
the AAO membrane, and l the length of the capillary flow.

A typical example of a nanofluidics experiment monitored by means of dielectric
measurements is given in Fig. 6, showing the capillary flow of a ferroelectric polymer
(polyvinylidene fluoride co trifluoroethylene, PVDF-TrFE, 75 % PVdF and 25 %
TrFE, Mn = 79,000 g/mol, PDI = 1.37) into nanopores of 40 nm diameter. The
polymer PVDF-TrFE, in a solid state at room temperature, was placed on top of
the empty nanofluidics cell and heated up above its melting point to initiate the flow
process. The global permittivity of the cell was continuously measured during heating
as well as isothermally at 440 K to monitor the flow process. At the beginning of the
heating program, as long as the temperature is still smaller than the melting point
of the polymer, the measurement reflects only the response of the empty sample
cell, which does not show a significant time or temperature dependence. At the
moment when the temperature is reaching the melting point of PVDF-TrFE (410 K),
the polymer begins to flow into the nanopores leading to a pronounced increase in
the permittivity of the sample cell. The kinetics of the flow process can be readily
investigated by monitoring the time evolution of the global permittivity of the sample
cell. According to Eqs. 3–5, the increase in the global permittivity measured during
the flow process is related to the increasing length of the flow distance l.

Frequency-dependent measurements of the complex dielectric permittivity, and
in particular of the dielectric loss, open the possibility to investigate molecular relax-
ations during the flow process. One essential condition for this type of investigations
is that the flow experiment is carried out at a temperature at which a molecular
relaxation is detectable in the frequency window of the measurement. The dielectric
response of the nanofluidics cell is measured, as a function of frequency and time,
to monitor the changes in the dielectric spectra taking place during the flow process.
As the flow proceeds in time, an increase in the dielectric loss is observed, which
emerges into a relaxation peak of increasing intensity. Two fundamentally different
aspects of the flow process are captured in a single experiment: (a) the kinetics of
the capillary flow, reflected by the rate at which the dielectric signals are changing
in time and (b) molecular relaxations investigated during the flow process.
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Fig. 6 a The temperature
program of a nanofluidics
experiment. The polymeric
material (PVDF-TrFE), in
a solid state at room tem-
perature, is placed on top of
the nanofluidics cell and the
sample is heated above its
melting point to initiate the
flow process; b the kinetics of
the capillary flow is monitored
in real-time by measuring
the global permittivity of the
nanofluidics cell

An example of molecular relaxation measured during the capillary flow is given in
Fig. 7, showing the alpha relaxation process of poly-2-vinylpyridine (P2VP, Mw =
35,000 g/mol, PDI = 1.04, purchased from Polymer Source Inc.) flowing into
nanopores of 200, 40, and 18 nm diameter. The weak relaxation peaks observed
at the beginning of the nanofluidics experiment (at time t = 0, defined as the time
when the sample reached the setpoint temperature) is due to the fact that the P2VP
begins to flow into the nanopores before the setpoint temperature is attained. The
slight increase in the dielectric loss observed at high frequencies (i.e., above 100 kHz)
is due to the contact resistance of the electrodes employed in this study. On the low
frequency side, the linear increase in the dielectric loss with decreasing frequency
is due to the conductivity contribution of the polymer sample. The relaxation peak
of increasing intensity corresponds to the segmental dynamics of P2VP measured
during the flow process. Down to a pore diameter as small as 18 nm, no consider-
able shifts in the position of the alpha relaxation are observed, as compared to the
segmental dynamics of P2VP in the bulk. This indicates that the length scale of
the interfacial interactions of P2VP with the walls of the nanopores is much shorter
than the pore radius of 9 nm. It indicates furthermore that possible changes in the
chain conformation induced by the influence of the capillary force which promotes
the flow process do not significantly affect the segmental dynamics down the length
scales of geometrical confinement comparable in size to the end-to-end distance of
the polymer chains.

In addition to investigations on molecular dynamics during flow, the data presented
in Fig. 7 can be also used to characterize another important aspect related to the flow
process: the kinetics of the capillary filling. This is exemplified in Fig. 8, which shows
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Fig. 7 Segmental dynamics of P2VP during capillary flow into nanopores of different diameters,
as indicated. The results are compared to the segmental relaxation of P2VP in the bulk (upper row).
The increasing intensity of the relaxation peaks is related to the kinetics of the capillary flow while
the peak positions give the mean relaxation rate of the dynamic glass transition measured during
the flow process

the time evolution of the intensity of the relaxation peaks, taken at the frequency
position of the peak maxima. Although the flow process has been carried out at
different temperatures for different pore diameters, it is clear that, in accordance to
Eq. 1, the kinetics of the capillary filling becomes much slower with decreasing the
pore diameter.

A similar nanofluidics approach can be employed, as well, to investigate the flow
process of complex fluids. The phase separation phenomenon of block copolymers,
for instance, leads to the formation of specific morphologies on the nanometric
length scale. Depending on the chemical composition of the block copolymer, dif-
ferent types of nanodomains can be formed: lamellar, cylindrical, spherical. Above
the glass transition temperatures of the two blocks and below the order–disorder tran-
sition, the block copolymer is in a viscoelastic state and therefore it can flow, while
it still retains its nanostructured morphology induced by the phase separation. As
compared to the case of homogeneous fluids, phase-separated block copolymers are
exposed to multiple static and kinetic constraints during the flow process: the break
in symmetry between the copolymer morphology and the cylindrical nanopores, the
incommensurability between the pore diameter and the natural period of the phase-
separated domains, selective interfacial interactions, the flow frustration caused by
the large difference in the viscosity of the copolymer blocks, which, being covalently
linked, are constrained to flow together, although they would have, ordinarily, largely
different flow velocities.
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Fig. 8 Kinetics of the capillary flow of P2VP into nanopores of different diameters, as reflected in
the increasing intensity of the dielectric loss measured at the frequency position of the peak maxima
(see Fig. 7)

An example of nanofluidics experiment with complex (nanostructured) fluids
is given in Fig. 9, for polystyrene-block-poly-4-vinylpyridine (PS-b-P4VP, Mw =
9.8 kg/mol for PS, Mw = 10 kg/mol for P4VP, polydispersity index PDI = 1.06,
purchased from Polymer Source Inc.). Due to its symmetric chemical composition,
this copolymer exhibits a lamellar morphology in the bulk. The formation of this
morphology with a domain separation distance of 25 nm has been proved by means
of SAXS measurements (data not shown).

During flow of PS-b-P4VP, a first constraint is arising from the geometrical mis-
match between the symmetry of the block copolymer (lamellar) and the symmetry of
the nanoporous media (cylindrical). Second, between the two blocks of the copoly-
mer there is a considerable difference in their glass transition temperature (Tg(P4VP)
− Tg(PS) ∼= 40 ◦C). This corresponds to a difference by several orders of magnitude
in the viscosity of the two blocks that would ordinarily imply—according to Eq. 1—
largely different flow velocities. But, due to the chemical bonds that link the PS and
the P4VP domains, the two polymer blocks are forced to flow together, at the same
flow velocity. One block is therefore flowing much faster while the other one much
slower than their “natural” flow velocities. This leads to an additional kinetic “frus-
tration” appearing during the flow process. Additionally, due to the fact that P4VP is
much more polar than PS, an interfacial segregation of the copolymer is expected at
the walls of the nanopores as a result of the interfacial interactions. Under the influ-
ence of these multiple constraints, the segmental dynamics of the P4VP block of the
phase-separated PS-b-P4VP was investigated during capillary flow into nanopores
of 100 and 50 nm diameter. The contribution of the segmental dynamics of the PS
block is not detectable because it is much weaker than that of P4VP. For both pore
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Fig. 9 Segmental dynamics of the P4VP block of phase-separated PS-b-P4VP during capillary
flow into nanopores of different diameters, as indicated. The results are compared to the molecular
dynamics of the P4VP block in the bulk (upper row)

diameters used in this study, no significant shifts in the glassy dynamics of P4VP are
observed during the flow process, as compared to the glassy dynamics in the bulk.

To visualize the morphology of the polymer nanowires formed by the flow process,
the AAO membranes were dissolved in an aqueous solution of NaOH (5 %) and the
solution was filtered to deposit the resulting polymer nanowires on a TEM grid. After
that, the samples were stained by iodine vapor to enhance the electronic contrast,
followed by investigations by Transmission Electron Microscopy (Fig. 10).

These investigations reveal a change in the polymer morphology taking place
under condition of geometrical confinement: the lamellar structure characteristic
to the morphology of PS-b-P4VP in the bulk was converted into a morphology
consisting of concentric cylinders. This structural transition is induced by the break
in symmetry and the curvature imposed on the block copolymer by the walls of the
nanopores. In the case of nanopores of 50 nm diameter, it is additionally observed
that only one single domain (one cylinder consisting of one P4VP shell with a PS
core) is flowing into the nanopores.

5 Conclusions

In addition to “static” factors affecting the polymer dynamics in confinement, kinetic
aspects are coming into play when polymer samples are investigated under flow.
Additionally, in the case of structured fluids, such as for instance, phase-separated
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Fig. 10 Images by transmission electron microscopy of the polymer nanowires fabricated by the
capillary flow experiment presented in Fig. 9

block copolymers, multiple constraints arise during the flow process in geometrical
nanoconfinement. Here, we have shown that different aspects of polymer nanofluidics
can be investigated by means of dielectric measurements, using a recently developed
experimental approach. The method employs highly ordered nanoporous media as
experimental cells and can be used to investigate, in a single experiment, the kinetics
of the flow process as well as the molecular dynamics during the capillary flow. It
is found that, down to a pore diameter as small as 18 nm, no significant shifts in the
molecular dynamics of P2VP are observed, as compared to the molecular dynamics
in the bulk. Similar conclusions are drawn for the flow process of phase-separated
PS-b-P4VP, down to a geometrical constraint allowing the flow of only one (single)
domain of the block copolymer.

References

1. Lagrené K, Zanotti J-M, Daoud M, Farago B, Judeinstein P (2010) Eur Phys J ST 189:231
2. Ok S, Steinhart M, Serbescu A, Franz C, Vaca Chávez F, Saalwächter K (2010) Macromolecules

43:4429
3. Tress M, Mapesa EU, Kossack W, Kipnusu WK, Reiche M, Kremer F (2013) Science 341:1371
4. Mapesa EU, Tress M, Schulz G, Huth H, Schick C, Reiche M, Kremer F (2013) Soft Matter

9:10592–10598
5. Suzuki Y, Duran H, Steinhart M, Butt H-J, Floudas G (2013) Soft Matter 9:2621
6. Krutyeva M, Wischnewski A, Monkenbusch M, Willner L, Maiz J, Mijangos C, Arbe A,

Colmenero J, Radulescu A, Holderer O, Ohl M, Richter D (2013) Phys Rev Lett 110:11
7. Suzuki Y, Duran H, Akram W, Steinhart M, Floudas G, Butt H-J (2013) Soft Matter 9:9189
8. Dimitrov DI, Milchev A, Binder K (2007) Phys Rev Lett 99:054501
9. Schönhals A, Goering H, Schick C, Frick B, Zorn R (2003) Eur Phys J E Soft Matter 12:173

10. Serghei A, Chen D, Lee DH, Russell TP (2010) Soft Matter 6:1111



Polymer Nanofluidics by Broadband Dielectric Spectroscopy 177

11. Serghei A, Zhao W, Wei X, Chen D, Russell TP (2010) Eur Phys J Spec Top 189:95
12. Serghei A, Huth H, Schick C, Kremer F (2008) Macromolecules 41:3636
13. Serghei A, Kremer F (2008) Rev Sci Instrum 79:026101
14. Serghei A, Kremer F (2006) Rev Sci Instrum 77:116108
15. Masuda H, Fukuda K (1995) Science 268:1466
16. Masuda H, Hasegwa F, Ono S (1997) J Electrochem Soc 144:127
17. Zhao S, Roberge H, Yelon A, Veres T (2006) J Am Chem Soc 128:12352
18. Washburn EW (1921) Phys Rev 17:273



Heterogeneous Dynamics of Multilayered
Thin Polymer Films

Koji Fukao, Hirokazu Takaki and Tatsuhiko Hayashi

Abstract The glass transition and related dynamics of two types of multilayered thin
films were investigated using differential scanning calorimetry and dielectric relax-
ation spectroscopy, to clarify the nature of heterogeneous dynamics in thin polymer
films. First, the ε-process of multilayered thin films of poly(2-chlorostyrene) (P2CS)
and polystyrene (PS) with various geometries was investigated during annealing
process. The relaxation rate of the P2CS layer increases near the upper electrode
with annealing, while that near the bottom electrode remains almost constant or
slightly decreases with annealing. The relaxation strength for the ε-process of the
P2CS layer increases with annealing near the upper electrode, while it decreases
near the bottom electrode. A distinct positional dependence of the ε-process could
be observed in the multilayered films. Second, the glass transition temperature, Tg,
and the dynamics of the ε- and α-processes for stacked thin films of poly(methyl
methacrylate) (PMMA) were investigated during the annealing process. The Tg and
the dynamics of the ε-process of as-stacked PMMA thin films exhibit thin-film-like
behavior. Annealing at high temperature causes the Tg to increase from the reduced
value, and causes the dynamics of the ε-process to become slower approaching those
of the bulk. Contrary to the ε-process, the relaxation time of the α-process is almost
equal to that of the bulk PMMA, and is unaffected by the annealing process. The
fragility index increases with annealing, which suggests that the glassy state of the
stacked thin films changes from strong to fragile.
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Abbreviations

Al Aluminum
εps Shape parameter of dielectric spectrum of PS
εp2cs Shape parameter of dielectric spectrum of P2CS
αps Shape parameter of dielectric spectrum of PS
αp2cs Shape parameter of dielectric spectrum of P2CS
αK Stretching parameter of KWW function
C∗ Complex electric capacitance
C ′ Real part of C∗
C ′′ Imaginary part of C∗
C∗

ps Complex electric capacitances of PS layer
C∗

p2cs Complex electric capacitances of P2CS layer
DRS Dielectric relaxation spectroscopy
DSC Differential scanning calorimetry
d Thickness
βC ps βχps multiplied by geometrical capacitance of PS
βC p2cs βχp2cs multiplied by geometrical capacitance of P2CS
βχε Dielectric relaxation strength of ε-process
βχα Dielectric relaxation strength of α-process
βχps Dielectric relaxation strength of ε-process of PS
βχp2cs Dielectric relaxation strength of ε-process of P2CS
βTε Width of dielectric loss peak of ε-process
βTα Width of dielectric loss peak of α-process
βT l

α Value of low temperature side of βTα

βT r
α Value of high temperature side of βTα

χ∗ Complex dielectric constant
χ′ Real part of χ∗
χ′′ Imaginary part of χ∗
χ′′

max Peak height of dielectric loss of ε-process
χ0 Permittivity of a vacuum
χ∗

ps Complex dielectric constant of PS layer
χ∗

p2cs Complex dielectric constant of P2CS layer
χps,∝ Dielectric permittivity at very high frequency of PS
χp2cs,∝ Dielectric permittivity at very high frequency of P2CS
f Frequency of applied electric field
fε Relaxation rate of ε-process
fα Relaxation rate of α-process
fg Relaxation rate of ε-process at Tg
fmax Peak frequency at which dielectric loss shows a maximum
HN eq. Havriliak-Negami equation
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KWW Kohlrauch-Williams-Watts relaxation function
kB Boltzmann constant
LCST Lower critical solution temperature
δ Total thickness
δps Thickness of PS layer
δp2cs Thickness of P2CS layer
Mw Weight-averaged molecular weight
Mn Number-averaged molecular weight
m Fragility index
μ Effective dipole moment
N Number density of relaxing dipoles
P2CS Poly(2-chlorostyrene)
PS Polystyrene
PMMA Poly(methyl methacrylate)
R Equivalent electrical resistance in sample
S Area of electrode
φdc Electric conductivity
ta Effective annealing time
τ Characteristic time of temporal change in Tε

τε Relaxation time of ε-process
τg Relaxation time of ε-process at Tg
τps Relaxation time of ε-process of PS
τp2cs Relaxation time of α-process of P2CS
τK Relaxation time of KWW function
Ta Annealing temperature
Tε Temperature at which the dielectric loss shows a peak due to ε-process
Tα Temperature at which the dielectric loss shows a peak due to α-process
Tg Glass transition temperature
T 0

ε Initial value of Tε

T ∝
ε Final value of Tε

TV Vogel temperature
U Apparent activation energy
VFT law Vogel-Fulcher-Tammann law
ϕ(t) Relaxation function
ρ Angular frequency

1 Introduction

Amorphous materials exhibit glass transition if the material is cooled from a high tem-
perature to a lower temperature under an appropriate cooling condition. The physical
mechanism of glass transition has long been investigated by many researchers [1].
However, the mechanism is still in debate. One of the most important key words
for understanding the mechanism of glass transition is dynamical heterogeneity
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[2, 3]. Recent experiments and simulations [4–6] clearly show the existence of
the dynamical heterogeneity, where the molecular motion related to glass transition
shows cooperative behavior with respect to spacial correlation in the dynamics. The
existence of dynamical heterogeneity can be directly related to the characteristic
length scale, which governs the mechanism of glass transition [7].

For the purpose of approaching the characteristic length scale experimentally, the
glass transition and related dynamics of thin polymer films have been intensively
investigated by various experimental techniques. It has been reported that the glass
transition behavior of thin polymer films shows a large deviation from that of the
bulk [8–10], with few exceptions [11, 12]. The physical origins for the depression
of the glass transition temperature, Tg, are suggested to include surface or interfacial
effects, and confinement effects in thin film geometry [13]. With regard to interfacial
effects, there have been many reports of surface or interfacial mobile regions in thin
films [14–19]. From these results, it can be elucidated that there is mobile surface
and/or interfacial regions which play a crucial role especially in determining the glass
transition dynamics in thin film geometry.

Several measurements have also revealed a distribution of Tg in polymer films,
where Tg is varied with the distance from the surface or the substrate. Labeling
method is a powerful measurement technique for the investigation of Tg distributions.
This involves the insertion of a thin polymer layer labeled with a dye or deuterated
atom into unlabeled layers to form multilayered thin films so that only the signal
from the labeled layer can be extracted selectively from the overall observed signal
[10, 20–26]. Ellison and Torkelson measured Tg at a given distance from the sub-
strate or from the free surface using fluorescence measurements for a labeled thin
polymer layer inserted into two unlabeled polymer layers [20]. Inoue and coworkers
observed a strong positional dependence of Tg in layered thin films of poly(methyl
methacrylate) (PMMA) and polystyrene (PS) using neutron reflectivity measure-
ments [23–25]. Napolitano and coworkers showed that the deviation of Tg and the
relaxation strength from the bulk values were dependent on the position of the labeled
thin layer in the multilayered thin films using dielectric relaxation spectroscopy
(DRS) measurements [10, 26].

In stacked films of many thin polymeric layers, each layer with a thickness of
several tens of nanometers, it is expected that the interfacial interaction between
the thin polymer layers is much more enhanced when compared to the bulk system.
Hence, the stacked thin polymer film can be regarded as an ideal system, in which the
effect of interfacial interaction on the dynamics of molecular motion of the polymer
films can be investigated. Recent investigations revealed that stacked thin polymer
films exhibit glass transition behavior typical of ultra thin polymer films and also that
of the bulk systems, but this is dependent on the annealing conditions [27, 28]. This
could provide a possibility for the control of Tg for thin polymer films by a change
in the interfacial interaction.

In our previous studies, we have investigated the effect of annealing on Tg and
the dynamics of the ε-process for stacked thin films consisting of PS or poly(2-
chlorostyrene) (P2CS) have been investigated using differential scanning calorimetry
(DSC) and DRS during the isothermal annealing process above Tg [29–31]. We have
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successfully observed the depression of Tg and the relaxation time of the ε-process,
τε , for as-stacked thin films of PS or P2CS, similar to the single thin polymer films
[8, 32, 33]. Furthermore, an increase of Tg and τε up to the values of the bulk system
was observed with increasing annealing time, which suggests that the interfacial
interactions between thin polymer layers play an important role in the depression
of Tg for thin polymer films. Although the change in the interfacial interactions of
stacked thin polymer films by annealing should depend on the interface position in
the stack, the observed results are averaged along the direction normal to the surface
of each single layer. Hence, the positional dependence of the annealing effects on
the interfacial interactions in stacked thin polymer films is required to discuss the
mechanism of the change in Tg for stacked thin polymer films with respect to the
interfacial interactions.

In complex polymeric systems, there are several dynamical modes in addition
to the ε-process, which is related to the segmental motion of polymer chains. In
PMMA, the α-process is observed in a frequency-temperature region separated from
that of the ε-process. The dynamics of PMMA has been investigated using various
experimental techniques, such as nuclear magnetic resonance [34], dynamics light
scattering [35], and DRS [36–40]. On the basis of the experimental evidence, the
molecular origin of the α-process is thought to be due to the hindered rotation of the
–COOCH3 group about the C–C bond attached to the main chain, but including an
intermolecular cooperativity. Here, we question whether different dynamical modes
are affected by the interfacial interaction in similar or different ways. It has been
reported from the measurements using a photobleaching technique that PMMA has
a mobile surface layer of 4 nm thickness at the bulk Tg [41, 42]. Hence, it is expected
that the as-stacked PMMA thin films will keep a mobile interfacial region and have
a thin-film-like glass transition behavior, as observed in stacked PS or P2CS thin
films [30].

In our present study, thermal and dielectric measurements have been made on two
different types of multilayered thin polymer films during annealing process using
DSC and DRS. The results and discussions obtained from such measurements will
be described in this review. First, the glass transition behavior of multilayered films
of P2CS and PS was investigated using DRS to determine positional dependence
of the annealing effects on interfaces between two different polymers [43]. If the
dynamics of the ε-process have positional dependence along the direction normal
to the surface of the thin polymer films, then it can be expected that the effect of
annealing on the ε-process of stacked thin polymer films should exhibit a similar
positional dependence. In this study, we have attempted to elucidate a positional
dependence on the annealing effects related to the ε-process. Such information will
be required to discuss the origin of Tg depression in thin polymer films. Second, the Tg
and the dynamics of stacked PMMA thin films during the annealing process have been
investigated using DSC and DRS, to elucidate how the interfacial interaction affects
the Tg and the dynamics of segmental and local motions [44]. Better understanding
of the mechanisms of the glass transition in thin polymer films will be promoted
through the two measurements.
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In this review, the experimental details are described in Sect. 2. Results and dis-
cussions on the topics of “the ε-process of multilayered films of P2CS and PS” will
be given in Sect. 3. Then, those on the topics of “Segmental and local dynamics
of stacked thin films of PMMA” will be given in Sect. 4. Finally, conclusions and
remarks will be done in order to compare the results of the present works with those
of the previous ones in Sect. 5.

2 Experiments

2.1 Sample Preparation for Multilayered Thin Films
of P2CS and PS

The P2CS and PS specimens used in this study were purchased from Polymer Source,
Co. Ltd. The molecular weights and molecular weight distributions are as follows:
Mw = 3.62 × 105 and Mw/Mn = 2.11 for P2CS, and Mw = 2.24 × 106 and
Mw/Mn = 1.18 for PS. Five different P2CS/PS multilayered film geometries were
prepared, as shown in Fig. 1. For the upper type, a 195 nm thick PS layer is prepared
on an Al-deposited glass substrate by spin coating from toluene solution. A 19 nm
thick P2CS layer is also prepared on a glass substrate in the same manner and the
film is then floated on the water surface and transferred onto the pre-mounted PS
layer on the Al-deposited glass substrate. Al is then vacuum deposited to serve as an
upper electrode. For the upper− type, a second 7 nm thick PS layer is an addition to
the structure of the upper type geometry and is placed between a 15 nm thick P2CS
layer and the upper Al electrode. The thickness of the PS layer beneath the P2CS
layer is 147 nm. For the middle type, a 16 nm thick P2CS layer is placed between two
78 nm thick PS layers, and Al electrodes are located on both sides of the PS/P2CS/PS
tri-layered film. For the bottom type, a 13 nm thick P2CS layer is prepared on an
Al-deposited glass substrate by spin coating, upon which a 127 nm thick PS layer is
then mounted before Al is deposited to serve as an upper electrode. For the bottom+
type, a 7 nm PS layer is added to the bottom structure between a 14 nm thick P2CS
layer and the lower Al electrode. The thickness of the PS layer above the P2CS layer
is 137 nm. In this study, the thickness is controlled by changing the concentration
of the solution and the rotational speed of the spin coater. The total thickness of
the multilayered thin film is evaluated from the electrical capacitance at 100 kHz
and 273 K. The thicknesses of some of the thin films were directly measured using
atomic force microscopy. In these five samples, the P2CS layer has larger polarity
than the PS layer does, so that the P2CS layer can be regarded as a labeled layer in the
multilayered thin polymer films. The positional dependence of the glass transition
dynamics can be evaluated by extracting the dielectric signal of the P2CS component
from the overall signal.
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Fig. 1 Five different
P2CS/PS multilayered film
geometries employed in the
present study. (1) upper: sub-
strate+PS (195 nm)+P2CS
(19 nm), (2) upper−: sub-
strate+PS (147 nm)+P2CS
(15 nm)+PS (7 nm),
(3) middle: substrate+PS
(78 nm)+P2CS (16 nm)+PS
(78 nm), (4) bottom+: sub-
strate+PS (7 nm)+P2CS
(14 nm)+PS (137 nm), (5)
bottom: substrate+P2CS
(13 nm)+PS (127 nm)

upper

upper−

middle

bottom+

P2CS 19 nm
PS 195 nm

PS  7 nm
P2CS 15 nm
PS 147 nm

PS 78 nm
P2CS 16 nm
PS 78 nm

PS 137 nm

PS 127 nm
P2CS 13 nm

bottom

P2CS 14 nm
PS  7 nm

2.2 Sample Preparation for Stacked PMMA Thin Films

The PMMA used in this study was purchased from General Science, Co. Ltd. The
weight-averaged molecular weight is Mw = 5.4 × 105. Stacked thin films are
prepared as follows [30]: single ultra thin films of various thicknesses are prepared
on a glass substrate by spin coating from a toluene solution. The thickness of a
single thin layer, d, is controlled by changing the concentration of the solution and
evaluated from direct measurements using atomic force microscope [32, 45]. The
film is floated onto the surface of water and transferred on to the top of the substrate or
previously stacked thin films of polymers on the substrate. This procedure using ultra
thin films of the same thickness is repeated until the total number of the stacked thin
layers reaches tens to a several hundred, as listed in Tables 1 and 2. For the dielectric
measurements, the first layer of PMMA is prepared directly onto the gold-deposited
glass substrate, and the succeeding thin layers are prepared according to the above
mentioned procedure. Gold is then vacuum-evaporated again to serve as the upper
electrode. For the DSC measurements, a Teflon plate is used as the substrate. The
stacked thin films consisting of several hundred thin layers are detached from the
Teflon plate using a razor.

2.3 Dielectric Spectroscopy Measurements

LCR meters (Agilent Technology, 4284A and/or E4980A) are used to conduct dielec-
tric measurements, and obtain the complex dielectric constant χ∗ and the complex
electric capacitance C∗. Here, χ∗ = χ′ − iχ′′ and C∗ = C ′ − iC ′′. One measurement
to cover the frequency, f , ranging from 20 Hz to 1 MHz, required approximately
50 s.
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Table 1 Samples prepared for DSC measurements

d (nm) No. of layers Tg(K)

bulk 1 389.6
80 60 386.7
48 100 384.0
15 300 380.8

The thickness of the single layer, d, the number of stacked layers, and the glass transition temper-
ature, Tg, determined from the DSC measurements of stacked PMMA thin films

Table 2 Samples prepared for DRS measurements

d (nm) No. of layers Tε (K) (100 Hz)

65 10 402.8
41 30 401.5
15 50 399.5

The thickness of the single layer, d, the number of the stacked layers, the temperature where the
dielectric loss shows a peak due to the ε-process, Tε , at 100 Hz

Multilayered thin films of P2CS and PS:

Dielectric measurements are performed repeatedly for the following temperature
cycles. One temperature cycle consists of heating from 273 to 423 K at a rate of
1 K/min and then cooling from 423 to 273 K at the same rate. It can be expected
that effective annealing proceeds linearly with the number of thermal cycles. Hence,
the number of thermal cycles can be regarded as the effective annealing time. The
observed dielectric data are corrected for further analysis, according to the procedures
detailed in our previous study [32].

Stacked PMMA thin films:

The stacked PMMA thin films for DRS measurements are prepared, as shown in
Table 2. The temperatures of the samples are then changed according to the program
in Fig. 2. Before taking any dielectric measurements, the temperature of the as-
stacked PMMA thin films is changed between 273 and 350 K (or 380 K) at the rate
of 1 K/min in order to stabilize the samples for the dielectric measurements. The
following temperature cycle is then repeated many times. One temperature cycle
consists of two successive parts:
(1) Cooling and heating processes between 409 and 273 K at the rate of 1 K/min,
carried out twice.
(2) After the ramping process, the temperature is kept at 409 K for 1 h (isothermal
annealing at Ta=409 K).
Throughout all the temperature cycles, dielectric measurements for the frequency
range from 1 MHz to 20 Hz are repeated. As the thermal change in stacked PMMA
thin films during the ramping process between 273 and 409 K can be much smaller
than that during the isothermal annealing process (except for the first ramping
process), the total time for which the sample is kept at 409 K can be regarded as
the effective annealing time ta in these measurements.
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Fig. 2 Temperature cycle
assigned to stacked PMMA
thin films for DRS measure-
ments. The dielectric data
measured during the heating
process labeled as 1st heat,
2nd heat, and so on are used
for further analysis in this
chapter
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3 The α-Process of Multilayered Films of P2CS and PS

Experimental results of the ε-process of multilayered films of P2CS and PS observed
by DRS during annealing process will be discussed in this section.

3.1 Dielectric Loss Spectra

Figure 3 shows the frequency dependence of the dielectric loss observed for a 225 nm
thick single PS thin film at various temperatures above Tg. Both the horizontal and
vertical axes are normalized with respect to the maximum position (log10 fmax, χ′′

max).
The loss peak observed in Fig. 3 is due to the segmental motion of PS chains, i.e., the
ε-process. The solid curve is drawn for the model function of the Havriliak-Negami
equation (Eq. (5)) accompanied by the contribution of the DC conductivity with the
best fitting parameters [46], εps = 0.66 ± 0.01 and αps = 0.35 ± 0.01. Hereafter,
these values are used as the two shape parameters εps and αps for the dielectric loss
spectra of the components only from the PS layer included in the multilayered films.

Figure 4a shows the frequency dependence of the imaginary part of the complex
dielectric constant χ′′, observed during the first cooling process for the upper− type
multilayered thin film. A distinct dielectric loss peak is evident, which is associated
with the ε-process due to the PS layer. In addition to this peak, an additional contri-
bution can be detected in the lower frequency side of the peak. Normalization of the
observed data with respect to the peak position and height of the ε-process of the PS
layer gives the curves shown in Fig. 4b. The observed dielectric loss and the best-fit
curves for the neat 225 nm thick PS film is also shown (gray symbol and curve) for
comparison. Figure 4b shows that normalization of the observed data works well in
the higher frequency range, and the slope at this side agrees well with that of the
225 nm thick PS thin film. However, there is an appreciable deviation from the gray
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Fig. 3 Frequency dependence of the dielectric loss at various temperatures above Tg for a 225 nm
thick single PS thin film. Both the frequency and dielectric loss are normalized with respect to
the maximum position due to the ε-process. The solid curves are obtained using the Havriliak-
Negami equation with the DC conductivity component. The best-fitting parameters were: εps =
0.66 ± 0.01, αps = 0.35 ± 0.01, τps fmax = 0.68 ± 0.01, φdc = (2.1 ± 0.7) × 10−15 (S/m) and
βχps/χ

′′
max = 5.55 ± 0.01

curve in the lower frequency range, the extent of which is strongly dependent on the
temperature. This suggests that there is a contribution to the dielectric loss from the
ε-process of the P2CS layer in the multilayered films. A similar frequency depen-
dence of the dielectric loss is also observed for the other upper, middle, bottom+,
and bottom types of multilayered films.

Figure 5 shows the frequency dependence of the imaginary part of the complex
dielectric constant for the bottom and upper type multilayered thin films at 413 K
for the 1st to the 30th (35th) annealing cycles. Similar results were observed for
the other types of PS/P2CS multilayered films. The frequency dependence of the
dielectric loss clearly changes with the progress of effective annealing. To extract
the change in the contribution to the dielectric loss spectrum from only the P2CS
layer in the multilayered films, it is assumed that the overall frequency dependence
of the observed electric capacitance can be described by an equivalent serial circuit
of two condensers, each of which corresponds to the contribution from PS and that
from P2CS, accompanied by the contribution from the DC conductivity. With this
assumption, the observed complex electric capacitance, C∗(ρ), can be expressed as:

C∗(ρ) = C∗
ps(ρ)C∗

p2cs(ρ)

C∗
ps(ρ) + C∗

p2cs(ρ)
+ 1

iρR
, (1)

where C∗
ps and C∗

p2cs are the complex electric capacitances of the PS layer(s) and
P2CS layer, respectively, R is the equivalent electrical resistance in the sample con-
denser, and ρ = 2ζ f . These quantities are given as:
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C∗(ρ) = χ∗(ρ)χ0
S

δ
(2)

C∗
ps(ρ) = χ∗

ps(ρ)χ0
S

δps
, C∗

p2cs(ρ) = χ∗
p2cs(ρ)χ0

S

δp2cs
(3)

R = 1

φdc

δ

S
, δ = δps + δp2cs, (4)

where χ∗(ρ) is the total complex dielectric constant, χ0 is the permittivity of a vac-
uum, S is the area of the electrode, δ is the total thickness, δps and δp2cs are the
thicknesses of the PS and P2CS layers, respectively, and φdc is the electric conduc-
tivity. χ∗

ps(ρ) and χ∗
p2cs(ρ) are the complex dielectric constants of the PS and P2CS

layers at angular frequency ρ, respectively, and are given by the Havriliak-Negami
equations (HN eq.) [46]:
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Fig. 5 Frequency dependence of the imaginary part of the complex dielectric function χ′′ at 413 K
during annealing of the bottom and upper type multilayered thin films. The curves show the evolution
of χ′′(ρ) from the 1st to the 30th (35th) annealing cycle

χ∗
ps(ρ) = βχps

(1 + (iρτps)
εps )αps

+ χps,∝, (5)

χ∗
p2cs(ρ) = βχp2cs

(1 + (iρτp2cs)
εp2cs )αp2cs

+ χp2cs,∝, (6)

where βχi is the dielectric relaxation strength, εi and αi are the shape parameters
of the dielectric spectrum, τi is the relaxation time of the corresponding dynami-
cal process, and χi,∝ is the dielectric permittivity at very high frequency. Here, i
represents ps or p2cs.

Using Eqs. (1)–(6), we can reproduce the imaginary part of the observed dielectric
constant at 413 K for the multilayered thin films of the bottom type during the anneal-
ing process, as shown in Fig. 6. The blue and green curves represent the contributions
from the PS and P2CS layers, respectively. It should be noted that the dielectric loss
of the P2CS component is reduced by a factor of 1/50. The purple curve indicates the
contribution from the DC conductivity. The red circles are the observed values of the
imaginary part of the complex dielectric constant and the red curve is that calculated
using Eq. (1). Figure 6 shows that the equivalent serial circuit well reproduces the
observed dielectric constant as a function of frequency.

Annealing effects on dielectric loss spectra of the ε-process in the upper type
multilayered thin films of P2CS and PS are also shown in Fig. 7, in order to investigate
dependence on the position of the ε-process of the P2CS layer in the stacked films.
The observed dielectric loss spectra over all the stages of the annealing process can
be well reproduced using the model functions given in this section. The annealing
effect on the dielectric loss spectra for the P2CS layer is clearly different between
the dielectric loss spectra of the bottom and upper type multilayered thin films of
P2CS and PS. Although data for the other types of multilayered thin films are not
shown here, similar good reproduction was also obtained for the upper−, middle, and
bottom+ type multilayered thin films. Thus, the dielectric loss spectrum of the P2CS
layer and also that of the PS layer change as the effective aging time elapses for all
multilayered thin film types. To evaluate the evolution of the dielectric loss spectrum
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Fig. 6 Frequency dependence of the dielectric loss at 413 K for the bottom type multilayered films
of P2CS and PS at various stages of the annealing process: a 1st, b 10th, c 20th, and d 30th cycles.
The green curve shows the contribution from the P2CS layer where the vertical axis is χ′′

p2cs
δ

50δp2cs
,

while the blue curve is the contribution from the PS layer where the vertical axis is χ′′
ps

δ
δps

. Here,
δp2cs = 13 nm, δps = 127 nm, and δ = 140 nm. The red circles indicate the observed total values
of χ′′, and the red curve shows the calculated χ′′ evaluated by data fitting using Eqs. (1)–(6). The
parameters εps = 0.66, αps = 0.35, τps = 9 × 10−5 s, and αp2cs = 0.50 were used for all fitting
procedures

for the P2CS layer at various positions in the multilayered films, the dependence of
several parameters of the dielectric loss spectra for the contributions from the P2CS
layer on the number of annealing cycles for the five multilayered thin film types are
shown in Sect. 3.2.

3.2 Annealing Effects on Relaxation Rate of the α-Process
for the P2CS Layer and Its Distribution

In this section, parameters such as the shape parameter εp2cs , the relaxation rate of
the ε-process fmax, and the relaxation strength βχp2cs that describe the dielectric
loss spectra of the P2CS layer in the multilayered thin films are evaluated to extract
the molecular motion of P2CS chains for various positions in the films.

Figure 8 shows the time evolution of the HN-shape parameter εp2cs , which
corresponds to the distribution of the relaxation time of the ε-process for the
P2CS layer. The upper and middle types of multilayered thin films have smaller
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Fig. 7 Frequency dependence of the dielectric loss at 413 K for the upper type multilayered films
of P2CS and PS at various stages of the annealing process: a 1st, b 10th, c 25th, and d 35th cycles.
The caption of Fig. 6 is also valid for Fig. 6

εp2cs than the other types, and hence a broader distribution of the relaxation times
for the ε-process. It should be noted that the other shape parameter, αp2cs , is fixed
to be 0.5, so that there is a distribution of the relaxation times, even for εp2cs=1.0.
The relation αK = (εp2csαp2cs)

1/1.23 [47] is used to evaluate the exponent of the
Kohlrauch-Williams-Watts relaxation function ϕ(t) = exp(−(t/τK )αK ) as follows:
αK = 0.57 and 0.32 for the first cycle with the bottom and upper types of multi-
layered thin films, respectively. The smaller value of the exponent αK indicates a
broader distribution of relaxation times for the ε-process.

Next, to evaluate the positional dependence of the ε-relaxation rate for the seg-
mental motion in the P2CS layer of the multilayered thin films, the peak frequency
fmax, at which only the dielectric loss due to the ε-process of the P2CS layer shows
a maximum, was evaluated using the relation [48]:

fmax = 1

2ζτp2cs

⎛

⎝
sin ζ

2
εp2cs

αp2cs+1

sin ζ
2

εp2csαp2cs
αp2cs+1

⎞

⎠

1
εp2cs

. (7)

Figure 9 shows fmax for various positions in the multilayered thin films as a function
of the annealing cycle number. The relaxation rate of the ε-process for the 225 nm
thick single PS thin film and that for a 20 nm thick single P2CS thin film (from
Ref. [30]) are also shown for comparison with that of the P2CS layer at various
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positions in the various multilayered film types. The following results are obtained
from Fig. 9:

(1) The relaxation rates of the ε-process for P2CS layers with thicknesses of
13–19 nm in all types of the multilayered thin films are almost equal to or slightly
larger than that for the 20 nm thick single P2CS film, and smaller than that of
the 225 nm thick single PS films.

(2) For the annealing process up to the 10th cycle, the relaxation rate remains almost
constant or slightly decreases with the cycle number for all five types of mul-
tilayered films. The absolute value of the relaxation rate for the bottom type
multilayered thin film is smaller than that for the other types.

(3) At approximately the 10th cycle, the relaxation rate for the upper type multi-
layered thin film starts to increase monotonically and approach 2 × 103 Hz as
the annealing proceeds. For the other four types of multilayered thin films, the
relaxation rate remains almost constant or slightly increases. The absolute value
of the relaxation rate for the bottom type multilayered thin film is smaller than
that for the other types, even after the 10th cycle.

According to the result item (1), the relaxation rate of the ε-process for the P2CS
layer of an as-stacked multilayered film is larger than that for bulk P2CS, and even
larger than that of the 20 nm thick P2CS thin films. However, the relaxation rate for
the P2CS layer is smaller than that for bulk PS, which suggests that the thin-film-
like dynamics of the ε-process and glass transition behavior are maintained under
as-stacked conditions or in the earlier stage of annealing, independent of the position
of the P2CS layer in the multilayered films.

Furthermore, it was reported in the literature that PS/P2CS is a lower critical
solution temperature (LCST) type of a miscible polymer blend with the critical
temperature TC ⊗ 410 K [49], and that the dielectric loss profile of the ε-process
for PS/P2CS blend at 423 K is broader than that of neat P2CS, while that at 443 K
becomes narrower and is almost equal to that of neat P2CS [50]. Here, the narrowing
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Fig. 9 Evolution of the
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of the dielectric loss spectra can be regarded as a signal that indicates immiscibility.
Hence, the annealing between 273 and 423 K is determined to be mainly in the
miscible region, or that the effect of immiscibility on the ε-process of the P2CS
layer in the immiscible region can be negligible, because no narrowing was observed
in the present measurements. Therefore, it is expected that the annealing process can
promote interdiffusion at the interface between the two layers of different polymers,
PS and P2CS. The Tg of PS is lower than that of P2CS; therefore, interdiffusion
at the interface can decrease the Tg of the P2CS layer. This could be the reason
for the increase in fmax during the late stage of annealing observed for all types of
multilayered thin films except the bottom type.

For the upper type multilayered thin film, fmax begins to increase at approximately
the 10th annealing cycle. Hence, the molecular motion at the interface for the upper
type is more pronounced than that for the other types. In contrast, for the bottom type,
the interaction due to the substrate may compete with the effect of interdiffusion at
the interface between P2CS and PS, so that the increase in fmax is more suppressed
than for the other types. This can also be interpreted as a reduction in the molecular
mobility near the substrate. The observed relaxation rate of the ε-process for the
P2CS layer in the multilayered thin films can be explained in this way.

Here, we will compare the results from this study with previously published
results. Ellison and Torkelson measured the fluorescence signal from only the dye-
labeled-PS thin layer located between two PS layers with various thickness to selec-
tively obtain the glass transition behavior at various positions in the films [20]. Their
results indicate that the Tg of the upper layer mounted on the bulk neat PS layer is
lower than the Tg of the bulk, while the Tg of the middle and bottom layers is almost
equal to that of the bulk. Inoue et al. showed that the Tg of a deuterated PS layer
near the substrate is higher than that of the bulk, while the Tg near the free surface is
lower than that of the bulk [23]. In their measurements, the sample preparation con-
ditions for the multilayered thin films were controlled to suppress mutual diffusion
as much as possible and confine the labeled polymer chains in the ultra thin layer.
Therefore, we can compare these results only with our present results in the early
stage of annealing. Although faster dynamics near the upper electrode region are
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Fig. 10 Dependence of the dielectric strength of the P2CS layer in various types of P2CS/PS
multilayered thin films at 413 K, multiplied by the geometrical capacitance at each annealing cycle
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commonly observed in these three studies, the previous results seem to be different
from our present results in that the dynamics of the ε-process for the middle and
bottom type multilayered thin films in this study are faster than those of the bulk,
even in the early stage of annealing. The comparison suggests that the as-stacked
thin films of our present study can maintain thin-film-like glass transition dynamics
for longer annealing times than those in the other studies. Furthermore, studies on
stacked PS thin films conducted by Koh and Simon [28] shows that the stacked PS
thin films can maintain thin-film-like Tg for a relatively longer time, similar to this
study. Hence, the sample preparation conditions may affect the lifetime of the thin-
film-like glass transition dynamics; therefore, more detailed studies will be required
to confirm this.

3.3 Annealing Effects on Relaxation Strength of the α-Process
for the P2CS Layer

Figure 10 shows the evolution of the relaxation strength of the ε-process for the
P2CS layer in the various types of multilayered thin films, βC p2cs ≡ βχp2csχ0

S
δp2cs

.
βC p2cs increases with increasing number of annealing cycles for the upper and
middle types, while it decreases for the bottom type. It should be noted that βC p2cs

is controlled by two factors; the variation in the dielectric strength βχp2cs , and the
variation in the effective thickness of the P2CS layer δp2cs in the multilayered thin
film. During the annealing process, interdiffusion between the P2CS and PS layers
is promoted, which increases the effective thickness of the P2CS layer. Hence, the
second factor should decrease the value of βC p2cs with annealing. On the other
hand, the value of βχp2cs can be controlled by the relation:
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βχp2cs = Nμ2

3kB T
, (8)

where N is the number density of relaxing dipoles, μ is the effective dipole moment,
and kB is the Boltzmann constant. Therefore, if the change in βχp2cs competes
with the change in δp2cs , then the value of βC p2cs increases or remains constant;
otherwise, it decreases with annealing.

For the upper and middle types of multilayered thin films, βC p2cs increases with
annealing, as shown in Fig. 10. This result suggests that the density of the dipole
moments, which are associated with the orientational polarization, becomes larger
with annealing and overcomes the effect due to the change in the effective thickness
of the P2CS layer. However, the reason for the increase in the density of relaxing
dipole moments for the upper type is different from that for the middle type. For
the upper type, higher mobility induces relaxation of a larger amount of the dipole
moments under an applied electric field, because the relaxation rate of the ε-process
for the upper type is larger than that of the other types, especially during the late
stages of annealing.

In contrast, the relaxation rate of the ε-process for the middle type is smaller
than that for the upper type. However, the P2CS layer is sandwiched by two 78 nm
thick PS layers. Therefore, the dipole moments located at the interfaces of both sides
can participate in the relaxation phenomena of the ε-process for the P2CS layer. As
a result, the density of the relaxing dipole moments becomes sufficiently large to
increase βC p2cs in the same way as for the upper type.

For the bottom type, βC p2cs decreases with annealing. In this case, the change
in the density of the relaxing dipole moments cannot compete with the change in the
effective thickness of the P2CS layer. Therefore, the density of the relaxing dipole
moments at the interface should decrease or remain constant. As Napolitano et al.
proposed [10], the adsorption of polymer chains onto the Al-deposited glass substrate
can reduce the dielectric relaxation strength and the relaxation rate of the ε-process.
This scenario may also be valid for the present bottom type of multilayered thin films.

4 Segmental and Local Dynamics of Stacked PMMA Thin Films

Experimental results of Tg and segmental and local dynamics of stacked PMMA thin
films observed by DSC and DRS during annealing process will be discussed in this
section.

4.1 Thermal Properties Determined by DSC

A commercial instrument, Q200 (TA Instruments) is used for DSC measurements.
First, the DSC measurements on as-stacked PMMA thin films are done over a heating



Heterogeneous Dynamics of Multilayered Thin Polymer Films 197

process from 303 to 420 K at the rate of 10 K/min and then for the subsequent cooling
process down to 303 K at the same rate. These measurements are repeated three
times in order to obtain the reproducibility of the measurements. Following that,
the stacked samples used for the measurements are annealed at 453 K for 12 h in
vacuo. The same DSC measurements are then carried out for the heating and cooling
processes between 303 and 420 K. A nitrogen gas flow of 30 ml/min is maintained
during the DSC measurements.

Figure 11 shows the temperature dependence of the total heat flow observed
during the heating process at the rate of 10 K/min for the stacked PMMA films
consisting of thin layers of various thicknesses, as shown in Table 1. In Fig. 11a,
there is a temperature region where the total heat flow shows anomalous temperature
dependence. The averaged location of the anomalous signal can be regarded as Tg,
and is determined by DSC. The value of Tg obtained in this manner is 381 K for
the as-stacked PMMA thin films consisting of 15 nm thick layers. Because the Tg
of the bulk sample is 390 K, the Tg of the as-stacked PMMA thin films of 15 nm
layer-thickness is depressed by about 9 K from the bulk value. Table 1 shows that
the values of Tg for the as-stacked PMMA thin films of d = 48 and 80 nm are 384
and 387 K, respectively. Hence, the Tg of the as-stacked PMMA thin films decreases
from the bulk Tg with decreasing thickness of the single layer in the stacked PMMA
thin films. Keddie et al. showed that the Tg of PMMA thin films supported on a
gold-deposited substrate decreases with decreasing film thickness [51]. On the basis
of these experimental results, it can be concluded that the glass transition of the
as-stacked PMMA thin films has a thin-film-like character.

Figure 11b shows the temperature dependence of the total heat flow observed for
stacked PMMA thin films after annealing at 453 K for 12 h. In Fig. 11b, the Tg for
the stacked PMMA thin films is clearly shifted to the higher temperature side after
annealing, and converges with the value of the bulk system, although there is a scatter
in the measured Tg values. It is expected that annealing at a high temperature above
Tg could lead to a reduction and an eventual disappearance in the density gap at the
interfaces between the thin layers stacked onto each other. Therefore, the decrease
in Tg of the as-stacked PMMA thin films is strongly associated with the existence of
the interfaces between the stacked thin layers. It should be noted that the observed
results for the stacked PMMA thin films in this study are consistent with our previous
experimental results observed for the stacked PS or P2CS thin films [30].

4.2 Dynamics of Stacked PMMA Thin Films Observed by DRS

As shown in Sect. 4.1, the as-stacked PMMA thin films show a thin-film-like glass
transition behavior, which changes to the bulk-like glass transition behavior by
annealing above Tg. In Sect. 4.2, experimental results observed by DRS for the
stacked PMMA thin films during the annealing process are shown, to elucidate the
temporal changes in the molecular dynamics of PMMA chains in stacked thin films.
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Fig. 11 a Temperature dependence of the total heat flow observed by DSC measurements during
the heating process for as-stacked thin films of PMMA layers of 80, 48, and 15 nm thickness and
bulk PMMA films. The arrows show the glass transition temperatures, which are listed in Table 1.
b Temperature dependence of the total heat flow observed in the same manner as in (a) for the same
stacked PMMA thin films and bulk PMMA films after annealing at 453 K for 12 h [44]

4.2.1 Temperature Dispersion of Dielectric Loss Spectra

Figure 12 shows the temperature dependence of the dielectric loss at 100 Hz for
the stacked PMMA thin films consisting of 41 nm thick layers during the anneal-
ing process at 409 K. In Fig. 12, there are two dielectric loss processes; one is the
ε-process located around 400 K, and the other is the α-process located at 333 K. The
microscopic origin of the ε-process is segmental motion, and that of the α-process is
local motion, or the motion of the side branch attached to the PMMA main chain, as
mentioned in Sect. 1. In Fig. 12, the arrows show that the dielectric behavior of both
processes changes with increasing effective annealing time ta during the annealing
process.

In order to evaluate the ta dependence of the dielectric behavior of the ε- and
α-processes in more detail, we evaluate several physical quantities such as peak
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Fig. 12 Dielectric loss spectra in the temperature domain at 100 Hz for stacked thin films of
30 PMMA layers of 41 nm thickness, observed during the annealing process at 409 K for ta =
0, 1, 4, 8, 12, 16, and 24 h

temperatures, peak widths, and relaxation strengths of the two processes from the
observed dielectric loss in the temperature domain. For this purpose, it is assumed
that the temperature dependence of the dielectric loss spectra in the temperature
domain at a given frequency can be described by the following formula:

χ′′(ρ, T ) =
∑

i=ε,α

βχi

1 + ((T − Ti )/βTi )2 , (9)

where i is ε or α, βχi is the relaxation strength of the i-process, Ti is the temperature
at which the dielectric loss shows a peak due to the i-process, and βTi is the width
of the i-process, which is a measure of the distribution of the relaxation times. Here,
it should be noted that the shape of the α-process shows a small deviation from a
symmetrical shape in the temperature domain, as shown in Fig. 12, although it is
difficult to judge the symmetry of the ε-process. In order to take into account the
asymmetry of the α-process, we assume that βTα is given by

βTα =
⎡

βT l
α : T < Tα

βT r
α : T > Tα,

(10)

while βTε has the same value both above and below Tε .
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Fig. 13 The dependence
on annealing time ta of the
peak temperatures Tε and Tα

at which the dielectric loss
shows a peak due to the ε-
and α-processes, respectively,
at various frequencies from
20 to 800 Hz for the stacked
PMMA films consisting of
41 nm thick layers. The curves
given for Tε are evaluated
using Eq. (11)
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4.2.2 Tα and Tβ as a Function of ta

Figure 13 shows the dependence on annealing time of the peak temperatures, (a) Tε

and (b) Tα , at various frequencies from 20 to 800 Hz during the annealing process at
409 K for the stacked PMMA thin films consisting of 41 nm thick layers. In Fig. 13a,
Tε increases monotonically from 400.6 to 404.1 K with increasing ta from 0 to 24 h
at 20 Hz. As the frequency increases from 20 to 800 Hz, the absolute value of Tε

increases at a given value of ta , but the Tε has a similar ta dependence. On the
other hand, in Fig. 13b, the peak temperature Tα due to the α-process shows almost
no change during the annealing process and remains constant at a fixed frequency.
Hence, we can judge that the ta dependence of the α-process is distinctly different
from that of the ε-process. As the frequency increases, the absolute value of Tα also
increases at a given value of ta . The temperature and frequency dependence of Tε

and Tα of the two processes will be discussed in Sect. 4.2.4.
In order to investigate the universal behavior of the change observed during the

annealing process, it is assumed that the ta dependence of Tε is given by the following
simple exponential law:
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Fig. 14 The dependence
of the reduced ε-peak tem-
perature T̃ε on the reduced
annealing time t̃a at various
frequencies for the stacked
PMMA thin films consisting
of 41 nm thick layers dur-
ing the annealing process at
409 K. The curve is evaluated
from Eq. (12)
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Tε(ta) = T 0
ε + (T ∝

ε − T 0
ε )

⎣

1 − exp

⎣

− ta
τ

))

, (11)

where T 0
ε ≡ Tε(0), T ∝

ε ≡ Tε(∝), and τ is the characteristic time of the change
in Tε during the annealing process at 409 K. From Eq. (11), the following master
equation can be obtained:

T̃ε(ta) = 1 − exp(−t̃a), (12)

where T̃ε and t̃a are defined by

t̃a ≡ ta
τ

, T̃ε(ta) ≡ Tε(ta) − T 0
ε

T ∝
ε − T 0

ε

. (13)

The curves in Fig. 13 are drawn using Eq. (11), and are very close to the observed
values of Tε for a wide range of ta values, except for the initial value at ta = 0.
After rescaling the observed values of Tε using the normalized t̃a and T̃ε defined by
Eq. (13), the data for all frequencies between 20 and 310 Hz can well be reduced to
a master curve given by Eq. (12), as shown in Fig. 14. This scaling behavior can be
observed not only for stacked PMMA thin films consisting of 41 nm thick layers, but
also for those of 65 nm and 15 nm thick layers. From fitting the observed values of Tε

to Eq. (11), the characteristic time τ can be evaluated as a function of frequency. In
Fig. 15, the value of τ for a change in Tε during the annealing process is a decreasing
function of f .

These results suggest that there is a universal mechanism for the annealing effects
on the ε-process over a large frequency range. Only the characteristic time τ changes
with the frequency of the applied electric field and the annealing time. In this case,
it can be concluded that the change in the dynamics of the ε-process occurs from
the high frequency side to the low frequency one, i.e., small-scale motion changes
earlier than large-scale motion does.
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4.2.3 Distribution of Relaxation Times and Relaxation Strengths
of the α- and β-Processes

Figure 16 shows the annealing time dependence of the relative width in the tempera-
ture domain of the dielectric loss peaks due to the ε- and α-processes for the stacked
PMMA thin films consisting of 41 nm thick layers at various frequencies. The width
is normalized with respect to the value at the initial time ta = 0. This relative width in
the temperature domain can be directly associated with the width of the distribution
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Fig. 17 The annealing time ta dependence of the relaxation strength of the ε- and α-processes
at various frequencies from 40 to 800 Hz, for stacked PMMA thin films consisting of 41 nm thick
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The open circle stands for the sum of the relaxation strength of both the α- and ε-processes. The
values of the sum βχε + βχα are shifted along the vertical axis by an arbitrary amount for ease of
comparison

of relaxation times of the ε-process, τε (α-process, τα ) in the time domain. In Fig. 16,
the width βTα remains almost unchanged during the annealing process, while the
relative width βTε/βTε(0) decreases down to about 0.7 with increasing annealing
time ta . In other words, the distribution of the relaxation times of the α-process does
not change with ta , while that of the ε-process becomes narrower with increasing
ta during the annealing process of the stacked PMMA thin films. This suggests that
the distribution of the relaxation times of the ε-process for the as-stacked PMMA
thin films is broader than that of the bulk system. This correspondence between the
distribution of τε of the as-stacked thin films and of the bulk is quite similar to the one
observed for the distribution of τε of the single thin films and of the bulk [52]. How-
ever, the distribution changes from a thin-film-like one to a narrower one, usually
observed in the bulk system, as the time elapses during the annealing process.
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Figure 17 shows the annealing time ta dependence of the relaxation strengths of
the ε- and α-processes, βχε and βχα , for the stacked PMMA thin films consisting of
41 nm thick layers during the annealing process at 409 K for various frequencies from
40 to 800 Hz. The sum of the relaxation strength of the ε- and α-processes, βχε +
βχα , is also shown in Fig. 17. The relaxation strength of the ε-process decreases
with annealing time ta , while that of the α-process increases during the annealing
process. However, the sum of the relaxation strengths of both the processes remains
almost constant, except for 40 Hz. Assuming that the orientational polarization of
the dipole moment is the origin of the dielectric strength βχ, and that the interaction
between the orientational motions of the dipole moments can be neglected, the same
relation as Eq. (8) is also valid for βχ in this case. Therefore, the present experimental
result suggests that the number density of the dipole moments, which play a crucial
role in the ε-process of as-stacked PMMA thin films, decreases with ta , while the
number density of the dipole moments associated with the α-process increases at
the expense of the number density of the dipoles associated with the ε-process. This
means that there is a strong coupling between the microscopic origins of the ε- and
α-processes, although the temperatures Tε and Tα show no correlation with respect
to the annealing time dependence. For bulk PMMA, the coupling between the ε-
and α-processes has been investigated by multidimensional NMR [53] and DRS
[54, 55]. Spiess et al. show that in PMMA, the α-process predominantly influences
the time scale of the ε-process, leading to particularly high mobility of the main
chain itself. This coupling observed in bulk PMMA may be related to conversion
from the ε-process to the α-process.

In this section, the majority of the experimental results discussed are for stacked
PMMA thin films consisting of 41 nm thick layers, as these serve as an example. For
stacked PMMA thin films consisting of 65 nm and/or 15 nm thick layers, it should be
noted that almost similar results are observed, and thus the above results are common
amongst stacked thin films of PMMA layers of three different thicknesses.

4.2.4 Dynamics of Stacked PMMA Thin Films

In Sect. 4.2.1–4.2.3, the dielectric relaxation behavior of stacked PMMA thin films
was discussed on the basis of the results observed in the temperature domain. Here,
further dielectric results are shown for more insightful discussion. Figure 18 shows
dispersion maps of stacked PMMA thin films of 41 nm thick layers. The temperature
dependence of the relaxation rate of the α- and ε-processes is shown in Fig. 18a and
b, respectively. Here, the ε- and α-peak temperatures Tε and Tα are evaluated from
the temperature dispersion of the dielectric loss spectra at a given frequency f , so
that the datasets (Tε, f ) and (Tα, f ) are obtained. These datasets are plotted as the
datasets (T, fε) and (T, fα) in Fig. 18b, a, respectively.

As shown in Fig. 18a, the relaxation rates of the α-process for various annealing
time ta from 0 to 24 h are sufficiently reduced to a single straight line. This suggests
that the dynamics of the α-process of stacked PMMA thin films remain unchanged
during the annealing process at 409 K. From the slope of the straight line in Fig. 18a,
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Fig. 18 Dispersion map of
ε- and α-processes at various
annealing times from 0 to 24 h
for the stacked PMMA thin
films consisting of 41 nm thick
layers during the annealing
process at 409 K. a α-process
and b ε-process. The straight
line is given by the Arrhenius
law with an activation energy
of 20.81 ± 0.04 kcal/mol
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we can conclude that the microscopic origin of the α-process is controlled by a
thermally activated process with an activation energy of 20.81 ± 0.04 kcal/mol.
This value agrees well with that reported in the literature [37]. Contrary to the
α-process, Fig. 18b shows that the temperature dependence of the relaxation rate
of the ε-process, fε , changes significantly with increasing annealing time ta during
the annealing process. At a given temperature, fε decreases with increasing anneal-
ing time, which suggests that the dynamics of the ε-process become slower with
annealing.

In order to discuss in more detail, the temperature dependence of fε for stacked
PMMA thin films, the results obtained by DSC are combined with the results obtained
by DRS. The dataset (Tg, fg) obtained by DSC is plotted in the dispersion map, as
shown in Fig. 19. Here, fg is the relaxation rate of the ε-process at Tg, and is defined
by fg = 1/2ζτg, where τg = 103 s. The DSC results for stacked thin films of PMMA
layers with three different thicknesses were obtained in Sect. 4.1. Here, the datasets
(Tg, fg) obtained by DSC for as-stacked thin films consisting of PMMA layers of
80, 48, and 15 nm thickness are coupled with the datasets (Tε, f ) observed at ta=0 h
for stacked thin films of PMMA layers of 65, 41 and 15 nm thickness, respectively.
Furthermore, the dataset (Tg, fg) obtained by DSC for the bulk PMMA is coupled
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Fig. 19 Dispersion map of
the ε-process at ta=0 and 24 h
during the annealing process
at 409 K, for stacked thin films
of PMMA layers with various
film thicknesses [44]. The
curves are evaluated using
Eq. (14) with the best fitting
parameters listed in Table 3
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with all the data observed at ta=24 h during the annealing process for stacked thin
films of PMMA layers of three different thicknesses.

Figure 19 shows the temperature dependence of the relaxation rate of the
ε-process before and after the annealing at 409 K for the stacked thin films of PMMA
layers of various film thicknesses. In Fig. 19, the relaxation rate of the ε-process has
a stronger temperature dependence than that of the α-process, which is given by the
Arrhenius law. The temperature dependence changes with the thickness of a single
layer in the as-stacked PMMA thin films, and also changes with annealing. In order
to evaluate this temperature dependence of the relaxation rate of the ε-process, the
Vogel-Fulcher-Tammann (VFT) law is adopted [56–59]:

τε(T ) = τε,0 exp

⎣
U

T − TV

)

, (14)

where τε is given by the relation τε = 1/2ζ fε , τε,0 is a positive constant, U is
the apparent activation energy, and TV is the Vogel temperature. The best-fitting
parameters of VFT law are listed in Table 3. Using the values of U , TV , and Tg, the
fragility index m is also evaluated by the following definition [60]:

m =
⎣

d log10 τε(T )

d(Tg/T )

)

T =Tg

. (15)

As shown in Fig. 19, the temperature dependence of the relaxation rate of the
ε-process can be well-reproduced by the VFT law. Furthermore, Table 3 shows
that the Vogel temperature TV increases from 238 to 341 K as the thickness of the
single layer in the as-stacked PMMA thin films increases from 15 nm to the bulk.
Accordingly, the fragility index m increases from 139 to 192. This suggests that the
temperature dependence of τε changes from an Arrhenius-like one to a VFT one. In
other words, the glassy dynamics of the as-stacked thin films change from strong to
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Table 3 The thickness of the single layer d, the glass transition temperature Tg, the Vogel temper-
ature TV , the apparent activation energy U , and the fragility index m [44]

d (nm) Tg (K) TV (K) U (K) m

bulk 390.4 341.0 2756 191.5
65, 80 387.4 335.1 3068 188.4
41, 48 384.9 329.4 3236 175.4
15, 15 381.5 237.9 17283 138.8

fragile, as the thickness of each single layer increases. This thickness dependence of
the ε-process of stacked PMMA thin films is consistent with that of stacked P2CS
thin films [30], and is also consistent with that observed for single thin films of
PS [61]. Therefore, it can be concluded that the fragile to strong transition, which
is observed by confinement [62–67], is present for stacked thin films of PMMA
(and P2CS) as the thickness of each single layer decreases from the bulk to a few
nanometer in thickness.

5 Concluding Remarks

In this review, experimental results made on two different types of multilayered
thin polymer films using DSC and DRS were shown in Sects. 3 and 4. First, results
and discussions on the relaxation behavior of multilayered thin films of P2CS and
PS layers with five different geometries observed using DRS were given in Sect. 3.
The positional dependence of the annealing effects on the ε-process dynamics for
the P2CS thin layer in multilayered thin polymer films was successfully observed.
The results obtained in Sect. 3 are summarized as follows:

1. The effect of annealing on the relaxation rate of the ε-process, fmax, for the P2CS
layer in multilayered thin films is dependent on the position of the P2CS layer,
although the relaxation rate fmax of the P2CS layer in the early stage of annealing
is almost equal to that of 20 nm thick single P2CS thin films. The relaxation
rate of the ε-process for the P2CS layer near the upper electrode increases with
annealing, while that near the bottom electrode remains almost constant or slightly
decreases with annealing.

2. The relaxation strength of the ε-process for the P2CS layer in multilayered thin
films increases with annealing near the upper electrode and in the middle position
of the films, whereas it decreases with annealing near the bottom electrode.

Second, results and discussions on the Tg and the dynamics of the ε- and
α-processes measured using DSC and DRS for stacked PMMA thin films during
the annealing process were given in Sect. 4. The results can be summarized as fol-
lows:



208 K. Fukao et al.

1. The Tg and the dynamics of the ε-process of as-stacked PMMA thin films exhibit
thin-film-like behavior, in that the glass transition temperature is depressed and
the dynamics of the ε-process are faster than those of the bulk system.

2. Annealing at high temperatures causes Tg and the relaxation time of the ε-process
to increase to that of the bulk. The fragility index of as-stacked PMMA thin films
increases from 138 to 192 with increasing thickness of the single layer from 15 nm
to the bulk value.

3. The relaxation time of the α-process of stacked PMMA thin films is almost equal
to that of the bulk PMMA, and is unaffected by annealing.

4. The relaxation strengths of the ε- and α-processes show a strong correlation
between each other, and the sum of the relaxation strengths remains almost
unchanged, while the individual relaxation strengths change during the annealing
process.

In the study of the first type of multilayered thin films, we have measured the
relaxation rate of the ε-process of the P2CS layer in multilayered thin films, where
molecular transport is promoted at the interfaces between two polymer layers during
annealing process. If the molecular mobility related to the translational diffusion
is coupled with the orientational motion, as usually observed in the bulk system,
the present results would suggest that the molecular mobility related to the trans-
lational diffusion near the upper electrode region is higher and that near the lower
electrode is lower for the late stage of the annealing process. On the other hand, recent
experimental results show that there is a decoupling between translational diffusion
and orientational relaxation (ε-process) at the nanoscale level under confinement.
In the case of freely standing films, diffusion coefficient of small molecules in the
polymer films shows no deviation from the value of the bulk [68], while the Tg and
the relaxation time of the ε-process of this type of thin films are strongly depressed
from the values of the bulk [63, 69]. In the case of multilayered thin films of PS and
labeled PS, it has been reported that diffusion of small molecules is decoupled from
the structural relaxation process [70]. Therefore, if there is such a decoupling between
translational and orientational motion also in the present system, it would be difficult
to judge how diffusion motion is distributed in the thin films, from the observed
results on the distribution of the dynamics of the ε-process in the stack. Another
type of experimental measurements such as neutron reflectivity measurements or
dielectric measurements specially designed for the measurements of diffusivity [70]
will be required.

In multilayered thin films of P2CS and PS, mutual diffusion occurs at the interface
during annealing process, and finally the interface between two polymers disappears.
Especially in the late stage of annealing, there is a blending effect of two different
polymers. In this sense, we might not directly measure the glass transition dynamics
and/or the relaxation time of the ε-process of neat polymeric systems as a function
of the distance from the surface or the substrate. In this study, nevertheless, we have
successfully observed a positional dependence of the molecular motion related to
the blending process. This positional dependence of the molecular motions should
be associated with the positional dependence of the ε-process of PS or P2CS in
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single thin films of homopolymers. The latter positional dependence is the one which
Torkelson et al. and Inoue et al. have observed in their measurements using labeling
methods. Therefore, in a next step, we have to try to extract this positional dependence
of the glass transition dynamics from the present observed results quantitatively,
although this is a difficult task and requires an appropriate theoretical modeling.

In our sample geometry, there are Al layers on both sides of polymeric layers.
This is a usual geometry for DRS, unless one uses the recently devised thin film
sample holders [71]. The lower Al layer is supported on glass substrate, while the
upper Al layer is put on the polymeric layer by vacuum evaporation. Wrinkles on
the surface of the upper Al electrode were often observed after measurements above
Tg, which suggests that the upper electrode is not rigid enough not to move during
annealing above Tg. This means that the upper and lower Al layers are not symmetric,
in other words, the upper and bottom type multilayered films in this study does not
have the same geometry related to the dynamics of the ε-process. Therefore, it is not
surprising that there is the difference of the relaxation rate and dielectric relaxation
strength of the ε-process between the types of multilayered thin films. In our previous
study [32], a depression of Tg could be observed and its thickness dependence of Tg
is almost same as the one observed for uncapped thin polymer films. Therefore, it is
reasonable to assume that there is a mobile region within thin films. The present result
in this chapter might be an experimental evidence of the validity of this assumption
in an indirect sense.

In the study of the second type of multilayered thin films, the results obtained by
DSC clearly showed that the Tg of as-stacked PMMA thin films is depressed from
the bulk Tg, and is returned to the bulk Tg after annealing at high temperatures. This
strongly suggests the existence of mobile interfacial regions between two PMMA
thin layers. Hence, a thin PMMA layer in as-stacked PMMA films can be regarded
as an ideal thin polymer film covered with mobile regions on both sides, and this
might be similar to freely standing thin films.

In our previous study [52], both Tε and Tα for PMMA single thin films supported
on an Al-deposited glass substrate, and covered with an upper Al layer, decreased
with decreasing film thickness. These results are different from the results of the
present measurements for stacked PMMA thin films. In the case of stacked PMMA
thin films, most of the thin PMMA layers are covered with other thin layers of the
same polymer on both sides, and only the thin PMMA layers located on the top
or bottom of the stack are covered with a thin gold layer on one side. Thus, the
difference between the previous and present results should come from the difference
in the interactions between the substrate and polymer. As shown in Ref. [51], the Tg
of PMMA thin films strongly depends on the substrate material, and hence we can
judge that the Tg of the PMMA thin films is very sensitive to interactions between
the substrate and polymer. As the thin layers in stacked PMMA thin films can be an
ideal system, as mentioned earlier in this review, we believe that the present thickness
dependence of Tε and Tα is intrinsic to the nature of the dynamics of PMMA thin
films.

Our experimental results in Sect. 4 clearly show that there is a strong correlation
between the depression of Tg and the decrease in the fragility index. This suggests that
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fragility can play a crucial role in determining the glass transition temperature and
the related dynamics in thin polymer films. Recently, Evans et al. reported that there
is a strong correlation between the fragility index and the depression of Tg in thin
polymer films on the basis of the fluorescence measurements on polymeric systems
with various fragility indices [72]. Related to the results in Sect. 3, it is expected
that dielectric measurements made over a wider frequency range will reveal the
dynamics of the ε-process for P2CS layers inserted into arbitrary positions within
multilayered thin films near Tg, and then the fragility index can be evaluated as a
function of the position along the direction normal to the surface of the substrate. Such
an investigation will be the next development of these studies, which will contribute
to the elucidation of the glass transition dynamics in thin polymer films.

In this study, the observed experimental results suggest that the interfacial inter-
action can play a crucial role in determining the depression of Tg and the speed-up
of the dynamics of the ε-process, while leaving unaffected the properties of the
α-process, except for its dielectric relaxation strength. Furthermore, there should
be a possibility of controlling the glass transition dynamics of thin polymer films
using an appropriate annealing condition. In order to understand the intricacies of the
relationship between the interface and the dynamics of thin polymer layers, a direct
investigation of the structure of the interface and the effect of annealing should be
studied using X -ray or neutron reflectivity measurements, as the next step in this
study.
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Molecular Mobility and Phase Transformations
of Several Low Molecular Weight Glass Formers
Confined to Nanoporous Silica Matrices

M. Dionísio, N. T. Correia and A. R. Brás

Abstract The dynamical behavior of three low molecular weight glass formers
confined to nanostructured mesoporous silica (100 % Si) with pore sizes ranging
from 2.8 to 8.6 nm, is probed by Dielectric Relaxation Spectroscopy (DRS). The
confined guests embrace different classes of materials: a surfactant, Triton X-100, a
liquid crystal, E7 nematic mixture and the pharmaceutical drug, Ibuprofen. All three
glass formers show two distinct dynamical domains inside the pores, as revealed by
the detection of both bulk-like and surface processes. The latter is characterized by a
slower mobility than the bulk-like process and the temperature dependence follows
the characteristic Vogel-Fulcher-Tammann-Hesse (VFTH) law indicating a glassy
dynamics of the molecules anchored to the pore surface. In the case of E7, the Vogel
temperature (T0) of this process is size dependent, decreasing with increasing pore
size, which is taken as a finite size effect. Concerning the bulk-like process, assigned
to the glassy dynamics of the molecules in the middle of the pore, the confinement
effect becomes stronger depending on the material as follows: (1) Triton X-100,
undergoing almost no change in the glass transition temperature (Tg), only a slight
increase ∗3 K is observed; (2) E7, with a maximum decrease of 10 K in Tg compared
to the bulk temperature for a pore size of 6.8 nm; and (3) Ibuprofen, which shows not
only a higher decrease in the glass transition temperature, ∗30 K when confined to
a pore size of 3.6 nm (MCM-41), but also its temperature dependence of relaxation
times varies from VFTH to Arrhenius like, which is interpreted as 3.6 nm being
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a dimension that interferes with the length scale of cooperativity. Moreover, two
secondary relaxations are detected in the pharmaceutical drug, the more local one
being insensitive to confinement while the second process, taken as the precursor
of the glass transition, becomes more mobile relatively to the respective process
in bulk Ibuprofen. The results confirm that molecular dynamics of the probed low
molecular weight guests confined into nanostructured mesoporous hosts is controlled
by a counterbalance between confinement and surface effects.

Keywords Triton X-100 · E7 · Ibuprofen · Nanostructured mesoporous · Glass
transition · Confinement · Surface process · Cooperativity · Debye process

Abbreviations

BJH Barrett-Joyner-Halenda
CM Coupling model
CN Cyano group
CPG controlled pore glasses
DSC Differential scanning calorimetry
DRS Dielectric relaxation spectroscopy
FTIR Fourier transform infrared spectroscopy
HN Havriliak- Negami
JG Johari-Goldstein
LCs Liquid-crystals
MWS Maxwell-Wagner-Sillars
NMR Nuclear magnetic resonance
MW Molecular weight
Tg Glass transition temperature
TIN Isotropic to nematic transition
T0 Vogel Temperature
TEM Transmission electron microscopy
TEOS Tetraethoxysilane
TGA Thermogravimetric analysis
VFTH Vogel-Fulcher-Tammann-Hesse
XRD X-ray diffraction
ε ε Dielectric strength

1 Introduction

Confinement studies emerged in the last few years as an attractive approach to explore
fundamental concepts concerning the physics of condensed matter. A particular atten-
tion has been given to the influence of confinement on the glass transition, which
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physical origin, in spite of an intensive research, is far from being fully understood,
namely if it is thermodynamic, kinetic, structural, or simply dynamical in nature
[1–4].

In this context, confinement studies are related to the relevance of a length scale
responsible for glassy dynamics [5], phase transitions or finite size effects. Addi-
tionally, it offers a mean to test theoretical models as the Adam Gibbs theory [6]
that conceives cooperative rearranging regions with a length scale, α , that increases
upon temperature decrease being related with the dynamic glass transition [1]. For a
confined guest, if the pore dimensions of the confining host interfere with the spatial
scale α of the molecular guest cooperative motion (in the scale of few nanometers), its
molecular mobility can be dramatically changed from bulk state [6–13]. This could
even lead to the suppression of the dynamically correlated regions [14], allowing
estimating a minimal length scale for the cooperative motion underlying the glass
transition, which manifests as a deviation from the typical curvature in the activation
plot to Arrhenius dependence, the latter due to localized dipolar fluctuations [7].

Also, the coupling model predicts that the process associated with the dynamic
glass transition (α-process) is transformed into the Johari-Goldstein (JG) process,
taken as the precursor of the α-process, in the limit of extreme confinement when
the pore size becomes smaller than the length scale of the α-process [15, 16].

Additionally, nanoscopic confinement provides a better understanding of the crys-
tallization behavior in general, since it allows to access early stages of crystallization
[17] and to stabilize crystalline forms that are metastable, transient, or inaccessible
in bulk samples as demonstrated for acetaminophen inside controlled pore glasses
(CPG) [18, 19]. The occurrence of unstable metastable forms in polymorphic mate-
rials as pharmaceutical drugs under nanoconfinement, can be rationalized by the
stability dependence of certain crystalline forms on the size, which is controlled by
both thermodynamic and kinetic effects [20, 21]. Therefore, crystallization under
confinement could bring in-depth knowledge on the thermodynamic and kinetic
properties of crystalline metastable forms difficult to access under bulk conditions.

Liquid crystals (LCs) allow going further on the fundamental investigation of
phase transformations, since it exhibits additional transitions. It consist of anisotropic
molecules that self-assemble into phases with orientational order, but often no posi-
tional order, in their simplest form, having structures between the crystalline and the
isotropic liquid state [22, 23]. In LCs, the properties of both states are combined and
mesomorphic phases are formed in which order and mobility compete [24]. They
are formed for instance by molecules, which have a stiff, rod-like mesogenic unit
in their structure [25], showing a high degree of shape anisotropy, which manifests
itself in many ways, such as dielectric and optical anisotropies. The most important
liquid crystalline structures are the nematic and the smectic mesophases, the former
being the liquid crystalline state with the lowest order.

The various mesophases and phase transitions, which are sensitive to perturba-
tions, make LCs suitable target materials when confined in porous media for the
study of the quenched random disorder effects upon phase transitions and critical
phenomena [26, 27]. Thus, many experimental and theoretical studies focused on
these issues were carried out during the last decade [26, 28–31].



216 M. Dionísio et al.

Besides this theoretical interest, also practical aspects are involved in these studies
which are particularly relevant for the pharmaceutical science and industry. Indeed,
nanoconfinement emerged in the past few years as a strategy to manipulate and stabi-
lize unstable polymorphs as mentioned or even to prevent crystallization as shown for
Ibuprofen by solid-state nuclear magnetic resonance (NMR) measurements [32] and
X-ray diffraction (XRD) [33]. The stabilization of the amorphous form by nanocon-
finement was demonstrated also for acetaminophen [34] and for other glass formers
[18, 21, 32, 35–37] as well, since in certain geometrical confinements the guest
molecules are unable to form a crystalline structure.The spontaneous amorphization
of solid drugs by using mesoporous magnesium aluminum silicate was reported since
1986 [38]. In the 1990s, it was observed the amorphization of lead when confined to
carbon nanotubes [39], which was rationalized as the pore size being smaller than
the critical nucleus size [40].

Therefore, confinement to nanoscaled geometries allows the production of usable
amorphous materials stabilized in a highly disordered state being crucial for control-
lable and efficient drug delivery [41, 42]. The molecularly disordered amorphous
form is particularly desirable in the field of pharmaceutics since its dissolution and
bioavailability is usually improved relative to the usually water poorly soluble crys-
talline state [43, 44]. But not only pharmaceutical drugs as happen more recently
are the preferred guests. Also LCs [45] confined to different porous host systems
such as porous glasses [46–50], molecular sieves [51–53] and also membranes with
larger pore sizes [54] like Anopore membranes [55–59] have received particular
interest. When crystallization is avoided, the guest enters in a supercooled regime
and an acceleration of the guest dynamics could be induced by the confinement with
a downshift of the Tg with decreasing pore size [7, 14, 60–64].

However, for rather low pore sizes, the guest molecules can undergo specific
interactions with the pore wall as have been shown for systems forming hydrogen
bonds between the guest molecules and the inner pore, leading to the formation of
an interfacial layer, having a dynamics, which is slowed down compared to the bulk
liquid [65, 66].

In drug delivery systems when specific host-guest interactions are present, the
drug release kinetic profiles are influenced being demonstrated that the delivery rate
can be modulated through modification of the surface pore walls. This was verified
for alendronate confined in amino-functionalized MCM-41 and SBA-15 [67]. The
same effect was also observed for captropril [68] and Ibuprofen incorporated in the
same porous hosts modified by silylation [69]. Therefore, the dynamics of molecules
confined to nanoporous hosts is controlled by a counterbalance between confinement
and surface effects [7, 66]. Their relative influence is determined by the size of the
pores and by the strength of the interaction between the guest molecules with the
surface: finite size effects should dominate if the pore size is small [70].

If both effects manifest simultaneously, an additional relaxation processes can
be detected, which is not characteristic for the bulk system as probed by dielectric
relaxation spectroscopy (DRS) for Ibuprofen confined to SBA-15 [71] and MCM-41
[72]: two families of molecules with different molecular mobilities were observed,
one due to molecules within the core of the pores with a higher mobility compared
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to the bulk at low temperatures and another with slower dynamics originated from
molecules interacting with the pore walls. This was previously shown by solid-state
NMR studies for pyridine [73] and Ibuprofen [74] confined to mesoporous silica; for
the latter NMR [75] and fourier transform infrared spectroscopy (FTIR) [76] showed
that weak hydrogen bonds are formed between Ibuprofen carboxylic acid group and
the silanol groups. Also from DRS measurements, two relaxation processes were
detected for phenyl salicylate (salol) [13, 77] and propyleneglycol [78] in CPG; the
same heterogeneous dynamical behavior was observed for salol inside Vycor and
Gelsil pores as probed by dynamical mechanical analysis [14]. In particular, for LCs,
it was observed that the interaction of the LCs molecules with surfaces can induce
the formation of a strongly adsorbed surface layer with a partial ordering, which is
essentially slower relative to bulk molecules as observed for several cyanobiphenyl
molecules [28, 29, 79, 80] and for a nematic mixture confined to Anopore membranes
[81] and silica mesopores [82].

The existence of distinct mobilities could be calorimetric identified by the
detection of two glass transitions as found for polystyrene/o-terphenyl solutions
in CPG [83]; a few examples for low molecular weight glass formers are salol in
silica mesoporos [84], propylene glycol in CPG [85], ortho-terphenyl in SBA-15
[86], acetaminophen in nanoporous Vycor glass [87].

Among the variety of host systems, this chapter will concern to mesoporous 100 %
silica materials, which attract a great interest due to their particular physical prop-
erties, such as its chemical and mechanical stability, biocompatibility, high internal
surface area, silanol containing surface, and ordered pore network [88–90]. A trans-
mission electron microscopy (TEM) micrograph is shown in Fig. 1a evidencing the
uniform honeycomb structure formed by parallel cylindrical pores organized in a
hexagonal array [82]. The long-range ordering is reflected in the small angle XRD
patterns (2θ < 100) depicted in Fig. 1b in spite of the amorphous silica structure of
the pore walls; the amorphous halo emerges for higher 2θ values (inset of Fig. 1b).
Additionally, these materials are characterized by an uniform array of pores with very
narrow pore diameter distribution that can be tuned from ∗1.5–2 nm to several tens
of nanometers by changing the chain length of the surfactant, employing polymeric
structure-directing agents, or solubilizing auxiliary substances into micelles [91–93];
a representative example of the narrow pore width distribution is shown in Fig. 1c
for SBA-15 of 5.7 nm average pore diameter, which was synthesized according to
Gao et al. [94] employing the triblock copolymer, Pluronic P123 as template, and
tetraethoxysilane (TEOS) as silica source (additional details in reference [95]).

These unique properties make silica matrices suitable carriers for drug delivery,
which can exhibit dissolution enhanced properties irrespective to the physical chem-
ical profile of the encapsulated drug [42, 96]. In the last decade, different pharma-
ceutics have been confined into these ordered mesoporous silica, such as Ibuprofen
[97–99], erythromycin [100], alendronate [67], aspirin [101], captopril [102], ser-
traline [103], fenofibrate [104], in MCM-41, Ibuprofen and erythromycin [105]
in MCM-48, Ibuprofen [106, 107], indomethacin [96], alendronate [67, 97] ery-
thromycin, [105] gentamicin [108], amoxicillin [109], captopril, [102] fenofibrate
[104] in SBA-15, flurbiprofen[110], salicylamide [111] in FSM-16; for a review on
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Fig. 1 a TEM microphotograph of SBA-15 evidencing the ordered pore structure, b Powder XRD
patterns of MCM-41 and SBA-15 silica matrices of different pore sizes, exhibiting Bragg peak
diffractions at small 2θ values due to long-range order (the inset depicts the amorphous hallo at
higher 2θ values, adapted with permission from [95]. Copyright 2013 American Chemical Society),
c Pore width distribution for SBA-15 (average diameter of 5.7 nm) as determined by the Barrett-
Joyner-Halenda (BJH) method (details in reference [95])
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Fig. 2 Isochronal plots at 2 kHz for E7 (gray circles) and Ibuprofen (black circles) confined to
MCM-41 of, respectively, 2.8 and 3.6 nm of pore diameter, before water removal evidencing at the
lowest temperatures the additional process due to water relaxation

the use of mesoporous silica matrices for amorphization of pharmaceutics as drug
delivery systems, see [41, 42].

In the following, three low molecular weight glass formers, Triton X-100,
Ibruprofen, and the nematic mixture E7 confined into these silica-based mesoporous
matrices (MCM-41 and SBA-15) will be described as case studies.

It must be emphasized that, due to the hydrophilic character of the silica matrices,
an additional process is detected by DRS at cryogenic temperatures, below 200 K
[82], irrespective to the molecular guest. This is exemplified in Fig. 2 for E7 and
Ibuprofen confined in MCM-41 for water amounts between 1 and 3 %. This process
is absent in Triton X-100 confined to SBA-15 for which the water content is 0.95 %
(wt.). The unloaded dry matrix has a negligible small calorimetric [95] or dielectric
[71] response as found for related hosts [53], compared to that observed for the loaded
matrix; so the detected response for the composite is dominated by the response of
guest molecules.

In the following sections, the reported results refer to data after water removal.
It will be presented in order of increasing complexity regarding the multi-character
of the processes as detected by DRS: the surfactant Triton X-100 with the emer-
gence of a strong interfacial process allowing to detect two glass transitions, then
a cyanobiphenyl-based nematic mixture, E7, with accelerated glassy dynamics and
two surface processes, one with slower mobility due to molecules adsorbed inside
pores and another with intermediate dynamical behavior due to molecules adsorbed
on the outer pore surface and inter-grains and finally the pharmaceutical drug ibupro-
fen for which besides true confinement effects over the bulk-like glassy dynamics and
surface process also secondary relaxations and a Debye-like process are detected.



220 M. Dionísio et al.

O

O

H

n
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Fig. 4 Thermograms obtained by TGA analysis on heating at 10 K min−1 for Triton X-100
confined to SBA-15 (loading degree ∗50 % (wt.)); the derivative plot is shown in the right-
hand vertical axis, evidencing the two peaks corresponding to the bimodal decomposition of the
guest; the small peak ∗300 K is due to water removal (the estimated water content is negligible
(<1 % (wt.)). The thermogram for bulk Triton X-100 is included for comparison. Adapted with
permission from [95]. Copyright 2013 American Chemical Society

1.1 A surfactant: Triton X-100

The water-soluble, liquid surfactant Triton X-100, polyethylene glycol tertoctyl
phenyl ether, with molecular formula C14H22O(C2H4O)n with an average number,
n∗9–10 of oxyethylene units per molecule (MW ∗ 625) (see Fig. 3) is a glass former
exhibiting a glass transition around 213 K.

In spite of Triton X-100 strong tendency to crystallize [112, 113], when confined
into mesoporous silica (SBA-15), it is stabilized in the amorphous form over large
periods of time (at least 2 years). This was confirmed by X -ray diffraction (XRD),
differential scanning calorimetry (DSC) and DRS [95]. Moreover, it reveals a bimodal
behavior concerning the molecular population distribution inside pores: a fraction
of molecules in the pores center and another forming an interfacial layer due to
molecules adsorbed in the inner pores wall. The two molecular populations give rise
to two-step weight loss decomposition in the thermogravimetric analysis (TGA),
seen as two strong peaks in the derivative plot while bulk Triton decomposes in a
single weight loss (Fig. 4). The fraction due to the interfacial layer is comparable to
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Fig. 5 Thermograms (heat flow vs. temperature) collected on heating at 30 K min−1 of confined
Triton X-100 in SBA-15 (dark blue line) compared with bulk Triton X-100 (brown line). At the
low temperatures, a bulk-like glass transition is detected for confined Triton (indicated by dashed
line) and ∗20 K above, a second heat flow step emerges due to the fraction of adsorbed molecules
(adapted with permission from [95]. Copyright 2013 American Chemical Society). The inset shows
the XRD patterns at the indicated temperatures for the composite (dark blue curves) compared with
bulk triton X-100 (brown curves) evidencing that Triton X-100 remains amorphous inside pores

the fraction due to bulk-like molecules, being more thermal resistant decomposing
at higher temperatures.

By DSC, the two molecular fractions give rise to two glass transitions as shown
in Fig. 5: one emerging at only ∗3 K above the Tg of bulk triton X-100 originated
from the glass transition of bulk-like Triton X-100 molecules in the composite, and
a second one shifted ∗20 K toward higher temperatures relatively to the bulk Triton
X-100 due to the glass transition of the molecules in the interfacial layer.

While a crystallization exotherm is observed at ∗238 K for bulk Triton X-100
(Fig. 5), which is followed by an endotherm due to melting, the thermogram for
the confined system, Triton X-100/SBA-15, does not exhibit either crystallization
or melting. This means that the guest did not undergo crystallization either during
inclusion or upon the thermal treatment as also confirmed by XRD illustrated in
Fig. 5. In the upper left inset, the X -ray pattern taken in the subglass region at 203 K,
shows the typical halo of the amorphous form for both bulk and confined Triton; in
the upper right inset collected at 243 K, two Bragg peaks are detected for bulk Triton
X-100 due to the emergence of crystallinity, whereas for confined Triton X-100 the
X -ray pattern confirms that crystallization was suppressed and that the guest remains
in the amorphous state inside pores.
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The in-situ guest mobility as accessed by DRS in the frequency range from
10−1 to 106 Hz, discloses multiple processes going from the subglass region up
to temperatures well above the glass transition. Figure 6 shows the dielectric loss
isotherms at some representative temperatures. The multimodal character is also
evident from the ε′′(T) trace depicted in Fig. 7a and from the derivative of ε′(T) trace
[95, 114], the latter allowing a better resolution of the overlapping processes (Fig. 7b).
The absence of abrupt depletion/discontinuity in both isothermal and isochronal plots
confirms that crystallization is avoided.

In the subglass region, two secondary relaxations are detected, γ and β-process,
which are not commonly observed in low molecular weight glass formers under
confinement [7, 16]. The γ and β-processes are due to localized mobility, the former
being assigned to dipolar fluctuations within the ethylene glycol moiety and the latter
to hindered rotations of the octylphenyl ether group [113]. Those are followed by
a bulk-like α-relaxation originated by the cooperative motion associated with the
dynamic glass transition. Two processes are detected at higher temperatures, which
are not found for bulk Triton X-100: (a) a S-process attributed to the dynamical glass
transition associated to the guest molecules interacting with the pore surface of the
host and (b) a Maxwell-Wagner-Sillars (MWS) process [115, 116] originated by the
blocking of charge carriers at internal phase boundaries, which for the present case
are the Triton guest/SBA matrix interfaces.

The relaxation times of all detected processes were extracted by simulating the
complex permittivity data by a sum of Havriliak-Negami (HN) functions
according to:

ε ∝ ( f ) = ε ⊗ +
⎛

j

ε ε j
⎝
1 + ⎞

i ω βH N j

⎠αH N j

]βH N j
(1)

where j is the index over which the relaxation processes are summed, ε ε is the
dielectric strength βH N is the characteristic HN relaxation time, and αH N and βH N
are fractional parameters (0 < αH N < 1 and 0 < αH N .βH N <1) describing, respec-
tively, the symmetric and asymmetric broadening of the complex dielectric func-
tion [115]. From the estimated values of βH N , αH N and βH N parameters, a model-
independent relaxation time, β = 1/(2χ fmax), was calculated according to [115, 117,
118]:

β = βH N ×
⎡

⎣
sin

(
αH N βH N χ

2+2 βH N

)

sin
(

αH N χ
2+2 βH N

)

⎤

⎦

1/aH N

(2)

The extracted relaxation times are plotted in Fig. 8 after conversion to β according
to Eq. 2.

Figure 8 includes the relaxation times estimated from the analysis of the isochronal
plot of the dielectric loss as measured and obtained from the derivative of ε′(T)
[114], both representations described by a superposition of k Gaussians functions;
for details see reference [95]. The derivative plot allows distinguishing the sec-
ondary βTritonX−100/SBA−15 process (Fig. 7b) but only for a few frequencies and so,
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Fig. 6 Loss curves for
confined Triton X-100 at
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atures from the sub-glass to
the supercooled regime a in
steps of 10 K, b in steps of 4 K
and c in steps of 8 K allowing
distinguishing the different
relaxation processes; at higher
temperatures, a MWS process
emerges. The lines are guides
for the eyes
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the respective relaxation times are not included in the relaxation map. As will be
described later on this chapter, the resolution of secondary processes over a wider
frequency and temperature range was possible for Ibuprofen confined to the same
mesoporous matrix, allowing drawing the complete relaxation map.

The temperature dependence of the well-resolved γ-process for confined
Triton X-100 is relatively similar to the homologous process observed in bulk Triton
X-100, both obeying to an Arrhenius law: β (T) = β⊗exp(Ea /RT), where β⊗ is the
pre-exponential factor, Ea is the activation energy, R is the ideal gas constant, and T
the temperature. The estimated activation energy, Ea, is 36.3 ± 0.1 and 33.4 ± 0.4
kJ mol−1 for, respectively, bulk and confined Triton X-100 [95].

Both α (either bulk or confined) and S processes show nonlinear temperature
dependence obeying to the well-known Vogel-Fulcher-Tammann-Hesse (VFTH)
equation [119–121] that reads,
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β(T) = β⊗ exp

(
B

T − T0

)

(3)

where β⊗ and B are constants and T0 is the so-called Vogel temperature.
The glass transition temperature obtained for Triton/SBA from extrapolation of

the VFTH equation to β = 100 s [122, 123], is Tg,α T r/SB A = 211.7 K, 3.4 K higher
than Tg,α bulk (208.3 K). This increase of Tg is in good agreement with the increment
determined from DSC results (∗4 K) [95], meaning that the molecular dynamics of
the guest under confinement is slowed down compared to the bulk. This positive
shift of the bulk-like Tg is not unusual being observed for a variety of glass formers
[7, 66] being of the order of the increase observed for propylene glycol in CPG
(4.5 K) [78], for which two distinct processes are detected. Indeed, the relatively
slower Triton X-100 molecular dynamics seen as modest positive deviation in the
glass transition of the bulk-like relaxation process, must be distinguished from the
strong dynamical hindrance revealed by the S-process due to the dynamical domain
of molecules interacting with the pore surface. For the latter, the glass transition
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temperature estimated according the same criterion (β = 100 s), Tg,S = 243.5 K, is
shifted ∗35 K toward higher temperatures relative to bulk Triton X-100 as determined
from dielectric measurements.

Therefore, Triton X-100 provides a further example of a glass former which
behavior when confined to SBA-15 (5.7 nm) exhibits dynamically distinct domains,
which calorimetrically show up as two glass transitions compatible with a two Tg
scenario as described and sketched in [66] (see also references therein).

1.2 A Liquid Crystalline Material: Nematic E7

As mentioned in the Introduction of this chapter, additional effects like ordering
and/or phase transitions can take place for molecules forming LCs in the bulk as
guests. Generally, confinement induces disorder, decreases transition temperatures,
and may change the order of the transition. It is also expected that confinement and
disorder have a considerable influence on the molecular mobility and therefore on
the relaxation processes as well, yielding to a change of the bulk-like behavior [7].

In this section, the behavior of E7 is under analysis. It is a nematic liquid
crystalline mixture of alkylcyanobiphenyls, with the following composition:
4-cyano-4’-pentyl-1,1’-biphenyl (51 %), 4-n-heptyl-4’-cianobiphenyl (25 %), 4,4’-
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n-octyloxycyanobiphenyl (16 %) and 4’-n-pentyl-4-cyanoterphenyl (8 %) w/w [124,
125].

Its bulk state was dynamically characterized by means of DRS in the fre-
quency range from 20 to 1 MHz [126] and updated by broadband DRS over
the frequency range 10−2–109 Hz, complemented by specific heat spectroscopy
(10−3 Hz–2×103 Hz) [127], which will next described shortly. In the isotropic phase,
above the clearing temperature where occurs the transition from nematic to isotropic
state, TN I = 331 K [128–130], only one broad relaxation process is detected, which
splits into two processes in the nematic phase region (Fig. 9a). These modes are
theoretically expected being assigned to the tensorial components of the complex
dielectric function parallel and perpendicular to the director [24]: the δ-relaxation,
which corresponds to rotational fluctuations around its short axis, determining mainly
the parallel component and the tumbling mode at higher frequencies than the former
one, due to librational fluctuations around the long molecular axis mostly related
with the perpendicular component [82].

Figure 9b displays the ε′(T) at 104 Hz for bulk E7, which is a sensitive tool to
monitor phase transformations offering here a mean to clearly identify the frequency
independent nematic to isotropic transition in excellent accordance with calorimet-
ric measurements [128]. This is almost imperceptible in the ε′′(T) trace since it is
masked by conductivity effects, which does not affect the temperature dependence
of the real part of the complex permittivity. By other side, the isochronal plot of ε′′
allows distinguishing the two processes detected in the nematic phase whose loca-
tion is frequency dependent due to the underlying kinetic nature and which relative
magnitude depends on the orientation of the molecules relatively to the outer electric
field, the δ-relaxation being the more intense; this means that the sample exhibits a
preferential parallel orientation of the nematic director.

The respective temperature dependencies of relaxation times of the two processes
detected in the nematic phase, obey to the VFTH law (see Fig. 10). The combination
of specific heat spectroscopy with DRS measurements allowed to assign the tum-
bling mode as the responsible by the dynamic glass transition, corresponding to the
α-process found in conventional glass formers [127]. The calorimetric Tg of bulk E7
is 210 K [125, 128]. An additional process, slower than the δ-relaxation is found for
the bulk [126, 128, 131], which molecular assignment is still under discussion so,
its analysis will not be considered in this section for the confined guest.

E7 was loaded in MCM-41 with 2.8, 3.6 and 4.1 nm of pore diameter and SBA-15
with 6.8 nm under vacuum at 343 K in its isotropic state; feeling degrees between 50
and 60 % as determined in [82] were obtained allowing direct comparison of results.

A multimodal dynamical behavior is found for E7 inside pores as investigated
by dielectric spectroscopy exhibiting, in general, three bulk-like and two additional
processes. The correspondence with the already described behavior for other guests
under confinement, allows assuming that the bulk-like processes are originated by
E7 molecules lying in the pores core, while the additional processes are associated
with molecules interacting with the surface of the confining porous host by hydrogen
bonding. For E7 the hydrogen bonding interaction was demonstrated to be via the
cyano (CN) group of the E7 constituents and the silica hydroxyl groups by FTIR
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analysis [82]. The bulk–like processes involve the isotropic process that is detected
above the clearing point, which also splits in the two α and δ processes as found for the
bulk in the nematic range, although the region of the transition cannot be identified
due to the low dielectric strength of the bulk-like processes and the overlapping of
the two strong additional processes. These two intense relaxation processes appear
at frequencies lower (higher temperatures) than the processes observed for the bulk,
being attributed to E7 molecules adsorbed at the pores wall, both in the inner surface
(S-process) and at the outer surfaces of the microcrystals of the silica host and/or at
its inter grains (I-process); this will become clearer in the text below.

All the processes are illustrated in Fig. 9a by the isochronal plot at 10 kHz for
E7 confined in MCM-41 of 2.8 nm of pore size together with the respective plot
for bulk E7. As mentioned above, in the temperature range of the nematic phase,
the relative intensity of the dielectric response depends on the orientation of the
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molecules relatively to the applied electric field, which can differ for each pore size,
meaning that not all bulk-like relaxation processes are observed for each sample. The
isochronal plot for the real component of the dielectric permittivity at 10 kHz shown
in Fig. 9b do not allows identifying the isotropic to nematic transition TIN, although
the detection of only one broad process at temperature above the bulk transition TIN
and of two in the bulk nematic region, lead to conclude that the confined guest keeps
its liquid crystalline properties.

The analysis of the dielectric spectra by a sum of HN equations (Eq. 1), provides
the deconvolution in the individual processes, which relaxation times, after conver-
sion to a model independent β value (Eq. 2), are plotted against 1/T in the relaxation
map (Fig. 10).

Figure 11 is a scale-up of relaxation map low temperature region allowing com-
paring the βα(1/T) and βδ(1/T ) dependencies for the confined guest in the different
matrices with bulk E7. It reveals that the temperature dependencies on approaching
the glass transition are less abrupt for the confined guest than the ones obeyed by the
bulk, the effect being quite significant for the α-process of E7 included in SBA-15
(6.8 nm) (triangles in the figure). This means that the glass transition temperature of
the bulk-like E7 molecules decreases, in general, under confinement relative to bulk,
which is shown in the inset of the figure versus the inverse of the pore diameter. The
higher decrease in Tg estimated by extrapolation of β (1/T) to β = 100 s [122, 123] is
close to 10 K for E7 in MCM-41 with 6.8 nm of pore diameter. A decrease of ∗30 K
is found for the respective Vogel temperature T0.

Figure 10 also displays the temperature dependence of relaxation times for the
two additional processes. The dynamic behavior of the I-process, which is located
between the bulk-like and the S-process, is consistent with the one observed for a
surface layer of 5CB molecules, the main component of E7, adsorbed on nonporous
silica spheres [80], and therefore it is assigned to E7 molecules anchored at the outer
surface of the micro crystals of the mesoporous silica host. Its dynamical behavior
does not show a dependence on the pore size [82].

It is interesting to observe that the β (1/T) traces of the S and I processes, which
strongly deviate from each other at the lowest temperatures, merge in a single process
in the isotropic liquid; this is a further evidence that a nematic transition occurs for
the confined guest although is not clear if it coincides with bulk. A similar behavior
is observed for the S-process and the process associated with molecules absorbed
nearly as a monolayer over silica spheres of aerosil of 8OCB [29].

The temperature dependence of the slowest S-process, follows a VFTH law (Eq. 3)
taken as a signature of the glassy dynamics and therefore this process is attributed to
the glass transition of the guest molecules anchored to the inner pore surface; a scale
up of the relaxation map in the region of the surface process is displayed in Fig. 12.
The steepest temperature dependence of molecules adsorbed inside pores relative
to molecules adsorbed in the outer surface, is attributed to a stronger interaction in
multiple inner surfaces within the three-dimensional pore structure relative to the
single outer surface; the possibility of different alignment inside pores relative to the
outer surface, mostly parallel in the former and possibly perpendicular in the latter,



Molecular Mobility and Phase Transformations 229

1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
-2

0

2

4

6

8

10

12

E7/MCM-41 (2.8 nm)

- 
lo

g 10
 (τ

 / 
s)

1000 / T / K-1

TBulk
I/N

E7 bulk

S

I

α
δ

Fig. 10 Activation plot for E7 embedded in the molecular sieve MCM-41 2.8 nm (filled symbols)
in comparison to the bulk (open symbols); the temperature dependence of the two additional I and
S processes is included. The lines are guides for the eyes. (Reprinted with permission from [82]
Copyright (2010), AIP Publishing LLC)

0.0 0.1 0.2 0.3 0.4
195

200

205

210

3.4 3.6 3.8 4.0 4.2 4.4 4.6
-2

0

2

4

6

8

1/ d / nm-1

T
g
 / K

α -process

-l
og

10
 (τ

 / 
s)

T bulk
g

δ-process

4.8

1000 / T / K
-1

Fig. 11 Activation plot of the temperature dependencies of the α and δ processes in the low
temperature region of the relaxation map for E7 confined in the different hosts: squares-MCM-41
2.8 nm; stars-MCM-41 3.6 nm; diamonds-MCM-41 4.1 nm; triangles- SBA-15 6.8 nm; no α-process
is detected for E7 inside MCM-41 4.1 nm. Filled gray circles: data for bulk E7. The inset displays
the glass transition temperatures, Tg, obtained by extrapolation of βα(1/T) to β = 100 s. (Reprinted
with permission from [82]. Copyright (2010), AIP Publishing LLC)



230 M. Dionísio et al.

0.0 0.1 0.2 0.3 0.4
140

160

180

200

220

2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.2
-2

0

2

4

6

8

10

T
0
 / K

1 /d / nm-1

S-process

- 
lo

g 10
 (τ

 /s
)

1000/T / K -1

Fig. 12 Activation plot of the relaxation map in the region of the surface process for E7 confined in
the different hosts: squares-MCM-41 2.8 nm; stars-MCM-41 3.6 nm; diamonds-MCM-41 4.1 nm;
triangles-SBA-15 6.8 nm. The inset displays the decrease of the Vogel temperature, T0 (Eq. 3), with
the inverse of the pore diameter, d. (reprinted with permission from [82]. Copyright (2010), AIP
Publishing LLC)

could also provide different points of interaction between the guest molecules and
the silanol groups as suggested for 5CB and 8OCB confined to Al and Si pores [80].

The steepness of the temperature dependence for the S-process of confined E7 is
discussed in [82], being higher for the higher pore size (6.8 nm). For the latter, the
Vogel temperature T0 of the surface S-process lyes nearly 50 K above the respective
temperature for the bulk-like α-process, reflecting the interaction between the wall
of the pore and the confined guest.

The Vogel temperature of these surface interacting molecules decreases with the
pore size decrease, almost linearly with 1/d as seen by the plot in the inset of Fig. 12.

It is important to have in mind that the glass transition and Vogel temperatures
of the S process should be due to two effects: the strength of the interaction of the
molecules with the pore wall and the pore size. Because the different hosts have the
same composition (100 % silica) the strength of the interaction of the molecules with
the pore wall is the same for all samples, so the decrease of T0 with decreasing pore
size seems to be a finite size effect. This is the opposite that is observed for 8OCB in
Al-MCM-Si pores for which an increase of T0 with the decrease of pore size is found
but which is due to a different concentration of Al centers, which provide stronger
interaction relative to Si centers, being highly concentrated close to the pores wall
for lower pore size [29].
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1.3 A Pharmaceutical Drug: Ibuprofen

Ibuprofen is a nonsteroidal worldwide used pharmaceutical compound, which
belongs to the category of 2-arylpropanoic acid (see inset of Fig. 13) showing anal-
gesic, antipyretic and anti-inflammatory properties [132]. It is a crystalline solid
at ambient temperature (melting temperature Tm = 347 K), which easily fails to
crystallize upon cooling from the molten state. It exhibits a glass transition with an
onset at 228 K as calorimetrically measured on heating [133, 134], undergoing cold-
crystallization to two different polymorphs depending on the specific experimental
conditions [134].

When confined to mesoporous SBA-15 (8.6 nm) and MCM-41 (3.6 nm) ibupro-
fen remains in a long-term stable amorphous form avoiding crystallization under
different thermal treatments. This was evaluated 2 and 3 years after drug loading by,
respectively, calorimetry and dielectric spectroscopy.

The molecular mobility of the guest inside pores of either SBA-15 [71] or MCM-
41 [72] with, respectively 27 wt-% and 32 wt-% feeling degrees (details on its
calculation described in reference [71]), was probed by DRS revealing a multi-
modal character: three bulk-like relaxation processes and two additional ones (see
example of Fig. 13 for Ibuprofen confined to MCM-41). The bulk-like processes are
the ones detected at the lowest temperatures: the γ-process, which is simply ther-
mally activated, followed by a relaxation assigned to a Johari-Goldstein βJG–process
[72, 133], which, in the framework of the coupling model (CM) is taken as the pre-
cursor of the α-process associated with the dynamic glass transition, the latter also
found for the confined guest being related with the glassy dynamics of the molecules
in the core of the pore. The assignment to a βJG process was done by the agreement
between the relaxation time predicted by the CM and the ββ at Tg of this secondary
process in both bulk [133] and confined Ibuprofen [72]. For confined Ibuprofen, this
was also confirmed by the ratio of Ea,β (Ea , is the activation energy) by RTg [72],
which is 21 close to 24 as proposed by Kudlik et al. [135] for a JG process.

At higher temperatures than this bulk-like α-process, an intense process emerges
becoming the dominant one in the dielectric spectra, which is due to dynamical
behavior of molecules interacting with the walls of the pores host, the S-process.
Since Ibuprofen is a hydrogen bonding associating liquid, a Debye-like shape
D-process associated with the dynamics of the hydrogen-bonded aggregates is
detected for the bulk at lower frequencies relative to the α-process [133]. Under con-
finement, this Debye bulk-like process is not perceived, possibly because it becomes
submerged under the strong S-process which also appears in the low frequency
flank of the bulk-like α relaxation. Instead, in the confined system, a new Debye-
like process is found at higher temperatures and lower frequencies relative to the
additional S process; the dynamics of these two additional processes seem to be
correlated.

The isochronal plot of the imaginary part of the complex permittivity at 0.1 Hz,
Fig. 14a provides a clear picture of the multi-character of the dynamical behavior
allowing identifying the different processes and offering a first mean to evaluate the
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effect of confinement over the bulk—like processes, namely the shift toward lower
temperatures of the βJG and the α-process.

Therefore, two distinct dynamical domains are found for confined Ibuprofen.
Figure 14b puts in evidence, by the isochronal ε′ (T) plot, the effect of confinement

deviating the temperature location of the α-bulk-like relaxation around 20 and 30 K
to lower temperatures for Ibuprofen confined in, respectively, SBA-15 and MCM-
41, also leading to the emergence of the S-process. The latter keeps almost the same
location irrespective to the confining media since the kind of guest-host interac-
tion between Ibuprofen molecules and the silanol groups is the same in both silica
matrices.

Figure 15 provides the dynamical fingerprint of the different systems: (a) the
bulk-like processes and (b) the additional S and D-process. It is important to note
that secondary relaxations were detected under confinement, which is not usual for
conventional glass formers [7, 16] as already mentioned, and able to be analyzed
through the HN equation (Eq. 1) over a significant temperature range. The extracted
relaxation times for the γ, βJG and α-process nicely reflect the influence of finite
size effects when compared with bulk behavior: the more local γ-process almost
remains unchanged meaning that length scale motions below 3.6 nm are involved
in this secondary relaxation mode; deviations are felt for the βJG and α-process,
which become stronger the higher the length scale behind the process that is under
analysis. Indeed, the Johari–Goldstein βJG–process, which is not as local as the
γ relaxation, becomes more mobile relative to bulk and its trace for the confined
systems deviates for a smaller slope in the glass, corresponding to a lower activation
energy. Nevertheless, the difference between the temperature dependencies of this
process for both matrices is not obvious in the relaxation map. The more dramatic
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Fig. 14 a Isochronal plots at a frequency of 0.1 Hz of the dielectric loss for Ibuprofen confined to
the MCM-41 and SBA-15 mesoporous hosts in comparison to the bulk, b The same representation
is shown for the real part of the complex permittivity evidencing the shift to lower temperatures of
the glassy dynamics α-relaxation relative to molecules in the middle of the pore and the emergence
at higher temperatures of the surface S-process

changes occur for the α process, which dynamics is associated with motions over a
large length. The respective traces change from VFTH dependence in bulk, which
curvature reflects the underlying cooperative nature of the α-process, to Arrhenius-
like inside pores, and all the α-traces split from each other.

The mobility becomes more enhanced the lower the pore size, while the respective
glass transition temperature estimated at β =100 s [122, 123] is reduced: Tg,β=100 s is
226 K for bulk, 204 K for Ibu/SBA-15 (8.6 nm) and 194 K for Ibu/MCM-41 (3.6 nm).
This effect is illustrated in the inset of Fig. 15a. This means that the scale of the
confining media is interfering with the length scale of the cooperative motion under-
lying the glassy dynamics. However, the limit for which the glass transition is fully
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Fig. 15 Activation plots for the relaxation time, β , versus 1/T for a bulk-like processes and b
additional S and D-processes. Open black symbols—bulk Ibuprofen (adapted with permission from
[133]. Copyright (2008) American Chemical Society); blue crossed circles—Ibu/SBA-15 (adapted
with permission from [71]. Copyright (2011) American Chemical Society) and red filled symbols—
Ibu/MCM-41 (data from [72]). The plot includes relaxation times estimated by the HN fit to raw
data and by the Gaussian fit of the isochronal ε′′ (T) plot for all studied frequencies f (β = 1/(2χ f),
1/Tmax). Lines are fits of the Arrhenius and VFTH formulas to the corresponding data. Black star
indicates the JG relaxation time, βJG, estimated from the coupling model for the bulk Ibuprofen.
Vertical dashed lines indicate the dielectric glass transition temperature Tg, β = 100 s for bulk
(226 K), Ibu/SBA-15 (204 K) and Ibu/MCM-41 (194 K). The decrease of Tg with the inverse of the
pore diameter, d, is depicted in the inset of a (d = ⊗ and 1/d = 0 for bulk)

suppressed is not reached yet. The decrease in cooperativity on going from the bulk
to the confined guest can be evaluated by this change in the relaxation times tempera-
ture dependence and by comparing the linear β (T) dependencies for the two confined
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systems: the pre-exponential factor, β⊗, of the Arrhenius law increases from
∗10−30 s for Ibuprofen in SBA-15 (8.6 nm) to ∗10−26 s for Ibuprofen in
MCM-41 (3.6 nm). The obtained β⊗values, are unphysical low compared with the
typical 10−12–10−14 s of local orientational fluctuations, which is rationalized as an
indication that some degree of cooperativity still affects the glass transition dynam-
ics, however being lower for the smaller pore size. The relatively high activation
energy also supports the cooperative nature that persists in the dynamics of the
α-process but denounces a significant decrease from 400 kJ mol−1 for bulk Ibupro-
fen to 122 kJ mol−1 for Ibu/SBA-15, decreasing even further to 104 kJ mol−1 for
Ibu/MCM-41.

The coupling model predicts that under the conditions of extreme confinement,
the α-process is transformed into the βJG [16] which is not observed so far, but the
separation between the α and βJG traces is going smaller from bulk to 8.6 and 3.6 nm;
this points out as Ibuprofen being a suitable system to test CM prediction.

An additional parameter derived from the HN simulation of the dielectric spectra
is the dielectric strength, which is plotted for each process in Fig. 16 which analysis
complements the discussion based on the relaxation map.

The plot offers also a mean to confirm the assignment of the different processes.
Interesting, for the bulk is the strong increase of the dielectric strength for the
γ-process above Tg, an effect that already happen for the βγ,I bu–trace that bents
off toward the βα,I bu-trace in the relaxation map (Fig. 15a), the respective relax-
ation times being longer than the ones obtained by extrapolating the glassy state
Arrhenius dependence [133]. A rationalization of this behavior is given in [16] as
being an hybridization of the γ with the βJG relaxation, which reflects a transference
of the βJG-process properties to the γ-process. For the respective γ-process under
confinement no such bent occurs in the relaxation time T dependence, however its
dielectric strength slightly increases on crossing the glass transition of the confined
guest. The same for ε εβ JG, supporting the attribution to a JG process as found
for bulk [133]. In what concerns the α-process, the dielectric strength temperature
dependence decreases with the temperature increase, recognized as a characteristic
sign of the α-relaxation detected in conventional glass formers and polymers [136].
However, in the temperature region near the Tg of the respective system, the rate at
which ε εα decreases with the temperature increase, is higher for the bulk which can
be interpreted as a higher degree of cooperativity of the bulk dynamics relative to the
guest inside pores. Indeed, the Onsager-Kirkwood-Fröhlich equation [137–139] pre-
dicts a decrease of ε ε with the temperature decrease but less accentuated as occurs
for the α-process of low glass formers and polymers, being considered as a general
feature of this process [139] and originated by dipole-dipole cross-correlations with
neighboring dipolar units becoming more significant when cooperative interactions
are important [140].

Interesting here, is the identical magnitude of the dielectric strength of the bulk-
like α-process, for Ibuprofen confined in MCM-41 and SBA-15 mesopores. Since
the dielectric strength is proportional to the volume density of dipoles [137–139],
the mobility enhancement and the reduction on glass transition temperature of Ibu
/MCM-41 relative to Ibu/SBA-15 is originated by real finite size effects on decreasing



236 M. Dionísio et al.

3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0

0.0

0.1

0.2

0.3

γ β, γ

S

 Ibu bulk
 Ibu/SBA-15 (8.6 nm)
 Ibu/MCM-41 (3.6 nm)

T / K

Δε

1000/T / K -1

α

D, D
S

325300 275 250 225 200 175 150

Fig. 16 Dielectric strength, ε ε, versus 1/T for all the processes detected for bulk Ibuprofen,
Ibu/SBA-15 and Ibu/MCM-41

the pore size instead of being caused by a less dense packing of Ibuprofen molecules
in the middle of the MCM-41 pores, as observed previously for E7 in Anopore
membrane [81].

The nonmonotonous variation of the dielectric strength for the S-process is identi-
cal for Ibuprofen confined to both matrices and explained as a counterbalance of two
effects: at the lowest temperatures, the increase of ε ε(T) it is caused by a weakening
with the temperature increase of the interaction of Ibuprofen molecules with the pore
wall, which leads to the reorientation of greater parts of the molecular dipole vec-
tor (increased fluctuation angle) and/or an increased number of fluctuating dipoles
as observed for the S-process detected in E7 confined in the same kind of hosts,
described in previous section and reported in [82]. At the highest temperatures, ε ε,
follows the decrease with the temperature increasing due to thermal energy predicted
by the Onsager-Kirkwood-Fröhlich equation [137–139].

The Debye-like D-process for confined Ibuprofen follows identical temperature
dependence of the respective dielectric strength in all the three systems. However, it
must be emphasized that this process for the confined guest has a relatively different
origin relative to bulk. By means of Molecular Dynamics simulation studies [141], it
was demonstrated that the dynamics of the D-process observed for bulk Ibuprofen,
which belongs to the class of hydrogen bonded associating liquids, was governed by
the internal cis-trans conversion of the O=C–O–H group coupled to the change of
the inter-molecular linear/cyclic hydrogen-bonded structures; furthermore, since the
cis-trans conversion is much slower (1–2 decades) than the overall rotation of the
molecules, all the O=C–O–H group environments are equal on average. This means
that the effective rotational potential energy barriers of the O=C–O–H groups due to
the surroundings are averaged and the dipolar relaxation follows a simple Debye law,
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which is in the origin of the Debye-like nature of this process. Moreover, its dynamics
is highly correlated with the dynamics of the α-process as found by broadband
DRS for bulk Ibuprofen [133]. It is not clear if this process is also observed for
confined Ibuprofen due to the overlapping of the strong surface process. However,
the Debye-like process detected for Ibuprofen under confinement either in SBA-15 or
MCM-41, which emerges in the low frequency tail of the S-process, has a temperature
dependency of the relaxation times that evolves quite in parallel with the one of
the surface process (remember Fig. 15b) pointing out for a correlation between the
dynamic of the two processes; besides the identical temperature dependencies of
ε εDbulk and ε εDS as above mentioned. Therefore, this DS process is taken as being
governed by the cis-trans conversion of the O=C–O–H groups of the molecules that
belong to the interfacial layer.

2 Conclusions

A review of the dynamical behavior of three quite different low molecular weight
glass formers confined to nanostructured mesoporous silica (100 % Si), with pore
sizes between 2.8 and 8.6 nm, is provided in this chapter. The confined guests are
a surfactant, Triton X-100, a nematic mixture, E7, and the pharmaceutical drug,
Ibuprofen. DRS was explored to enlighten both phase transformations and molecular
mobility of the confined guests. So, besides the fundamental importance on clarifying
theoretical aspects of the glass transition phenomenon, these studies have also a
practical interest most relevant to pharmaceutical science and industry confirming
the use of confinement as a mean to stabilize the amorphous form of the guest. The
long-term stability of the respective amorphous forms inside pores was established
for these particular guests.

A common characteristic in the three glass formers is the existence of two distinct
dynamical domains inside pores as revealed by the detection of a surface process
besides a bulk-like one, the former always with much slower mobility than the bulk-
like process, exhibiting a curved plot in the relaxation map taken as a signature of
the glassy dynamics. Therefore, this process was assigned to the glassy dynamics of
guest molecules anchored at the inner pore walls. For Triton X-100, the molecular
population in this interfacial layer is highly significant giving rise to a strong peak in
the derivative plot of the mass loss thermogram and allowing its calorimetric detec-
tion. Hence, a two-step profile was observed in the heat flux by DSC corresponding
to the bulk-like and the interfacial glass transitions of Triton X-100 confined to
SBA-15 (8.6 nm). For E7, this surface process presents a dependence on the pore
size, the respective Vogel temperature decreasing with increasing pore size, which
is taken as a finite size effect. An additional process was detected for E7, for which
no dependence on the pore size was found that it is related with the interaction of
the molecules anchored at the outer surface of the micro crystals of the mesoporous.
Since Ibuprofen belongs to the class of associating materials, a Debye-like process is
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Fig. 17 Schematic representation/scenario of the effect of confinement on the different relaxation
processes of Ibuprofen loaded in mesoporous silica, allowing splitting its temperature dependence
the higher the length scale of the motional process that is in its origin

found, having a temperature dependence which is correlated with the surface process,
being associated to the dynamics of hydrogen bonded aggregates.

Concerning the bulk-like process while no mobility enhancement was observed
for Triton X-100, instead a slight hindrance that reflects in an increase between 3 and
4 K in the glass transition temperature, an acceleration is found for E7 inside pores
which Tg of the bulk-like process is ∗10 K inferior to bulk for a pore size of 6.8 nm
(SBA-15); this effect is even higher for Ibuprofen confined to 3.6 nm (MCM-41)
for which the glass transition temperature reduces more than 30 K. The temperature
dependence of the α-process taken as the responsible for the glassy dynamics, is
less accentuated near Tg, for confined E7 and Ibuprofen than for the bulk guest. For
Ibuprofen the temperature dependence shows a transition from VFTH to Arrhenius
which is interpreted as 3.6 nm being a dimension that interferes with the length-
scale of cooperativity. The detection, in this glass former, of the γ and β secondary
relaxations, the latter assigned to the Johari-Golstein process, allows to observe con-
finement effects over different processes which take place over different time and
length scales. A schematic representation of the confinement effects is given in the
sketch of Fig. 17. In short, confinement almost leaves unaffected the very local γ-
process, allows distinguishing the JG process for the confined guest from bulk, a
process that owns some degree of cooperativity above the glass transition; never-
theless, the pore dimensions do not allow differentiating the behavior between each
matrix to which Ibuprofen is confined to 3.6 and 8.6 nm. The stronger effect occurs
over the cooperative α-relaxation, which involves a higher length scale of the under-
lying mobility, for which confinement allows to split the temperature dependences
in the relaxation map for the bulk and the two pore sizes.
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7. Kremer F, Huwe A, Schönhals A, Różański SA (2003) Molecular dynamics in confining

space in broadband dielectric spectroscopy; Schönhals, A.; Kremer F., Eds.; Springer, Berlin.
Chap. 6.

8. Ngai KL (1993) In: Richert R, Blumen A (eds) Disorder effects on relaxational processes.
Springer, Berlin

9. Roth CB, Dutcher JR (2005) Glass transition and chain mobility in thin polymer films. J
Electroanal Chem 584:13–22

10. Sappelt D, Jäckle J (1993) The cooperativity length in models for the glass transition. J Phys
A: Math Gen 26:7325–7341

11. Fischer EW, Donth E, Steffen W (1992) Temperature dependence of characteristic length for
glass transition. Phys Rev Lett 68:2344–2346

12. Gorbatschow W, Arndt M, Stannarius R, Kremer F (1996) Dynamics of h-bonded liquids
confined to nanopores. Europhys Lett 35:719–724

13. Arndt M, Stannarius R, Gorbatschow W, Kremer F (1996) Dielectric investigations of the
dynamic glass transition in nanopores. Phys Rev E 54:5377–5390

14. Koppensteiner J, Schranz W, Puica MR (2008) Confinement effects on glass forming liquids
probed by dma. Phys Rev B 78:054203–054214

15. Ngai KL (2007) Predicting the changes of relaxation dynamics with various modifications of
the chemical and physical structures of glass-formers. J Non-Cryst 353:4237–4245

16. Ngai KL (2011) Relaxation and diffusion in complex systems. Springer, New York, Chap 2
17. Beiner M (2008) Nanoconfinement as a tool to study early stages of polymer crystallization.

J Polym Sci: Part B, Polym Phys 46:1556
18. Beiner M, Rengarajan GT, Pankaj S, Enke D, Steinhart M (2007) Manipulating the crystalline

state of pharmaceuticals by nanoconfinement. Nano Lett 7:1381–1385
19. Rengarajan GT, Enke D, Steinhart M, Beiner M (2011) Size-dependent growth of polymorphs

in nanopores and ostwald’s step rule of stages. Phys Chem Chem Phys 13:21367–21374
20. Johari GP (2005) Water’s size-dependent freezing to cubic ice. J Chem Phys 122:194504–

194509
21. Rengarajan GT, Enke D, Beiner M (2007) Crystallization behavior of acetaminophen in

nanopores. Open Phys Chem J 1:18–24



240 M. Dionísio et al.

22. de Gennes PG (1975) The physics of liquid crystals. Clarendon press, Oxford
23. Chandrasekhar S (1992) Liquid crystals. Cambridge University Press, Cambridge
24. Kremer F, Schönhals A (2003) Molecular and collective dynamics of (polymeric) liquid

crystals. In: Kremer F, Schönhals A (eds) Broadband dielectric spectroscopy. Springer, Berlin,
Chap. 10

25. Demus D, Goodby J, Gray GW, Spiess HW, Vill V (eds) (1998) Handbook of liquid crystals.
Wiley-VCH Weinheim, Weinheim

26. Bellini T, Radzihovsky L, Toner J, Clark NA (2001) Universality and scaling in the disordering
of a smectic liquid crystal. Science 294:1074–1079

27. Iannacchione GS (2004) Review of liquid-crystal phase transitions with quenched random
disorder. Fluid Phase Equilib 177:222–223

28. Sinha GP, Aliev FM (1998) Dielectric spectroscopy of liquid crystals in smectic, nematic,
and isotropic phases confined in random porous media. Phys Rev E 58:2001–2010

29. Frunza L, Frunza S, Kosslick H, Schönhals A (2008) Phase behavior and molecular mobility
of n-octylcyanobiphenyl confined to molecular sieves: dependence on the pore size. Phys Rev
E 78:051701–051712

30. Iannacchione GS, Crawford GP, Žumer S, Doane JW, Finotello D (1993) Randomly con-
strained orientational order in porous glass. Phys Rev Lett 71:2595–2598

31. Krause C, Schönhals A (2013) Phase transitions and molecular mobility of a discotic liquid
crystal under nanoscale confinement. J Phys Chem C 117:19712–19720

32. Azais T, Tourne-Peteilh C, Aussenac F, Baccile N, Coelho C, Devoisselle JM, Babonneau F
(2006) Solid-state nmr study of ibuprofen confined in mcm-41 material. Chem Mater 18:6382–
6390

33. Charnay C, Begu S, Tourne-Peteilh C, Nicole L, Lerner DA (2004) Devoisselle j.m., inclusion
of ibuprofen in mesoporous templated silica:drug loading and release property. Eur J Pharm
Biopharm 57:533–540

34. Rengarajan GT, Enke D, Steinhart M, Beiner M (2008) Stabilization of the amorphous state
of pharmaceuticals in nanopores. J Mater Chem 18:2537–2539

35. Beiner M (2008) Nanoconfinement as a tool to study early stages of polymer crystallization.
J Polym Sci: Part B Polym Phys 46:1556–1561

36. Jackson CL, McKenna GB (1996) Vitrification and crystallization of organic liquids confined
to nanoscale pores. Chem Mater 8:2128–2137

37. Bergman R, Swenson J (2000) Dynamics of supercooled water in confined geometry. Nature
403:283–286

38. Konno T, Kinuno K, Kataoka K (1986) Physical and chemical changes of medicinals in
mixtures with adsorbents in the solid state. i. effect of vapor pressure of the medicinals on
changes in crystalline properties. Chem Pharm Bull (Tokyo) 34:301–307

39. Ajayan PM, Iijima S (1993) Capillarity-induced filling of carbon nanotubes. Nature 361:333–
334

40. Prasad R, Lele S (1994) Stabilization of the amorphous phase inside carbon nanotubes: solid-
ification in a constrained geometry. Philos Mag Lett 70:357–361

41. Qian KK, Bogner RH (2012) Application of mesoporous silicon dioxide and silicate in oral
amorphous drug delivery systems. J Pharm Sci 101(2):444–463

42. Laitinen R, Lobmann K, Strachan CJ, Grohganz H, Rades T (2013) Emerging trends in the
stabilization of amorphous drugs. Int J Pharm 453:65–79

43. Hancock BC, Shamblin SL, Zografi G (1995) Molecular mobility of amorphous pharmaceu-
tical solids below their glass transition temperatures. Pharm Res 12(6):799–806

44. Yoshioka M, Hancock BC, Zografi G (1995) Inhibition of indomethacin crystallization in
poly(vinylpyrrolidone) coprecipiatates. J Pharmaceu Sci 84(8):983–986

45. Crawford GF, Žumer S (eds) (1996) Liquid crystals in complex geometries. formed by polymer
and porous networks. Taylor and Francis, London.

46. Aliev F, Sinha G (2001) Non-debye relaxation and glass-like behavior of confined liquid
crystals. Mol Cryst Liq Crys 364:435–442



Molecular Mobility and Phase Transformations 241

47. Sinha G, Leys J, Glorieux C, Thoen J (2005) Dielectric spectroscopy of aerosil-dispersed
liquid crystal embedded in anopore membranes phys. Rev E 72:051710

48. Cramer Ch, Cramer Th, Kremer F, Stannarius R (1997) Measurement of orientational order
and mobility of a nematic liquid crystal in random nanometer confinement. J Chem Phys
106:3730–3742
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Deviations from Bulk Glass Transition Dynamics
of Small Molecule Glass Formers: Some
Scenarios in Relation to the Dimensionality
of the Confining Geometry

Michael Wübbenhorst and Simone Napolitano

Abstract Deviations from the bulk behavior of the temperature dependence of
the structural relaxation time ε (T), typically well described by the Vogel-Fulcher-
Tammann (VFT) relation, are the most obvious signature for “confinement effects,”
which comprise various scenarios ranging from slight changes in the VFT parame-
ters to cases where the VFT behavior completely breaks down to an Arrhenius law.
An attractive idea that has finally stimulated many studies on nanoconfined glass
formers is the concept of cooperativity with a cooperative length scale α that dates
back to Adams Gibbs and is also a subject of modern concepts for the description
of glasses and supercooled liquids. In this chapter, we discuss the question in how
far experiments on glass-forming liquids, confined to nanometer-sized geometries,
can prove the cooperative nature and of the dynamic glass transition and provide
quantitative information about its characteristic length scale α . Here, we have partic-
ularly focused on experimental evidence regarding deviations of ε (T) from the bulk
behavior. To classify experimental findings from very diverse systems, we introduce
three major “deviation scenarios,” which range from a complete breakdown of the
VFT-law (type I) via a VFT-Arrhenius cross-over scenario (type II) to a scenario (III)
representing a perturbed VFT behavior in terms of an overall accelerated or retarded
glass transition dynamics. Four cases are discussed in detail, all of them referring
to H-bonding molecules or molecular groups. EG confined in various zeolitic hosts
revealed either bulk dynamics or the scenario I, while EG mixed with amylopectine
(starch) showed an evolution through the cross-over scenario (II) toward genuine
Arrhenius behavior (I). A third system, representing a H-bonding “liquid” confined
to a self-assembled (smectic) layer structure, yielded a clear-cut scenario II along
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with a linear relation between the layer thickness and the cross-over frequency.
Subsequently, the dynamics of ultrathin films of glycerol having one free surface
was discussed as an example for a perturbated VFT-scenario (type III). Apart from
all molecular details and the diversity of confining host structures, it is evident that the
strength of the confinement, expressed by the number of spatially restricted dimen-
sions (1D = layer, 3D = cavities), should be linked to the severeness of changes in the
dynamics. Inventarization of various experimental findings reported in the literature
including them described above indeed confirm a correlation between the “deviation
scenario” and the number of constrained axes. Finally, the effect of mechanisms
other than cooperativity arguments, e.g., surface interactions, density, packing, and
orientation effects, will briefly be discussed to rationalize obvious exceptions from
the proposed correlation.

Keywords Glass transition · Nanometer confinement · Dielectric relaxations

Abbreviations

Al Aluminum
β- Structural relaxation process
AFM Atomic force microscopy
AG Adams-Gibbs (approach)
AP Amylopectine
BDS Broadband dielectric spectroscopy
CRR Cooperatively rearranging regions
DRS Dielectric relaxation spectroscopy
DSC Differential scanning calorimetry
χδ Dielectric strength
s Electrical conductivity
EG Ethylene glycol
δ∗ Instantaneous dielectric constant
g Kirkwood factor
h Film thickness
HN Havriliak-Negami (function)
kB Boltzmann constant
MCT Mode-coupling theory
min Minute(s)
mol Mole(s)
Mw Weight average molecular weight
OMBD Organic molecular beam deposition
α Cooperativity length
εβ (Structural) relaxation time
ε Relaxation time
t Time
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T Temperature
Tg Glass transition temperature
VFT Vogel-Fulcher-Tammann (equation)
1D One-dimensional

1 Introduction

The cooperative dynamics in nanoconfined glass formers is a topic of persisting
interest in condensed matter physics for more than 20 years. When a supercooled
liquid is subjected to a geometry restricted in size on the nanometer scale, deviations
from its bulk dynamics are commonly observed, which particularly manifest them-
selves in changes in the characteristic temperature dependence as captured by the
Vogel-Fulcher-Tammann (VFT) relation [1–3]

ε(T ) = ε∗ exp
[ EV

R(T − TV )

]
. (1)

Deviations from the bulk-VFT behavior are the most obvious signature for “confine-
ment effects,” which comprise various scenarios ranging from slight changes in the
Vogel-parameters to cases where the VFT behavior completely breaks down to an
Arrhenius law. A basic idea that has finally stimulated many studies on nanoconfined
glass formers is the concept of cooperativity with a cooperative length scale α that
dates back to Adams Gibbs [4]. Figure 1 sketches the temperature-dependent size
of cooperatively rearranging regions (CRR) as proposed by the AG-theory, and the
structural relaxation time εβ . In this context, the size of the CRR (i.e., the volume
∼α3) is taken as a measure for the degree of cooperativity, which increases upon
cooling due to densification of the melt and thus causes the progressive increase in
the structural relaxation time.

It is evident that the physical picture suggests by Fig. 1 is oversimplified as it
ignores both the actual (diversity in) shape of dynamically correlated regions and
the (dynamically) heterogeneous nature of supercooled liquids. Moreover, there are
more recent theoretical approaches that predict the existence of intrinsic length
scales of glassy dynamics such as the random first order transition (RFOT) model of
Wolynes [5] and the two order parameter (TOP) model of Tanaka [6]. In the RFOT, an
intrinsic length is defined as the correlation length of the dynamics within “entropic
droplets,” which are solid-like regions with aperiodic crystalline structure. Here, α

also represents the characteristic length scale of the dynamic heterogeneity, as the
droplets are spatially and morphologically distinct.

In contrast, the TOP model replaces the concept of CRR’s by solid-like islands
with nonzero medium range crystalline order, and the concept of cooperative motion
is overcome introducing the idea of orientational correlation among neighboring
molecules, established via intermolecular bonds. In the RFOT theory, the formation
of the droplets is driven by configurational entropy alone, while in the TOP model
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Fig. 1 Typical temperature dependence of the dielectric relaxation time of a small molecule glass
former (1,2-propanediol, blue symbols) along with a fictive deviation scenario (blue line). On the
right, a cartoon of molecular sub-ensembles (CRR’s) is shown to give an (over) simplified clue
about the CRR’s shape and size in different situations

regions rich in medium range crystalline order are induced by the simultaneous
maximization of the density and of intermolecular bonds.

Despite its shortcomings that have been discussed elsewhere, the simple CRR-
picture helps to rationalize so-called confinement effects as they concern cooper-
ativity as illustrated on the bottom of Fig. 1. When the intrinsic length scale of
cooperativity approaches, upon cooling, the dimension of the confining geometry, we
may expect a deviation from the bulk-VFT-law into a less progressive temperature
dependence with true Arrhenius behavior being the limiting case. Indeed, transi-
tions from VFT-behavior to a scenario of constant activation energy (Arrhenius-law)
at a specific temperature/relaxation time have been reported by several authors for
a large diversity of systems, sometimes denoted as strong-fragile transition [7] as
particularly debated for confined water [8]. The widespread of this observation is a
strong support for the relevance of a cooperativity length in studies of nanoconfined
glass formers and has yielded estimates for α being in good agreement with results
from other approaches based on cp-measurements [9, 10] or a combination of the
Adam-Gibbs theory with the self-concentration concept [11].

Given the validity of a relation between the temperature dependence of the coop-
erativity volume and the effective activation barrier, we might consider the apparent
activation energy Eapp(T) as a measure of the (T-dependent) degree of cooperativity
itself, which reads for the VFT-equation as follows:

Eapp(T ) = EV

(1 − TV /T )2 (2)
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Analyzing the local activation energy Eapp(T) for nanoconfined systems will thus
provide a powerful approach to detect perturbations in the dynamics from bulk
behavior [12, 13]; this sensitive tool will be discussed in the last section below.

As the apparent activation energy is related to the local slope of the relaxation
time in an activation diagram log(ε ) versus 1/T, another parameter, the dynamic
fragility m corresponds to the limiting case of the slope at T = Tg in a normalized
“Angell-plot” according to Eq. 3:

m = d log∝ε ⊗
d(Tg/T )

∣
∣
∣
∣
T =Tg,

(3)

which is linked to the VFT parameters by:

m = EV

2.303R

Tg

(Tg − TV )2.
(4)

This book chapter is organized as follows. In the next section, some systematics
will be given regarding typical confining geometries including host materials, their
dimensionality, and expected strength of the expected confinement effects. We will
then define some basic “deviation scenarios” for the primary relaxation time as a
working hypothesis to classify the large diversity of experimental results.

The following four sections will be devoted to specific glass forming systems that
exemplify one or more of the deviation scenarios as well transitions between the
three proposed basic scenarios.

Finally, we will establish a correlation between typical dynamic scenarios and the
dimensionality of the confining host. In this context, we will also discuss other mech-
anisms that might affect the structural relaxation dynamics in nanometer geometries,
e.g., the role of attractive or repulsive interactions [13–15] between the glass-forming
liquid and the solid host (interfacial effects), density effects, the role of curvature,
etc.

2 Dynamics in Confinement: Common Observations

In the search for intrinsic length scales of glass-forming liquids, numerous experi-
ments on various glass-forming systems in nanometer scale geometric confinement
have been performed so far, a representative summary about which was given recently
by McKenna [16]. Typical confined glass-forming systems comprise H-bonding liq-
uids (ethylene glycol, propylene glycol, water), liquid crystals, many Van der Waals-
glass formers, and other small molecule glass formers. Owing to their low viscosity,
those small molecules can easily be confined in nanoporous systems like glasses,
porous membranes, various kinds of channel structures, or in a thin film geometry.

On the other hand, polymeric glass formers are typically studied as ultrathin
polymer films, since the large molecule size and viscosity do not facilitate efficient
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Fig. 2 Three basic geometries providing 3D (cavities), 2D (pores), or 1D (films) confinement

filling of nanoporous host systems. Nevertheless, polymeric systems might adopt
other than layer-type geometries by nanophase separation as present in clay-based
nanocomposites or polymeric liquid crystals.

In this chapter, however, we will largely restrict ourselves to small molecule glass
formers since polymer thin films are widely discussed elsewhere in this book.

A common fashion to classify the several options to confine glass formers on
nanometer scale is based on the dimension of confining host structure, cf. Fig. 2.
Here, cavities that restrict the size and thus limiting length of cooperativity in all three
spatial dimensions, represent the ultimately strongest geometry. Typical systems that
realize such 3D confinement are nanoporous glasses, (polymeric) nanofoams, or
zeolites with closed cages.

In contrast, channel-type host geometries facilitate molecular packing and
dynamics in one “infinite” direction and thus allow to study glass transition dynamics
in a two-dimensional confinement. Well-known examples are zeolites with channel
structures (e.g., AlPO4-5) [17], anodic aluminum oxides (AAO) containing straight
channels with adjustable pore diameter [18] or various types of porous silica.

Finally, any type of ultrathin layer structure can be considered as an one-
dimensional (1D) confinement. Here, it is useful to distinguish between genuine thin
films as prepared by, e.g., spin- or drop casting of a glass former onto a flat substrate,
or multilayer structures that are formed by self-assembly of the molecules into layer
structures as found in smectic liquid crystals (cf. Sect. 2.3), semi-crystalline poly-
mers [19], and clay-based polymer nanocomposites [20]. A specific case concerns
liquid films, the thickness of which can be varied during in-situ characterization in an
organic molecular beam deposition (OMBD) chamber [21] (cf. Sect. 2.4). Regard-
less the specific type of 1D-geometry we intuitively expect the least strong deviation
scenario in all layer structures.
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Fig. 3 Three main scenarios for the deviation of the mean relaxation time (red lines assumed
characteristics) from the bulk VFT-behavior (blue symbols real data from 1,3-propane diol)

Despite the tremendous diversity in glass-forming systems, confining hosts and
experimental techniques, a couple of recurrent signatures of “confined dynamics”
can be identified:

i. The structural relaxation response typically broadens and eventually splits into
subprocesses having their specific temperature dependence and strength.

ii. Upon reduction of the pore or cavity size, the strength of the β-relaxation
decreases, a phenomenon that typically goes along with a change from a negative
slope in dχδ/dT (bulk case) to a positive slope.

iii. The temperature dependence of the (mean) structural relaxation time shows
deviations from the bulk (VFT) behavior in a more or less pronounced manner.

The latter observation is often discussed as the main “observable” since (peak)
relaxation times are readily available from many experimental techniques and thus
form a large body of experimental findings. For this reason, we will further restrict
ourselves to experimental evidence concerning effects in εβ(T).

Among the various effects on εβ(T) in glass forming systems under confinement,
we can distinguish three common scenarios as depicted in Fig. 3.

The ultimate change in the temperature dependence of the relaxation time is
represented by the left panel (type I) illustrating a complete transition from VFT-
to Arrhenius behavior. Type II (middle panel) corresponds to a crossover from
VFT- to Arrhenius behavior at a particular cross-over temperature Tc and cross-over
relaxation time εc. Note that here Tc has a different meaning than other cross-over
temperatures as discussed in the context of β−φ merging scenarios [22] or the char-
acteristic temperature predicted by the mode-coupling theory. The third deviation
scenario (type III) covers all experimental evidences of a slowed-down or acceler-
ated structural dynamics that maintains VFT-behavior. Consequently, this type might
be regarded as the manifestation of “modest” confinement effects.

In the next four sections, different H-bonding glass-forming systems will be
described that exemplify the above-mentioned deviation scenarios. While two sys-
tems show a single deviation scenario (type I and III), two other cases demonstrate
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transitions and links between deviation scenarios that can be provoked upon structural
evolution or subtile molecular adjustments.

2.1 Dynamics of Ethylene Glycol Confined to Nanoporous Zeolites

The complete breakdown of the VFT-law upon confining a supercooled liquid is
evidently the most severe manifestation of a dynamics that changes from being
cooperative in the sense of the AG-theory to a molecular ensemble, which experiences
a temperature independent energy barrier. The breakdown of VFT-type dynamics,
on the other hand, does not necessarily imply that cooperative reorientation ceases,
since Arrhenius-type relaxation processes are also known from many dense sys-
tems such as smectic or discotic liquid crystals, plastic crystals, and semi-crystalline
polymers. A solid criterion to judge whether a simple activated relaxation process
involves cooperativity and thus an entropic contribution to the overall (apparent) bar-
rier, is the pre-exponential factor ε∗ being in the order of 10−13s for noncooperative
motions. A more quantitative analysis of Arrhenius-type processes is provided by the
Starkweather approach [23], based on the Eyring theory for reaction kinetics [24],
that allows to separate the activation enthalpy from the entropic contribution.

One of the most comprehensive studies of glass formers in nanometer confinement
was done by Huwe and coworkers, who incorporated ethylene glycol (EG) guest
molecules into zeolitic host systems of different topology [25]. Depending on the
type and size of the zeolite channel system, the authors revealed either bulk-like VFT
dynamics or a completely changed, Arrhenius-type behavior.

Three zeolite host structures were studied. Silica sodalite, a clathrasil compound
contains a system of isolated cavities, so-called φ cages, with an inner diameter
of 0.6 nm. Ethylene glycol is one of the few organic molecules that act as template
during the hydrothermal synthesis of silica sodalite [26]. As the result, EG molecules
become trapped as single molecules during synthesis and represent a perfect system
where molecular interaction between EG molecules are practically impaired. Besides
silica sodalite, silicalite-I, and zeolite beta were used as zeolitic host systems with
three-dimensional pore systems. Silicalite, a pure silica material, has two different
types of elliptical channels with cross-sections of 0.56 nm × 0.53 nm and 0.55 nm
× 0.51 nm [27]. The third host, zeolite beta, an aluminosilicate with a Si:Al ratio of
40, exhibits even larger channels in [100] and [010] directions with a diameter of
0.76 nm × 0.64 nm, whereas the channels in the [001] direction are smaller (0.55 nm
× 0.55 nm). Since silicalite and zeolite beta have an open pore system they were filled
with guest molecules after synthesis and calcination. A detailed description of the
sample preparation and instrumentation for the dielectric spectroscopy measurements
can be found in [25].

Dielectric measurements were performed in the frequency range from 10−2 to 109

Hz on the three EG/zeolite systems as well as on EG in bulk. To extract relaxation
parameters like the mean relaxation time ε , relaxation strength χδ, one or more (n)
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Fig. 4 Zeolitic frameworks of zeolite beta, silicalite, and sodalite, together with the confined EG
molecules according to molecular simulations. Published with permission by Friedrich Kremer

generalized relaxation functions according to Havriliak and Negami [28] were used
in combination with a second term accounting for electrical conductivity.

δ′′ = −
n∑

k−1

Im

{
χδk

(1 + (iτεk)ak )bk

}

+ ϕ

δ0τ
(5)

In this notation, δ0 , ϕ and χδ denote the vacuum permittivity, dc conductivity, and
the dielectric strength, respectively. The parameters a and b describe the symmetric
and asymmetric broadening of the relaxation time distribution function. From the fits
according to Eq. 5, the mean relaxation rate 1/εmax was evaluated which is displayed
in Fig. 4 for all systems.

Figure 5 shows the logarithmic mean relaxation rate as a function of the inverse
temperature for EG as bulk liquid and confined in zeolites. Ethylene glycol in zeolite
beta has a mean relaxation rate very close to that of bulk EG following the charac-
teristic temperature dependence according to Vogel-Fulcher-Tammann (Eq. 1). In
contrast, the isolated molecules in sodalite show an Arrhenius-type temperature
dependence indicative for a single molecule relaxation which is, for T ∞ 155 K,
about 6 decades faster compared to the bulk liquid. The activation energy of this
relaxation is about 26 kJ/mol and corresponds to the value for bulk EG at high fre-
quencies and high temperatures EV = 29 kJ/mol [29]. For silicalite, the relaxation of
EG shows an intermediate behavior. Its activation energy (∼35 kJ/mol) is in between
those of EG/sodalite and the apparent activation energy (Eq. 2) of bulk EG.

In case of sodalite, Arrhenius-type temperature dependence evidently resembles
the single molecule relaxation of isolated EG molecules. In an attempt to reveal the
reason for the transition from a single molecule relaxation to liquid-like behavior,
the authors performed computer simulations with the particular purpose to get infor-
mation about the packing of EG in the various host systems. The result is partially
shown in Fig. 4, the full details are given in [25].

As the main result of the simulation, no significant differences between the bulk
and the confining geometry were found concerning the distance between molecules,
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Fig. 5 Activation plot for ethylene glycol (EG) as a bulk liquid (squares) and confined in sodalite
(diamonds), in silicalite (circles), and in zeolite beta (triangles). The errors are smaller than the size
of the symbols. Published with permission by Friedrich Kremer

the average length of hydrogen bonds, and the density. However, for the number of
neighboring molecules (coordination number), a pronounced difference was found.
Within a radius of r = 0.66 nm a coordination number of 11 ± 1 was found for bulk
EG, a number that corresponds to the maximum value in the case of the random
close packing model [30]. Ethylene glycol in zeolite beta has only five neighboring
molecules; hence, one has to conclude that an ensemble as small as six molecules is
sufficient to facilitate liquid-like dynamics. A further reduction in the channel size
as in the case of silicalite leads to a decrease of the average number of neighboring
molecules from 5 to 4, a minor change that obviously results in a sharp transition
from liquid-like dynamics to single molecule dynamics (Fig. 6).

2.2 A Continuous Change from Scenario 3 to 1: Curing Effects
on the Dynamics of Starch/Ethylene Glycol Mixtures

While the previous example revealed a clear-cut “all-or-nothing” case—subtle
changes in the confining geometry resulted in an abrupt change from bulk behavior to
the scenario type I—we will, in the following, discuss a study showing an evolution
between different deviation scenarios in a single system [31].

Starch and starch-based polymeric materials play an important role in both human
diet and, increasingly, as biodegradable material. For processing reasons or to inhibit
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Fig. 6 Average number of neighboring molecules as a function of the radius of a surrounding
sphere as calculated from the simulation for EG bulk liquid (squares), EG confined in zeolite beta
(triangles), and confined in silicalite (circles). Adapted from Huwe et al. [25] with permission of
the American Physical Society

retrogradation of starch-based products, monoglycerides are often used as “plasti-
cizers,” which interact strongly with the starch fraction (amylose and amylopectin)
by building a H-bonded structure. In this context, the interactions of glycerol and
ethylene glycol with dry starch polysaccharides have been investigated using DSC,
solid-state NMR spectroscopy and dielectric spectroscopy (DRS) [31–33].

The aim of the original work [31] was to study the interaction between dry
amylopectin and ethylene glycol. For this purpose, dry amylopectin/ethylene gly-
col samples were prepared by mixing ethylene glycol with dried potato amylopectin
(amylopectin UG, Avebe, NL). The potato amylopectin was examined with X-ray
diffraction confirming a crystallinity similar to that of native potato starch (∼25 %).
Amylopectin was dried for 48 h in a vacuum oven at 70 →C. The dried material (<3 %
H2O) was mixed under a nitrogen gas flow with 21 wt % ethylene glycol and subse-
quently pressed between circular brass electrodes to obtain disk-shaped samples of
a thickness in the range of 300–600 μm.

Dielectric experiments on the AP/EG mixtures were performed using a conven-
tional broadband dielectric spectroscopy setup in the frequency range from 10−1 to
106 Hz [34]. Three freshly prepared samples were subjected to specific annealing
schemas, the thermal history of which is given in Table 1. Here, the temperatures
Tann have the meaning of either the highest temperature (25 →C) or the temperature at
which the sample was annealed just prior to a subsequent cooling run to −120 →C by
steps of 5 →C. Such a cooling program was chosen to ensure that kinetic changes, if
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Table 1 Maximum annealing temperature and VFT parameters for the dielectric relaxation process
βEG of the EG-fraction

Sample Tann [→C] TV [K] EV [kJ/mol] log(ε∗ [s])

1 25 131 13.5 −12.8
1 40 110 25.2 −15.5
2 60 133 15.4 −12.8
2 80 74 36.6 −16.8
2 100 7 54.5 −17.7
2 120 0 57.9 −18.2
3 100 132 13.4 −20.0
3 120 0 57.1 −18.0

Typical errors margins χTV = 2 K, χEV = 0.5 kJ/mol, χ log(ε∗ [s]) = 0.5

Fig. 7 Left panel Three-dimensional representation of the “conduction-free” loss δ′′
deriv(f, T) for a

freshly mixed AP/EG sample (sample 1) showing two distinct non-Arrhenius relaxation processes.
Right panel Relaxation pattern of sample 2 after annealing at 120 →C. Reproduced from Smits
et al. [31] with permission of the American Chemical Society

present, were restricted to the upper (start) temperature interval. The average cooling
rate was about 1 →C/min.

A typical three-dimensional loss spectrum of sample 1, which was immediately
cooled from room temperature to −120 →C after sample preparation, is shown in
Fig. 7 (left). To eliminate strong contributions to the loss due to Ohmic conduction
we have computed the “conduction-free” dielectric loss from the permittivity spectra
according to Eq. 6 [35]

δ
′′
deriv = −ρ

2

ζδ′(τ)

ζ ln τ
. (6)

By using this derivative technique, two strong and well-resolved relaxation processes
were revealed (cf. Fig. 7), which could be assigned to the dynamic glass transitions of
phase separated ethylene glycol (βEG)—the fast or low-temperature process—and
of “plasticized” amylopectin (βAP). Relaxation time data and strength were obtained
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Fig. 8 Relaxation time versus inverse temperature for samples 1 and 2: sample 1 fresh (25 →C), and
after annealing at 40 →C, and sample 2 after annealing at 60, 80, 100, and 120 →C. The relaxation
time data for bulk EG are given for comparison. Reproduced from Smits et al. [31] with permission
of the American Chemical Society

by either fitting the raw spectra δ′′(f) to a set of HN-functions (Eq. 5) or, alternatively,
by fitting the derivative-based loss spectra δ′′

deriv(f) to the analytical derivative of the
Havriliak-Negami function given in [35].

The relaxation times for both processes βAP and βEG are summarized in Fig. 8, the
solid lines indicate fits to the VFT equation. One clearly sees that indeed most of the
relaxation processes show a curvature according to the VFT law as a characteristic
feature of dynamic glass transition processes. The VFT parameters for the βEG –
process are listed in Table 1, the corresponding data for the βAP.-relaxation can be
found in [31].

Figure 8 reveals two main features: (a) the glass transition dynamics of the AP/EG
complexes shows a continuous up-shift upon annealing. This phenomenon was dis-
cussed in [31] in terms of chain stiffening of the amylopectin upon evolution toward
a strongly H-bonded structure, in which EG molecules preferentially form intra-AP
hydrogen-bonds. This picture is supported by the extremely low dynamic fragility
(Eq. 3) of the βAP-process in the order of m = 25, which corresponds to its weak
curvature as seen in Fig. 8.

The second feature (b) concerns the relaxation process assigned to an excess frac-
tion of ethylene glycol. That is, EG molecules that are not part of the supramolecular
AP/EG structure. While the β relaxation process of the AP-rich fraction continu-
ously slows down with increasing annealing temperature (25–120 →C), the (low-
temperature) dynamics of the EG phase shows a more complex behavior as shown
in Fig. 9 in more detail:
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Fig. 9 Relaxation time versus inverse temperature for samples 1 and 2: sample 1 fresh (25 →C), and
after annealing at 40 →C, and sample 2 after annealing at 60 (not shown here), 80, 100, and 120 →C.
The relaxation time data for bulk EG are given for comparison. Adapted from Smits et al. [31] with
permission of the American Chemical Society

i. Upon moderate annealing (40 and 60 →C [Fig. 8]), a general slowing down of the
βEG dynamics is observed (scenario III).

ii. After heat treatment at 80 →C, the relaxation time-temperature characteristics
reveals an unchanged dynamics at the highest frequencies, followed (upon cool-
ing) by an overall speed-up and flattening of the VFT curvature until it shows a
cross-over to genuine Arrhenius behavior (deviation scenario II).

iii. Further annealing at 100 and 120 →C finally results in full Arrhenius behavior
(deviation scenario I), which goes along with a tremendous speed-up of the βEG
process at lower temperatures.

This evolution of the relaxation behavior of the EG-rich phase, though it was not
the main objective of the study, has clearly the signature of a nanometer confined
glass-forming liquid. It is the strength of this work to demonstrate, how a sin-
gle host/guest system evolves from (almost) bulk-like dynamics through the three
“deviation scenarios” to the state of total breakdown of the VFT-dynamics as dis-
cussed in the previous section. To the best knowledge of the authors, this system is
also the only sample system reported so far in the literature that revealed all three
“deviation scenarios.”

Unfortunately, no extensive structural information regarding the size and topol-
ogy of the nanophase separated material was reported in [31], information that would
anyway be challenging to obtain by either imaging techniques or scattering exper-
iments. The only direct clue about the length scale of heterogeneity comes from
SEM measurements by the authors, which proved that the initial course structure
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(μm-scale) evolves to a material showing no heterogeneities in the limit of optical
resolution of the scanning electron microscope being in the order of 100 nm.

Regarding topology of the heterogeneous system we can only speculate, however,
the dynamic scenario allows to build a conclusive physical picture:

Let’s start from a phase-separated system that evolves from a microporous to a
nanoporous material upon “curing,” which is opposed to systems obeying spinodal
decomposition that typically leads to coarsening. The molecular dynamics of the EG-
rich phase will be governed by the balance between surface and confinement effects:
while interactions with the inner surfaces will delay the molecular dynamics, the
reduction in pore size might speed up the glass transition dynamics by virtue of
cooperativity-based finite size effects according to Fig. 1. In this sense, the initial
retardation of the βEG process in the AP/EG system compared to bulk EG implies
a larger amount of less mobile EG located near the inner surfaces of EG droplets
after annealing. However, the drastic difference in the dynamics between bulk EG
and dispersed EG by 2–3 decades cannot solely be explained by surface anchoring
alone, in particular not in the initial coarse morphology.

We therefore hypothesize that the overall delay of the EG dynamics in AP/EG
hints to the existence of a dispersed phase constituted by EG with some fraction of
dissolved AP molecules or segments. Such dilute solution of AP in EG would per-
fectly explain the up-shifted glass transition of EG without affecting the cooperative
nature of the EG dynamics as manifested in the VFT behavior.

After annealing at 80 →C, the ε (T) dependence becomes flatter and shows a cross-
over to Arrhenius behavior. This change in dynamics marks the point at which the
size (geometrical confinement) of the glass-forming molecular ensemble starts to
influence its cooperative dynamics. In other words, the departure of ε (T) from VFT
behavior implies a characteristic size of the EG-rich fraction (“droplets”) in the order
of the length of cooperativity α being typically 2–3 nm near Tg [36]. Further annealing
at 100 and 120 →C then results to scenario I according to Fig. 2, i.e., the dynamics
of EG has changed from cooperative liquid dynamics to thermally activated, single
molecule dynamics.

2.3 Glass Transition Dynamics of H-bonding End Groups Phase
Separated in a Smectic Liquid Crystal

In the first and the previous sections, we have discussed the deviation scenario II,
the cross-over from VFT to Arrhenius behavior, as the only confinement scenario
that would give direct access to the intrinsic length scale α by interfering with an
extrinsic length imposed by the confining host geometry. To prove this idea, one
would need to study the dynamic cross-over in function of a known, adjustable
host size. Unfortunately, the system starch/EG did neither provided control over nor
quantitative information about the size of the confining geometry.
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Fig. 10 Chemical structure of the nitrostilbene-based mesogenes 8a–d having different alkyl spac-
ers with 2, 4, 6, or 11 carbon atoms (from top to bottom) [37]

In this section, we will discuss a dielectric relaxation study on a liquid crys-
talline system that turned out to be an excellent model system for studying “confined
dynamics” in a nanometer-spaced layer structure. Starting point of this study was
the availability of a homologue series of nitrostilbene-based mesogenic compounds
8a–b (cf. Fig. 10), which were originally prepared as precursors for the synthesis of
side chain liquid polycarbonates [37]. Interestingly, both the lc monomers and poly-
mers showed liquid crystalline behavior, predominantly smectic A phases, which
were investigated thoroughly by DSC, dynamic mechanical spectroscopy (DMA),
optical microscopy, WAXS [37] as well as by dielectric spectroscopy [38].

DRS measurements were performed in the wide frequency range from 10−1 to 109

Hz using the setup described in the previous section at lower frequencies (10−1 to
109 Hz) in combination with a Hewlett-Packard Rf-analyzer HP4291A for the fre-
quency range from 106 to 1.8×109 Hz. Circular samples were prepared by melting
the freeze-dried powder together with fused silica spacers between polished, circular
brass disks, which resulted in samples of about 300 micrometer thickness. Samples
were measured under isothermal conditions, starting above the clearing tempera-
ture, down to −140 →C in steps of 2.5 K, which lead to an effective cooling rate
of ∼0.5 K/min. A typical result is given in Fig. 11 showing the three-dimensional
presentation of the “conduction-free” loss δ′′

deriv as function of temperature and fre-
quency.

On the first glance, the dielectric spectra of compound 8c show the typical features
of a smectic A material: At high temperatures, in the SA phase, two relaxation
processes (I and II) show up, which are separated in frequency by less than two
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Fig. 11 “Conduction free” loss spectrum dδ’/dlnf of 8c (C6-spacer) revealing two “mesogenic”
relaxations (I, II) in the SA-phase, a third process (III) in the SX-phase and a bifurcated β-relaxation

decades and obey Arrhenius behavior (cf. Fig. 12). Both processes are the expression
of rotational diffusion of the rod-like mesogens in an anisotropic potential around
the short (I) and long (II) axis.

Upon cooling below 55 →C, the material undergoes a first order phase transition
that was identified as crystallization into a smectic crystal phase SX, based on WAXS
results and the occurrence of a new, strong, and highly activated relaxation process
(III). The crystal structure of all compounds was found to be monoclinic, however,
the exact assignment to a smectic crystal type could not be done unambiguously.

Further cooling the sample yields another relaxation process (β), co-existing with
the much slower process III, that is highly activated and bifurcates at a frequency
around 100 Hz. The relaxation parameters of all processes were analyzed accord-
ing to the above-mentioned procedures and are summarized in an activation plot
(Fig. 12). More experimental details including DRS measurements, data analysis,
and supporting characterization by DSC, XRD and optical microscopy can be found
in [39].

The most striking feature of this low-temperature relaxation is its VFT-behavior,
being the signature of the dynamic glass transition. Having in mind that the mesogenic
cores are organized in a crystalline layer structure and are dynamically frozen at
the time scale of the β-process, the authors concluded that this peculiar dynamics
must originate from a mobile, disordered phase intercalated between the smectic
core arrays. In this picture, which is illustrated in Fig. 13, the disordered phase is
constituted by the H-bonding 1,3-propane diol motifs that are tethered via aliphatic
spacers to the nitrostilbene mesogenic cores.

The observation of glassy dynamics in partially ordered systems is actually
not unique; Glass transitions have been reported from many systems that combine



264 M. Wübbenhorst and S. Napolitano

Fig. 12 Relaxation time versus inverse temperature for the liquid crystalline compound 8c showing
relaxation processes in the isotropic, smectic A, and crystalline/glassy state

Fig. 13 Illustration of the nanophase separation between mesogenic cores and the disordered
tail/diol phase into a smectic layer organization

translational order of the building blocks with (partial) orientational disorder, such as
plastic crystals [40], discotic liquid crystals or calamitic liquid crystals in the smectic
B phase [41]. In the present case, disorder is introduced by the high affinity of the
diol-endgroups to form H-bonds, the mobility of which is facilitated by presence
of an aliphatic fraction (alkyl spacers) and possible packing frustrations. To check
the hypothesis of a H-bonded liquid layer in analogy to pure H-bonded liquids, the
authors investigated two structurally similar diols, 1,2-propane diol and 1,3-propane
diol. The relaxation times are given in Fig. 14 along with the ε (T) dependence for
the compound 8d (C11 spacer).

On a first glance, the relaxation time dependences show great similarity, differ-
ences in the glass transition temperature (indicated by the intersection of the VFT fit
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Fig. 14 Relaxation time
versus inverse temperature for
the structural relaxation time
εβ for 8d together with data
from two model H-bonding
liquids (1,2-PD and 1,3-PD)

curve with the upper limit at log ε = 2) between the two isomeres are in the same
order of magnitude as the up-shift in Tg for 8d. At the very high frequency limits,
the dynamics of the model liquids seems to merge, while the relaxation time of 8d
remains slower by less than one decade. Knowing that high temperature dynamics
is governed by individual molecule rotations rather than cooperative reorientations,
the remaining gap in the relaxation time can be explained by rotational restrictions
of the diol endgroup in 8d due to the linkage to the spacer part. This linkage partic-
ularly inhibits the fastest rotational modes of the diol around the long molecule axis
(C–C–C axis).

On the other hand, the general slowdown of the dynamics of 8d over pure 1,3-
PD is plausible as well: the anchoring of the diol-endgroup to the mesogenic “hard
walls” causes a strong interaction of the glass-forming moieties that restricts both
their rotational and translational diffusion capabilities. Hence, we might expect a
surface-induced, retarded liquid dynamics as discussed above as one of the possible
consequences of the deviation scenario III.

The authors then studied the β-relaxation in compounds 8a–d systematically,
which revealed a couple of other remarkable observation (cf. Fig. 15):

i. The high frequency dynamics ( f > 250 kHz) appears to be independent from the
spacer length, which proves that the cooperative dynamics at higher frequencies
exclusively involves the diol endgroups and certainly not more than one adjacent
methylene group.

ii. Upon reduction of the spacer length from n = 11 to n = 2, the relaxation
time εβ starts to depart from the VFT behavior toward faster dynamics, which
obeys unambiguously an Arrheneus law for 8a. The characteristic “cross-over”
frequency fc increases accordingly.

iii. The cross-over goes along with the emergence of a 2nd, slow relaxation mode,
which occasionally joins the former VFT-trajectory and, in all cases where
present takes over the overall relaxation strength [39].
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Fig. 15 Arrhenius presentation of the dynamic glass transition in compounds 8a (top left), 8b (top
right), 8c (bottom left) and 8d (bottom right). Black filled symbols denote the main process, a second,
slow process is observed for 8a–c (open circles). The blue symbols and fit curve refer to 1,3-PD for
comparison. The black, dashed VFT curve corresponds to the fit of εβ(T) of 8d

The existence of two coupled relaxation modes provokes the question, which of
the modes is the cooperative one, i.e., which of the processes has a calorimetric
signature. To address this point, the authors performed additional DDSC (dynamic
DSC) measurements at a fixed, low frequency. The results are shown in Fig. 15 as a
red, filled circle, and give a clear answer: In all samples that showed the additional
slow relaxation, the calorimetric relaxation time coincides with the slow dielectric
mode in an excellent way. However, this calorimetric relaxation time is longer than
the 8d (C11) reference for the two intermediate spacers.

Given the fact that the systems 8a–d resembles a cross-over according to the
scenario II (cf. Fig. 3), one is tempted to relate the thickness of the mobile fraction
to the cross-over frequency.
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Fig. 16 Cross-over relaxation
time εc versus thickness of the
mobile layer for materials
8a–d

The thickness of the mobile layer Lm was obtained from the periodicity of the
smectic layer structure, determined from the WAXS results, from which the length of
the rigid mesogenic core as calculated by molecular modeling software (ChemOffice
6.0) was substracted. As expected, Lm scales linearly with the number of carbon
atoms in the alkyl-spacer, which is in line with the assumption of a spacer length
independent density of both the rigid and the mobile layer.

Figure 16 displays the cross-over relaxation time εc = 1/2ρ fc as a function of Lm
showing a linear relation between log εc and Lm within the experimental errors. This
finding is qualitatively in agreement with the AG picture that postulates an increase in
cooperativity with a decreasing temperature with respect to Tg. Moreover, the length
scale of cooperativity α , varying from 1.5 to 2.5 nm according to Fig. 16, even agrees
quantitatively with α -values that were calculated in the framework of the fluctuation
approach to the glass transition by Donth [42] from heat capacity spectroscopy data
using the fluctuation formula [36]

Nβ = RT 2
τχ(1/cV )

M0ηT 2 ∞ RT 2
τχcp

M0(ηT )2c̄2
p

(7)

Here, R is the gas constant, χ(1/cV ) ∞ χ(1/cp) ∞ χcp/c̄2
p the calorimetric β

intensity, ηT2 the mean temperature fluctuation of CRRs as taken from the width, ηT,
of the β-peak in c

′′
p(ω, T ), while M0 and Tω denote the molar mass per monomer unit

and the dynamic glass temperature for a given frequency ω. A typical cooperativity
near Tg is Nβ (Tg) ∞ 100 corresponding to typical CRR sizes α of about 1.5–3.5 nm
[43]. Equation 7 also predicts the temperature dependence of Nβ above Tg, which

can be approximated by N 1/2
β (T ) ≤ (Ton − T ) with Ton being the onset temperature

of the β-process [22].
Comparing the range and the temperature dependence of α -values obtained by the

fluctuation approach with our cross-over length Lm brings us to the conclusion that
the initial assumption (cf. Sect. 1) α ∞ L(confinement) might indeed hold for specific
glass-forming systems like the present smectic monomers. In view of that we can
also rationalize the emergence of the second, slow relaxation mode that was observed
for compounds 8a–c. Though cooperative dynamics is restricted in the layer normal
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direction, there is no limit for growing cooperativity in the lateral dimension of the
“infinite” mobile layer, which finally restores VFT behavior.

2.4 Ultrathin Layers of Glycerol on an Attractive Surface

Among the basic geometries used in studies of “confined dynamics” (cf. Fig. 2),
nanometer-sized layers impose the least geometrical restriction on the cooperative
dynamics in glass-forming liquids, since cooperativity can be established in two
remaining “infinite” lateral directions. As a consequence, ultrathin films of glass-
forming liquids show typically perturbations from their bulk-VFT behavior (scenario
III) in the sense of a changed fragility and/or Vogel-temperature, which results in
either an increase or decrease of the glass transition temperature.

Here, the vast majority of experimental work was done on polymeric systems,
since polymers allow easy film formation and investigations even in the freely stand-
ing film geometry [44–48]. On the other hand, there exist only a very limited number
of relaxation studies on small glass formers confined to a truly planar geometry as,
e.g., provided by liquid film suspended in a surface force apparatus (SFA) [49]. A
specific experimental situation is represented by studies on microporous host sys-
tems that are partially filled by small glass-forming molecules, which “coat” the
pore surfaces and thus might be regarded as nanometer thin liquid films on a curved
substrate [50, 51].

In this section, we will discuss results from a recent dielectric spectroscopy study
on glycerol in a truly planar film geometry based on organic molecular beam depo-
sition [21, 52]. The key idea of the authors was to combine a continuous film form-
ing technique—OMBD—with an open electrode system that senses the relaxation
dynamics in situ and in real-time. The technical principle of this approach is depicted
in Fig. 17.

The glass-forming material is evaporated from an effusion cell (Knudsen cell) into
an UHV vacuum chamber (pressure p < 10−8 mbar), which results in a collision-
free flux of molecules that strictly depends on the geometry and temperature of
the Knudsen cell and the vapor pressure of the source. This molecular beam hits a
target on which an inter-digitated comb electrode (IDE) is mounted, the temperature
of which is accurately controlled by combined action of a resistance heating and
a cooling flux of gaseous nitrogen. Owing to its open electrode configuration, the
IDE sensor is accessible for the incoming molecules forming a stable liquid film
between the IDE-fingers that is facilitated by H-bonds between the glass former and
the oxide substrate of the IDE. Simultaneously, the thickness of the deposited layer is
monitored by a quartz crystal microbalance (QCM), located close to the IDE sensor
inside the chamber.

Dielectric spectra in the frequency range from 1 Hz and 1 MHz are continuously
acquired by means of a high-resolution dielectric analyzer (ALPHA N, Novocontrol
Technologies) as described above. In contrast to the parallel plate configuration,
commonly used for dielectric spectroscopy measurements on ultrathin (polymer)
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Fig. 17 Sketch of the experimental set up (a). The structure of the IDE is represented for an empty
sensor (b) and in the presence of a film (c). Reproduced from Capponi et al. [52] with permission
of the American Chemical Society

films, the direction of the probing electric field in the IDE is parallel to the surface of
the film (see Fig. 17c). As a consequence, the total dielectric response represents the
simple sum of all individual contributions of the molecular layers constituting the
film [53]. The dielectric loss spectra δ′′(τ) were analyzed in the frequency domain
using the Havriliak-Negami (HN) function (cf. Eq. 5).

On the basis of this methodology, the authors investigated the structural relax-
ation of glycerol films in the thickness range from several tens of nanometers down
to 0.7 nm, as a function of the temperature. Here, one has to realize that the actual
thickness of the liquid film is subject to continuous changes driven by two counter-
acting processes: the presence of a molecular beam leads to an increase of the film
thickness, while, at the same time, the liquid film undergoes continuous thinning
due to evaporation at its free surface as the consequence of the low pressure in the
vacuum chamber (p ≈ vapor pressure). Evaporation, however is a thermally acti-
vated process that can be readily neglected in the vicinity of Tg. Taking advantage
of this interplay between deposition and desorption, the authors were using two dif-
ferent measurement protocols: (a) Fast evaporation of a glycerol film up to a desired
thickness, followed by stepwise changes of the sample temperature under nearly
constant film thickness conditions, or (b) evaporation and subsequent monitoring of
the dielectric spectrum upon desorption driven thickness reduction under isothermal
conditions. Both types of experiments will be discussed in the following.

Though no finite size effects according to scenario I or II have been observed in
any of the measured samples, for films below 3 nm, a broadening in the loss peak
was revealed that went along with a slowdown in the dynamics for samples of a
thickness corresponding to about three molecular layers (1.6 nm). Both effects have



270 M. Wübbenhorst and S. Napolitano

Fig. 18 Thermal and thickness evolution of the structural relaxation. Solid lines VFT fit curves using
the same pre-exponential factor ε∗ = 10−15 s for all films. T0 = 144 K for 1.6 nm, T0 = 142 K
for the 3 nm capped film and T0 = 139 K for all of the other thicknesses. Inset perturbation of the
activation energy E (1) in units of kBT . Reproduced from Capponi et al. [52] with permission of the
American Chemical Society

been attributed to the presence of attractive interactions between glycerol and the
quartz substrate of the IDE sensor.

The temperature dependence ε (T) for films in the thickness range between 27
and 1.6 nm, measured right after deposition, is shown in Fig. 18. The values of ε

have been evaluated using the above-mentioned fit procedure using the HN-function.
Subsequently, the values ε (T) for all measured films were fitted to the VFT-equation
(cf. Eq. 1).

Films of thickness between 2 and 27 nm (gray symbols) revealed an almost identi-
cal temperature dependence ε (T) compared to bulk glycerol (black line). The value of
the glass transition temperature Tg, considered as the temperature at which ε = 100 s,
was found to be constant within the experimental error. The value obtained by this
approach (193.8 K) agrees with previous measurements in bulk [54–56]. However,
the thinnest film with a mean thickness of 1.6 nm revealed an overall slowdown in
the relaxation times with respect to the other films, which manifests in a higher
Vogel temperature T0 (up-shift by 5 K) and a corresponding increase of Tg by 3.5 K,
while the other VFT parameters EV and ε∗ remained unchanged. The same trend
was also observed during isothermal desorption at 230 K, where the film thickness
decreased from initially 3 down to 0.7 nm at a constant rate of 0.4 nm/h. During this
process, the structural relaxation time increased by almost 1 decade. Similar results
have been reported from confinement experiments in Vycor glasses with pore sizes
of 7 nm [57].
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From the temperature-dependent experiments, a physical picture emerges that
suggests the presence of a reduced mobility layer (RML) in close proximity of the
substrate, characterized by slower dynamics [13]. The existence of a RML in the
particular systems can be ascribed to the attractive H-bonding interactions between
the adsorbed glycerol molecules and the substrate of the IDE.

Small variations of the Vogel temperature while leaving the values of EV and ε∗
unchanged, indicate the presence of a subset of molecules relaxing as in bulk (same
dynamic fragility) but with a slightly modified activation energy. Particularly, in the
framework of an energy landscape scenario, the specific case of increase of T0 can
be rationalized as a vertical shift of the potential wells reducing the probability for
rotational jumps, without affecting the actual contour of the landscape. Consequently,
the resulting increase in the relaxation times can be used to quantify the impact of
interfacial interactions, via a perturbation approach of the temperature dependence
of the activation energy [13]

E (1) (h, T ) ∞ [E (h, T ) − E (∗, T )] = kB T ln

[
εβ (h, T )

εβ (∗, T )

]

(8)

where h is the thickness of the film and ∗ indicates bulk values. Values of E (1) for
all the films are given in the inset of Fig. 18 where the same symbols are used as
in the main panel. E (1) is clearly nonzero during the latest stages of the desorption
at 230 K and for the whole temperature range at 1.6 nm, where it increases upon
cooling as expected [13]. These results and the concurrent absence of any transition
to single molecule dynamics (scenario I) as observed for glycerol confined to silica
matrices with 2.2 nm pores [58], provide compelling evidence for interfacial inter-
actions being the dominant origin for “confinement effects” in the current situation.
Differently from films probed by an electric field parallel to the direction of confine-
ment (conventional dielectric spectroscopy), no reduction of the dielectric strength
was found for the thinnest films. A likely reduction of dielectric strength due to a
restriction in the molecular mobility (affecting the mean quadratic dipole moment) is
possibly compensated by a more efficient coupling between the neat dipole moment
of the molecule (pointing in the plane perpendicular to the alkyl chainbone) and the
electric field, i.e., a macroscopic orientation effect. Such effects of surface-induced
molecular order in ultrathin films of glycerol, particularly found for low temperature
(Tdep < Tg) deposited films have been reported and discussed by the same authors
in a recent paper [59].

In addition to a slight increase of the overall activation energy, the (local) pertur-
bations of the molecular mobility in proximity of the substrate and the free surface
will give rise to a heterogeneous mobility scenario across the film thickness, which
will manifest in a broadening of the distribution of the relaxation times. As the RML
and the free surface produce opposite effects on the mean molecular dynamics, we
can distinguish their particular contributions by means of the “shape” parameters
m = a and −n = a · b, which correspond to the limiting slope of log(δ′′) versus
log(τ) at low and high frequencies respectively; see Fig. 18. The value of m is also
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Fig. 19 Panel a thickness dependence of the structural relaxation time, measured during isothermal
desorption at 226 K. Panel b parameters m and n obtained from two distinct measurements during
isothermal desorption: at 233 K, in the thickness range between 2.5 and 8 nm, and at 226 K, between 3
and 0.7 nm. Reproduced from Capponi et al. [52] with permission of the American Chemical Society

related to the width of the distribution of the relaxation times, which is sharper for
higher values of m and has an upper limits m = 1 for a system with a single relaxation
time (Debye model). Values of m and n for bulk glycerol indicate a quite sharp and
asymmetric peak, and show a very weak temperature dependence [54, 60]. Reduc-
tions in m or in n reflect respectively an enrichment of the distribution of relaxation
times at longtime scales (slower dynamics) induced by the presence of an RML or
short time scale (faster dynamics), by a free surface.

To discuss the spectral shape of the dielectric spectra, the authors used a trilayer
model composed by an RML, an enhanced mobility layer (EML) in vicinity of the
free surface, and a bulk-like region in between. The impact of the nonbulk component
was expected to increase upon thickness reduction, resulting in a reduction of both
m and n. In fact, the experimental results revealed an asymmetric broadening of
structural peak toward longer relaxation times.

Figure 19 shows the thickness evolution of the values of m and n obtained from
spectra acquired during two different continuous film thinning experiments (Both
the values of m and n are intrinsically lower than those obtained for bulk glycerol
probed with an isotropic electric field, for thicknesses at least up to 50 nm; this
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discrepancy can be ascribed to the different geometrical configuration adopted for
the thin films), i.e., during isothermal desorption at 233 and 226 K; here, the lower
temperature allowed for a higher thickness resolution due to the lower desorption
rate. Good reproducibility was achieved in the overlapping thickness range covered
by both experiments.

All three panels in Fig. 19 indicate the presence of two regimes. Below 3 nm the
relaxation times clearly increase, while the value of m decreases already at 6–8 nm.
Thus, the increase in ε is caused by a more pronounced dielectric response at low
frequencies, i.e., a larger impact of the RML on the relaxation dynamics of the system
upon thickness reduction. The absolute value of n, on the contrary, decreases already
at few tens of nm, showing a broad minimum around 3 nm, and recovers “bulk”
values below 1 nm. The different thickness dependence of the two shape parameters
implies an asymmetric peak broadening upon film thinning, i.e., changes of m and
n are caused by a variation in distribution of the relaxation times rather than to an
intrinsic increase in the heterogeneity caused by confinement (which would induce
a symmetric broadening).

The analysis of the shape parameters m and n suggests that upon film thick-
ness reduction the free surface gradually approaches the RML and its mobility gets
enslaved to the slow dynamics. This evidence is consistent with the idea that the glass
transition temperature of a free surface is bound to the nature of the underlying layer
[61]. In films thinner than 3 nm the more stable boundary conditions imposed by the
interactions (-OH bonding) with a rigid substrate inhibit the acceleration provided
by the molecules in contact with vacuum at the upper interface that alters the high
frequency response of glycerol for layer thicknesses smaller than 50 nm. A more
rigorous discussion of possible mobility profiles including additional experiments
on “capped” glycerol layers can be found in [52].

2.5 Correlation Between Breakdown-Scenario and Strength
of the Confinement

In the previous sections, specific glass-forming systems have been discussed that
revealed “confinement effects” according to the initially suggested classification
into scenarios I, II, and III. Intuitively one would expect some correlation between
the strength of the confinement that increases with the number of restricted transla-
tional degrees of freedom, and the impact on the structural dynamics as classified by
characteristic “deviation scenarios” ranging from a modified VFT behavior (type I)
to the total breakdown of the VFT-law into Arrhenius behavior (type III).

To prove the above-made proposition, we have listed in Table 2 a couple of exper-
imental studies reported in the literature that revealed one or more of the deviation
scenarios.

Though the examples listed in Table 2 are far from being complete, they reveal
a clear trend. Glass-forming liquids confined to a quasi 2D- liquid show typically
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Table 2 Confined glass-forming systems classified according to the dimension of the confining
host (1–3) and the deviation scenario (I–III)

Dimension
confine-
ment

Type I Type II Type III

1 = layers Smectic LC [39] Glycerol
via OMBD [52]
Freely
standing PS-films
[62]
Polymer
nanocomposites
[20]
Supported
PS-films [63]

2 = pores Zeolite (silicalite)/
EG [25]

Salol in nanopores
[14]

PPG/nanoporous
glasses [64]

Zeolite
(AlPO4-5)/pNA
[17]
PMPS/nanoporous
glasses [64]

3 = cavities Zeolite
(sodalite)/EG [25]

Starch/EG [31]

Starch/EG [31]

moderate deviations from bulk-type VFT behavior, an observation that is backed
up by a substantial number of individual studies on ultrathin polymer films. On the
other hand, a complete breakdown of the VFT behavior was exclusively reported for
nonporous channel and cavity-type host/guest systems.

Despite the clear trend, there are a couple of systems that seemingly do not obey
this correlation. The origin of such deviating behavior might be manyfold since
various mechanism (others than cooperativity effects) are able to affect the structural
dynamics of nanoconfined glass-forming systems:

i. Strong (specific) molecular interactions with the surface of the confining host
system,

ii. Surface-induced including adsorption-driven packing anomalies [15] that might
strongly depend on the surface roughness (smooth vs. corrugated surfaces),

iii. Introduction of extrinsic interfacial dynamics via “lubricated” surfaces,
iv. Confinement geometries with fractal dimensions or complex porosity,
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v. Density effects due to space filling issues resulting in a “negative” pressure [16],
and,

vi. Orientation effects, molecular alignment, and thus introduction of local order
[59].

Nevertheless, the proposed correlation might serve as a guide to search for generic
patterns in the generally very diverse wealth of experimental findings on nanocon-
fined glass-forming systems.

3 Summary and Conclusions

In this chapter, we have discussed the question in how far experiments on glass-
forming liquids, confined to nanometer-sized geometries, can prove the cooperative
nature and of the dynamic glass transition and provide quantitative information about
its characteristic length scale α . For this purpose, we have focused on the most
prominent manifestation of “confined” dynamics, viz. deviations of the temperature
dependence of the structural relaxation time ε (T) from the bulk-VFT-behavior. To
classify experimental findings from very diverse systems, we have introduced three
major “deviation scenarios,” which range from a complete breakdown of the VFT-
law (type I) via a VFT-Arrhenius cross-over scenario (type II) to a scenario (III)
representing a perturbed VFT behavior in terms of an overall accelerated or retarded
glass transition dynamics.

Four cases were discussed in detail, all of them referring to H-bonding molecules
or molecular groups. EG confined in various zeolitic hosts revealed scenario I or
just bulk dynamics [25], while EG mixed with amylopectine (starch) showed an
evolution through the cross-over scenario (II) toward genuine Arrhenius behavior (I)
[31]. A third system, representing a H-bonding “liquid” confined to a self-assembled
(smectic) layer structure, yielded a clear-cut scenario II along with a linear relation
between the layer thickness and the cross-over frequency. To end with, the dynamics
of ultrathin films of glycerol having one free surface was discussed as an example
for a perturbated VFT-scenario (type III).

Apart from all molecular details and the diversity of confining host structures, it
is evident that the strength of the confinement, expressed by the number of spatially
restricted dimensions (1D = layer, 3D = cavities), should be linked to the severeness
of changes in the dynamics. Inventarization of various experimental findings reported
in the literature including them described above indeed confirm a correlation between
the “deviation scenario” and the number of constrained axes.

Finally, the effect of mechanisms other than cooperativity replacement arguments,
e.g., surface interactions, density, packing, and orientation effects, were briefly dis-
cussed to rationalize obvious exceptions from the proposed correlation.
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Anomalous Decoupling of Translational
and Rotational Motion Under 1D Confinement,
Evidences from Crystallization
and Diffusion Experiments

Simone Napolitano and Michael Wübbenhorst

Abstract The molecular diffusion is intrinsically bound to the viscosity of the
environment via the Stokes–Einstein (SE) relation, fixing an equality between the
energetic barrier for translational motion and that for rotational motion. This relation,
valid for melts at equilibrium, usually breaks down upon supercooling in proximity
of the glass transition. As a common feature of the glassy dynamics, diffusion is
enhanced compared to the viscosity and the segmental relaxation. In this chapter,
we revise recent experimental evidence on the anomalous decoupling between rota-
tional and translation motion in thin polymer films. While the segmental relaxation is
almost unperturbed down to few tens of nanometers, diffusion of small molecules and
cold crystallization kinetics tremendously slow down already at thicknesses exceed-
ing by several folds the macromolecular size. After reviewing experimental methods
permitting to assess the dynamics in confinement, we propose a unifying picture on
the anomaly in the SE relation based on the different impact of irreversible chain
adsorption on the rotational and translation motion. In particular, we experimentally
verified the validity of a relation to predict the crystallization time of thin poly-
mer films based on finite size effects and the slowing down in the dynamics scaling
according to the SE relation. Remarkably, such expression fails in correspondence of
a critical size comparable to the thickness of the layer irreversibly adsorbed within the
timeframe of the experiment. Similarly, we observe a severe drop in tracer diffusivity
of dielectric probes into apolar matrices, not explainable in terms of perturbations in
the segmental dynamics, but ascribable to the presence of adsorbed layers, limiting
the Brownian movements, precursors of molecular diffusion.
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Abbreviations

ε– Structural (segmental) process
ε∗– Constraint structural (segmental) process
α Avrami exponent
β Drop in χδ due to crystallization
φ Drop in χδ due to adsorption
χδ Dielectric strength
χE Transport energy barrier to the growth front
χF* Barrier for nucleation
δ∞ Instantaneous dielectric constant
τ Viscosity
μ Dipole moment
ϕ Nucleation term of the crystallization rate
ρ Fractional coefficient
ζ Segmental relaxation time
ζD Diffusion time
1D 1-dimensional
a Radius
AFM Atomic force microscopy
Al Aluminum
BDS Broadband dielectric spectroscopy
C Crystallization rate
D Diffusion term of the crystallization rate
DSC Differential scanning calorimetry
Dtr Tracer diffusion coefficient
g Kirkwood factor
G Crystal growth rate
G1 Linear crystal growth rate
h Film thickness
hads Thickness of the irreversibly adsorbed layer
kB Boltzmann constant
L Diffusive length
l-PS Polystyrene labeled with 4-[(4-cyanophenyl) diazenyl] phenyl}(methyl)

amino
Mw Weight average molecular weight
Ñ Density of dipole moments
p Pressure
PDI Polydispersity index
PHB Poly(hydroxy butyrate)
PET Poly(ethylene terephthalate)
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PS Polystyrene
SE Stokes–Einstein
t Time
T Temperature
T0 Temperature where molecular motion would cease
ttads Characteristic adsorption time
tCRY Crystallization time
tN Induction time
tP Characteristic time
Tg Glass transition temperature
TM Melting point
XC Crystallinity
TCC Cold crystallization temperature
< . . . > Statistical average

1 Introduction

The tremendous changes in the molecular dynamics occurring in confined geometry
have being fascinating the scientific community for more than 20 years [1]. Pio-
neering work aimed at testing the validity of theories of the glass transition and
predicting the presence of a characteristic length scale of a few nanometers [2–4].
However, due to the presence of interfacial interactions, masking the expression of
genuine finite effects and to severe experimental difficulties connected to the prepa-
ration and the investigation of very thin free-standing films, this goal has not yet
been reached. Nevertheless, the anomalous behavior displayed by polymer chains in
proximity of adsorbing interfaces has recently attracted a larger and broad commu-
nity of researchers [5–10]. Recent work has, in fact, demonstrated that the behavior
of polymers under 1D confinement, that is, in the thin films geometry, cannot be
fully explained in terms of the impact of finite size and interfacial effects on systems
at thermodynamic equilibrium [11–13]. A simplistic picture based on film thickness
and surface interactions cannot, for example, explain the enhancement of segmental
mobility in proximity of an adsorbing interface [14, 15], or the presence of long-
lasting metastable states in the liquid state [16–18].

Based on our recent relaxation, crystallization and diffusion experiments [19, 20],
we discuss a new model for the dynamics of polymers confined in thin films, focus-
ing on the description of out of equilibrium states arising from irreversibly chain
adsorption. In this chapter, we focus on the impact of interfacial conformations on
the fundamental correlation between translational and rotational motion, commonly
known as Stokes–Einstein (SE) relation. The unique information achieved by broad-
band dielectric spectroscopy (BDS) evidences a anomalous decoupling between the
two independent processes, not observed in bulk glassy melts.

In the following text, after reviewing current ideas on the crystallization of ultra-
thin polymer films, we discuss the implementation of the experimental procedure
to monitor crystallization kinetics at the nanoscale level. The outcome of these
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measurements is discussed in terms of nucleation in finite volumes and to on the
breakdown of the SE relation upon confinement. We continue describing our method
to determine tracer diffusivity in thin films, which permitted to collect further evi-
dence on the decoupling of rotational and translational motion. Finally, we propose
our view on the slowing down of diffusion of small molecules into polymer matrices
and on the crystallization kinetics of ultrathin polymer films, based on the impact of
irreversible chain adsorption.

2 Crystallization of Ultrathin Polymer Films

Polymers do not crystallize easily [21]. The formation of ordered structures requires,
in fact, stereoregular chains, and is hindered in the case of complex molecular archi-
tecture affecting the mechanisms of chain folding. Similarly as for smaller molecules
[22], crystallization gets even more sluggish upon confinement at the nanoscale level
[23]. In the case of 1D confinement, the crystallization rate, C, strongly decreases
upon reduction of the film thickness, h, yielding a neat increase in the mean crys-
tallization time tCRY up to several orders of magnitude compared to the bulk [24].
A similar scenario is confirmed in nonisothermal experiments. The cold crystalliza-
tion temperature TCC, defined as the temperature where a glassy sample crystallizes
upon heating, increases, in fact, upon confinement [25]. Thinner films are thus char-
acterized by a higher stability of the glassy state [26] and in particular conditions,
crystallization does not take place within the experimental timescale [27]. The over-
all drop in crystallization rate might yield extreme situations where the formation of
crystals is not observed within experimental time scales exceeding several months,
or upon annealing up to the bulk melting point. This last finding implies that the
crystallization is effectively inhibited or that the crystal growth rate of interfacial
chains got reduced by several orders of magnitude.

Several theoretical models predicted perturbations on the crystallization of thin
films due to the reduction of both the nucleation rate and the mass transport in systems
confined at the nanoscale level [28–30]. Expressing the overall crystallization rate
via the classical nucleation theory [21]:

C(T ) ∝ exp[−χE/kB(T − T0)]exp(−χF⊗/kBT ) (1)

slower crystallization kinetics can be associated to either larger work to create a
critical nucleus, χF*, or to higher T0, that is, the temperature where molecular
motion would virtually cease, or to a greater energetic barrier related to transport of
segments toward the growth front (χE).

Furthermore, Schultz [31] predicted a systematic deviation from the Avrami law,
the analytical expression commonly used to investigate the crystallization kinetics
in bulk, due to finite size effects. By means of optical microscopy and atomic force
microscopy (AFM) it was possible to directly observe a severe reduction in growth
rate for crystals present on the surface of extremely thin films. However, optical
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methods do not permit discriminating the role of finite size effects from interfa-
cial interactions, because they cannot access to direct information on the molecular
dynamics. To overcome this problem, we developed an experiment allowing the
simultaneous determination of the crystallization time and of the segmental relax-
ation time, ζ , which shed light on the formation of ordered structures at the nanoscale
level [32].

2.1 Investigation of Crystallization Kinetics by Means
of Dielectric Spectroscopy: From Bulk to Thin Films

The dielectric strength of the structural process, χε, corresponds to the contribution
of orientational polarization to the dielectric function [33]. In isothermal conditions,
χε is proportional to g ·<μ2>, where <μ2> is the mean square dipole moment, and
g is the Kirkwood correlation factor, taking into account the orientational correlation
among dipole moments. g is equal to 1 in case of random orientation, and it increases
with the reduction in the difference between the orientations of the single dipole
moments, that is, when dipole moments are more parallel among each other. Recently,
we verified that increase in χε due to larger values of g indicate the presence of
regions with enhanced orientational order, naturally present in supercooled isotropic
liquids [34].

At constant g, we can approximate the previous expression as χε ∝ Ñμ2, where
Ñ indicates the density number of dipole moments. This relation allows assigning a
perturbation in the dielectric strength to a change in the number of segments relaxing
on the timescale of ζ . During crystallization, incorporation of mobile segments into
crystalline structures yields a reduction of the solid angle over which dipole moments
can fluctuate, and thus a drop in χε. While in low molecular weight compounds
−χε(t) evolves in time as the crystalline content, XC [35], Ezquerra and coworkers
demonstrated that such a relation does not always hold in the case of polymers,
because of the failure of a simple two-phase model in the presence of the complex
macromolecular architecture [36–39]. During crystallization, often prior to the drop
in intensity of the structural peak, a broader and more symmetric process, indicated
as ε∗–, emerges at lower frequencies. These slower relaxation modes have often been
attributed to the constrained amorphous fraction, whose presence supports the idea
of the failure of simple two-phase models in semicrystalline polymers. Fukao et al.
[40] verified that, for poly(ethylene terephthalate), PET, the sum of the intensities
of the ε- and the ε∗-processes (that in text, we indicate as the dielectric strength of
PET) evolves in times as XC (t).

We implemented the methodology to monitor the changes in the amorphous phase
during crystallization at the nanoscale, proposing a unique experiment permitting to
monitor the changes in the segmental dynamics of films as thin as a few nanometers
during the formation of crystalline structures [19, 32, 41–43]. In the following para-
graphs, we describe the analysis of the thickness dependence of the crystallization
kinetics of PHB [32] and PET [19].
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Bulk samples of PHB were prepared by melting the polymer in powder (Sigma,
Mw = 170 K), for 5 min 15 K above its melting point (Tm = 443 K, via Differential
Scanning Calorimentry, DSC) between two brass circular electrodes. Amorphous
samples were obtained by quenching the capacitor between two cold plates held at
268 K, that is, below the glass transition temperature (T DSC

g = 275 K). The final
thickness of the sample was fixed by the diameter of the glass fibers (50 μm) used
to separate the brass electrodes to avoid shortcuts.

Ultrathin films of PHB (26–50 nm) were prepared by spincoating very dilute
solutions (down to 0.2 % w/w) of the polymer dissolved in chloroform and filtered
by a Teflon membrane filter (Millipore). Films of PET (1 μm to 6 nm) were prepared
by spincoating solutions of the polymer (Mn = 12.20 kg/mol, Mw/Mn = 2.7),
dissolved in a trifluoroacetic acid and chloroform 5:2 mixture.

Application of an E-field to polymer films is possible via the metallization of its
two surfaces. The preparation of these nanocapacitors starts via the deposition of a
metallic layer (typically 50 nm of aluminum) on a solid substrate (e.g., silica glass).
Subsequently, ultrathin polymer films are spincoated directly onto the thermally
evaporated metal. After an annealing procedure above Tg , patterned top electrodes
are evaporated in the same conditions as the lower electrode. Aluminum is preferred
to other metals because of the sharpness of the interfaces between this element and
several polymers [44]. Evaporated on top of a polymer film, gold, on the contrary,
tends to diffuse through the organic medium. We verified that the two metal/polymer
interfaces (polymer spincoated onto metal and metal evaporated onto polymer) are
identical [45]. Experiments performed on multilayers containing dielectric probes
showed, in fact, that the upper and the lower interfacial layers have the same dielectric
strength, and the same temperature dependence of the segmental relaxation time.

In the specific case of PHB, spincoating was performed at room temperature,
thus well above Tg (=275 K). After an annealing procedure of 2 h at 318 K, the
samples were slowly cooled down to room temperature. After evaporation of the
upper electrode, samples were amorphized by holding the nanocapacitors above Tm

for 30 s, at the same annealing temperature as for bulk samples. Shorter annealing
times are needed due to the extremely small mass of the samples (∝10 ng).

Soon after spincoating, films of PET were annealed for 20 min at 348 K, and
then placed in vacuum to favor solvent evaporation (>24 h at 7 × 10−5 bar). This
procedure does alter the amorphous character of the samples, as carefully checked
via AFM and X-rays diffraction.

Film thicknesses were evaluated from the electrical capacitance of the sample in
the approximation of parallel electrodes with infinite lateral dimensions. Dielectric
spectra were recorded in the frequency range from 10 to 10 MHz with a high resolu-
tion dielectric analyzer (ALPHA-A from Novocontrol Technologies). Measurements
on PHB samples were perfomed immediately after amorphization to avoid nucleation
processes due to storage of the sample above the glass transition temperature.
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2.2 Analysis of the Crystallization Kinetics

The reduction in dielectric strength commonly observed during crystallization exper-
iments can be analyzed, in bulk, using the formalism of Avrami [46]. In the case of
thin films, where the volume fraction of the interfaces becomes relevant, we need to
take into account another source of chain immobilization, leading to a reduction in
χε, that is, irreversible adsorption [5, 47–49].

Both types of kinetics can be described by exponential functions of the type χε(t)
∝ 1−exp (−t/tP )α [46, 50], where tP is the characteristic time of the process and the
exponent α provides information on the dimensionality and/or cooperative nature of
the kinetics. In the case of adsorption, α assumes values between 0 and 1 (stretched
exponential), while α is larger than unity (<4, compressed exponential) for crys-
tallization kinetics following the Avrami equation. Moreover, interfacial rearrange-
ments increasing the monomer/surface density cause a further drop in χε, scaling
logarithmically with the annealing time.

Consequently, focusing on primary crystallization and adsorption, we proposed
a relation taking into account the above-mentioned immobilization mechanisms and
permitting to analyze the time evolution of the drop in dielectric strength over several
decades [19]:

χε(t)

χε(t0)
= 1 − β

[

1 − exp
(−(t/tCRY)α

)
]

− φ log(t/t0) (2)

where β indicates the final drop in dielectric strength (proportionally to the crystalline
content of the sample), and φ is a parameter proportional to the fraction of chains
immobilized upon adsorption. An example of the thickness dependence of χε(t) for
PET is given in Fig. 1. Upon reduction of the thickness we observed the expected
increase in tCRY, accompanied by a reduction in α and in β. Because the condition
α > 1 was always fulfilled, the observed kinetics were straightforwardly related to
crystallization events. Upon reduction of the thickness, the increase in the slope at
shorter times corresponds to larger values of φ, ηχε/ηlog(t) for t � tCRY, a trend
consistent with the larger impact of chain adsorption at smaller sample volumes. A
similar scenario was found for PHB.

In the left panel of Fig. 2, we plotted the values of the Avrami exponent as a func-
tion of the crystallization time, for films PHB of different thicknesses, isothermally
crystallized at different temperatures (283–293 K). A similar plot for thin films of
PET annealed at 373 K is given in the right panel of Fig. 2.

Regardless the annealing temperature, for bulk samples of PHB and PET, α ∞ 3
which is in agreement with heterogeneous growth in three dimensions. Smaller values
of the Avrami coefficient (α → 2 for PHB, α → 1.5 for PET) were observed upon
reduction of the thickness, as previously reported in the case of supported films.
Discarding the occurrence of transitions in the heterogeneity of the crystallization
process, which should manifest as an abrupt change in α upon reduction of the
confinement size [51], we would be tempted to interpret the drop in α as a severe
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Fig. 1 Time evolution of the normalized dielectric strength of films of PET of different thickness
capped between aluminum layers. Reproduced from Vanroy et al. [19] with permission of the
American Chemical Society

Fig. 2 Left panel the Avrami exponent for bulk samples (red stars) and ultrathin films
(blue stars) of PHB is plotted versus the crystallization time; the temperature at which the samples
were isothermally crystallized is also indicated. Right panel the Avrami exponent ultrathin films of
PET (green stars, 27 nm ≤ h ≤ 1062 nm) isothermally crystallized at 373 K is plotted versus the
corresponding crystallization time

decrease in the dimensionality of the crystallization process. According to this idea,
upon reduction of the film thickness, the complex mechanisms of chain folding
would not allow the formation of structure with three-dimensional positional and
orientational order. Although intuitive, the character of this assumption is highly
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Fig. 3 Schematic illustration of homogenous nucleation in a large system. Check the original
reference for more information. Reproduced from Schultz [31] with permission of the American
Chemical Society

speculative, because it is restricted to the interpretation of the Avrami equation in
bulk. Moreover, this hypothesis would not explain the size of the increase in tCRY.

Schultz analyzed the impact of finite size effects on the formation of spherulites,
confined in the thin film geometry [31], see Fig. 3. To understand his model, we
considered an infinite volume with a statistical distribution of nuclei growing in
three dimensions with a linear growth rate G1, that is, the volume of isolated crys-
tals evolves in time as (G1t)3. In the case of sample volumes much larger than the
spherulite diameter, which for melt crystallization can easily exceed 1 μm, the kinet-
ics is well pictured by the Avrami law. The power law growth of isolated crystals
smoothly slows down upon impingement, which explains the saturating exponential
form of the Avrami equation.

Reduction of the distance between the two surfaces requires a correction in the
total crystalline volume fraction. In particular, we need to remove the ensemble of
crystals whose centers sit outside the sample volume, and the fraction of trunked
crystals not grown inside the slab, because those crystals do not participate to the
overall growth rate. Although the dimensionality of the crystallization kinetics is
unaltered, the effect of these corrections yields a neat reduction in α. The model of
Schultz predicts that the apparent drop in Avrami exponent is accompanied by an
increase in tCRY, in line with our findings, see Fig. 2. Deviations from bulk behavior
are expected when the ratio h/G1 deviates from infinite. This last quantity might,
however, be ill-defined in the case of thin films, because the value of G1 is thickness
dependent. Moreover, the ratio h/G1 does not provide a dimensionless parameter,
but a time. Consequently, we should limit this interpretation at the quantitative level.

With these considerations in mind, in Fig. 4 we plotted the evolution of the reduced
dielectric strength as a function of the annealing time for a bulk sample of PHB
crystallized at 283 K and a 26 nm thick film crystallized at 291 K. Although the thin
film was held at a temperature 8 K larger than for the bulk sample, the value of tCRY,
obtained via a fit of the experimental data to the Avrami equation is for both samples
on the order of 80 ks (>22 h). The value of the Avrami exponent of the thin film is
smaller than for the bulk sample, which is further in line with this model.
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Fig. 4 Time evolution of the normalized dielectric strength, χεN , for a bulk sample at 283 K and
a 26 nm thick film at 291 K. To ease comparison, the contribution of adsorption was subtracted,
before normalizing the data from 0 to 1. The horizontal line at 1 − e−1 ∞ 0.63 crosses χεN at
t = tCRY

2.3 Finite Size Effects and Interfacial Interactions
are not Sufficient: The Failure of a Simplistic Model

We considered the role of finite size effects on nucleation. Assuming a constant nuclei
density, that is, a constant number of nucleation events occurring per unit of time in
the unit of volume, one would expect that, upon confinement, the reduction of the
nucleation rate would scale with the sample volume. This hypothesis was validated
in the case of homogenous nucleation in nanodroplets of poly(ethylene oxide), where
the product of the nucleation rate and the droplet volume was constant [52, 53].

Extending this scenario to the case of thin films, we deduced that in case of a
nucleation limited confinement effect, the crystallization time should increase with
the inverse of the film thickness [19]. To reduce the impact of the role of the thickness
dependence of the crystal growth rate, G, on the overall crystallization rate, we
considered also the induction time tN . We assigned this quantity to the incubation
time prior to the drop in dielectric strength imputable to crystallization, a definition
that permitted to discard the effect of adsorption on the drop in χε. In the case of
significant perturbations in G, the proposed scaling is still valid for tN , but not for
tCRY, as the last quantity is given by the convolution of both nucleation and growth.
The data in Fig. 5 experimentally validate our picture. Reduction of the thickness
from 1 μm to 20–30 nm brought to an increase in the value of tCRY from 2.5 × 103 s
(40 min) to 105 s (more than 1 day). It is noteworthy stressing that the ratio of the
crystallization times of different samples simply corresponds to ratio of the film
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Fig. 5 Thickness dependence of the induction time. tN (green diamonds), and the crystallization
time, tCRY (pink triangles), of thin films of PET capped between two aluminum layers

thicknesses, which permits using a simple scaling law to predict the crystallization
rate in this regime

tCRY (h) = h R

h
tCRY (h R) (3)

where h R is a reference thickness. Films of PET thinner than a threshold thickness
of 20–30 nm did not show any significant reduction in dielectric strength within
an experimental time window of 55 h. Consequently, considering the values of α

in this thickness range, we estimated that the growth rate for films thinner of 20
nm should be reduced by at least three orders of magnitude compared to the bulk.
To understand whether the corresponding increase in tCRY could be imputable to
slower interfacial dynamics, we analyzed the correlation between crystallization and
segmental dynamics.

In its simplest formulation, the temperature and thickness dependence of the
crystallization rate C(h, T ) can be written as the product of two exponential terms
ϕ(h, T ) and D(h, T ), respectively related to the barriers for nucleation and for the
motion of mobile chains to the crystallization front [42], compare Eq. (1)

C(h, T ) = D(h, T )ϕ(h, T ) (4)
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In the regime of cold crystallization, although the undercooling can easily over-
come 100 K, formation of ordered structures is governed by diffusion of mobile
segments to the growth front, because |η D(T )/ηT | ≈ |ηϕ(T )/ηT |. Consequently,
we can neglect the temperature dependence of the nucleation barrier and replace it
with a term including the effects of finite size discussed in the previous paragraphs,
ϕ(h) = λ ·h−1, where λ is a temperature dependent constant that can be determined
via fits of data as those in Fig. 5. Under these conditions we can write

tCRY(h, T ) ∞ C−1(h, T ) = h

λ(T )
D−1(h, T ) (5)

which implies that in the regime of cold crystallization the crystallization time has
the same temperature dependence as the inverse of the term taking into account
the transport of mobile chains toward the growth front. We assumed that this last
phenomenon could be driven by translational motion, same as for other mechanisms
governing the transport of mass. Such a fundamental movement is coupled to the
rotational motion, which corresponds to viscosity and segmental dynamics and thus ζ.

These considerations bring to a relation of the type:

tCRY(h, T ) ∞ g

[

ζ(h, T )

]

(6)

where g is a polynomial function. To test the robustness of this assumption, we
considered that the translational and rotational motion of simple liquids are correlated
via the SE, here written in the case of a solid sphere of radius a immersed in a fluid
of viscosity τ:

Dt = kBT

6πaτ
(7)

where Dt is the diffusion coefficient for translational motion. Large experimental
evidence showed that such a simple relation does not hold in proximity of Tg , where
it is replaced by a fractional form of the type [54]:

Dt = (τ/T )−ρ (8)

where ρ is the fractional coefficient. Because 0.5 < ρ < 1.0, upon cooling, diffusion
is enhanced in comparison to the prediction of the SE relation. Consequently replac-
ing Dt with t−1

CRY and τ with ζ , we arrive at a relation between the crystallization
time and the segmental time holding in bulk:

tCRY = (ζ/T )ρ (9)

We performed a series of experiments, crystallizing bulk samples of PHB at different
temperatures just above Tg , see Fig. 6, and obtained ρ = 0.748±0.044. Such a value
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Fig. 6 Crystallization time versus the structural relaxation time for bulk and ultrathin films of
poly(3-hydroxybutyrate). The dashed-line is the best linear fit for the data reported. The arrows
indicate the relaxation times of bulk samples that would correspond to the crystallization times
of the confined systems, according to the best linear fit. Because t varied by almost two orders of
magnitude within the selected temperature window (Tmax/Tmin < 4 %), we plotted ζ instead
of ζ /T. Reproduced from Napolitano et al. [42] with permission of the American Chemical Society

is in line with those indicated for low molecular weight and polymer glass formers
in similar ranges of reduced temperatures. The value of ρ reaches 1 for T > 1.3–1.4
Tg , and typically it smoothly reaches ∝0.7–0.8, although data in the range 0.5 ≤ ρ ≤
0.95 have been reported [55].

The physical meaning of the condition ρ < 1 (often referred to as fractional
exponent) is still under debate, through the possible explanations it is noteworthy
mentioning special thermal fluctuations, the way each observable is experimentally
averaged [56], strong temperature dependence of the relaxation distributions in poly-
mers [57]. Regardless of the different hypothesis, because the validity of Eq. (9) is
independent from the numerical values of the parameters used, the same qualita-
tive trend can be obtained from all of the series of data satisfying the requirements
ensuring the physical meaning of the associated variables.

After validation of this fundamental relation in bulk samples, we introduced the
thickness dependence into Eq. (9):

tcry (h, T ) = 1
λ (T ) h

[τ (h, T )/T ] ξ (10)

and obtained a straightforward method to reply to the question Is the slowing down
in the crystallization kinetics related to slower interfacial dynamics?
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Fig. 7 Thickness dependence of the crystallization time (upper panel) and the segmental relaxation
time (lower panel, semiopen symbols are data from [58]) versus thickness of thin films of PET
capped between two aluminum layers. The blue line indicates the component of tCRY due to the
finite size effects on nucleation, while the red line is the prediction of tCRY according to Eq. (10)
assuming 0.5 ≤ ρ ≤ 1.0. Readapted from Vanroy et al. [19] with permission of the American
Chemical Society

For PHB, we verified that the crystallization time of thin films does not correspond
to the predictions based on the bulk correlation between tCRY and ζ , see Fig. 6.
However, due to the lack of the experimental data in the nucleation limited regime,
we did not further proceed with the treatment of the data.

On the contrary, in the case of PET, where a much larger dataset was accessi-
ble, we could carefully check the predictions of Eq. (10). In Fig. 7, we plotted the
thickness dependence of tCRY and ζ , for films of PET ranging from 1 μm to 6 nm.
The segmental time was thickness independent for h < 20 nm, and then increased
by almost two orders of magnitude in the thinnest films. As discussed in the previ-
ous paragraphs, the crystallization time increased with the inverse of the thickness
down to 20 nm, a threshold thickness below which crystallization was not observed.
We performed more experiments at higher temperatures, where the crystallization
kinetics is intrinsically speed up by the increase in crystallization rate, repeatedly
scanning up to Tm + 20 K. Scans at higher temperatures were not necessary, because
regardless the entity of polymer/substrate interaction, Tm(h) can only decrease in the
presence of an interface.

The outcome of these experiments confirmed the previous trend. In particular, we
could not detect any crystallization event for films thinner than 20 nm, and same
as for the crystallization time, the cold crystallization temperature TCC, defined as
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Fig. 8 Thickness dependence of the cold crystallization temperature. The shadow area indicates
the thickness regime where crystallization was not observed

the temperature at which a frequency independent drop in the dielectric constant is
measured, increased by almost 30 K, see Fig. 8. One might comment that this trend
could be related to a hypothetical drop in sensitivity of our method upon reduction
of the thickness. To check if this was the case, we analyzed a 15 nm thick film of
PET capped between Al layers by means of X-rays reflectivity. Also this technique
confirmed that the sample did not crystallize upon annealing of 24 h at 553 K, which
is the temperature showing a maximum in crystal growth rate in bulk. Considering
that this last quantity reaches values on the order of ∝75 nm/s [59], the behavior
observed below 20 nm could be explained in terms of inhibition of the crystallization
or a drop in crystallization by more than a factor 1,000.

In Fig. 7 we also showed the predictions of Eq. (10) based on experimentally
measured values of ζ ; as the value of ρ was not known, we indicated a range of
tCRY related to 0.5 < ρ <1.0. The expected increase in tCRY due to both finite
size effects of nucleation and slower segmental dynamics is not sufficient to justify
the experimental trend. In fact, in isothermal experiments, we did not observe any
crystallization event at timescales exceeding by more than five times the value of
tCRY provided by Eq. (10). The results in Fig. 7 clearly show that the translational
and orientational motion are strongly decoupled in systems confined at the nanoscale
level, In order to explain the trend observed in thin PET films via Eq. (9), we should
fix the value of ρ ≈ 1, a condition opposite to the experimental observation of
fraction SE relations in bulk melts, with ρ < 1, that is, upon confinement diffusion is
suppressed, rather than enhanced, in comparison to the prediction of the SE model.



294 S. Napolitano and M. Wübbenhorst

3 Further Experimental Evidence on the Decoupling
of Translational and Rotational Motion: Diffusion
Experiments

The previous examples provided clear evidence of a paradox in the mobility of
polymer chains confined in thin films, rotational, and translational energy barriers
are not strictly correlated as in bulk melts. On the contrary, in proximity of buried
interfaces a severe reduction in the transport can occur without invoking a change in
segmental mobility.

To shed light on the origin of this intriguing phenomenon, in the following para-
graphs we quickly review other experimental evidences of this anomalous breakdown
of the SE relation at the nanoscale:

Crystallization experiments. Zhang et al. investigated the crystallization kinetics
of ultrathin films of PET supported on gold by means of reflection-absorption infrared
spectroscopy [25]. Same as in the case of films of PET capped between aluminum
layers, the crystallization time increases upon reduction of the thickness, but in the
case of films supported on Au, a reduction in the glass transition temperature was
reported by the same group in a previous report [60], where the same technique was
used.

Confinement effect on the ε-relaxation and the normal mode. Investigation by
BDS of thin layers of poly(cis-1,4-isoprene) revealed that the segmental dynamics is
unaffected by film thickness, while the normal mode (diffusion) is strongly reduced
in the thinner films [61].

Molecular motion in irreversibly adsorbed layers. The relaxation time of layers
of PS irreversibly adsorbed on aluminum oxide assume bulk values [5], while the
diffusion of gold markers into layers of the same polymer adsorbed on silicon oxide
is reduced by several orders of magnitude [62].

Tracer diffusivity experiments. Several experimental reports indicated a shift of
the glass transition of thin supported films of PS toward lower temperatures [63].
On the contrary the diffusion of small molecules (tracer diffusion) dispersed into
thin films of PS is reduced in comparison to thicker films [64]. In the case of free-
standing films, reductions in Tg as large as 70 K [65] and tremendous acceleration in
the segmental dynamics [66] were accompanied by the lack of thickness dependence
in the tracer diffusion coefficient, at least down to 20 nm [67].

The large number of examples provided in the previous paragraphs is sufficient to
discard the hypothesis that the decoupling between rotational and translation motion
is due to experimental artifacts. However, the previous analysis is based on the com-
parison of experiments performed by means of different techniques under different
investigation conditions. To overcome this problem, we designed a methodology that
permitted to evaluate tracer diffusion in thin films by means of dielectric spectroscopy,
via an approach that allows monitoring the changes in the segmental mobility of tracer
molecules while they diffuse through matrices of different thickness, down to a cou-
ple of tens of nm [20]. Such a feature cannot be achieved by conventional methods
to measure tracer diffusivity by means of neutron scattering [64] or via fluorescence
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nonradiative energy transfer [68], because based on the time evolution of the den-
sity profile of probe molecules diffusing inside a polymer layer. These approaches
cannot, in fact, provide the exact timescale necessary to a molecule, e.g. solvent,
diluent, etc. to diffuse through the interfacial layer and finally reach the substrate.

Our method is based on the direct determination of the time ζD needed by tracer
molecules to diffuse through slabs of known thickness and successively get adsorbed
onto a target substrate. Dielectric spectroscopy is sensitive to adsorption because such
a phenomenon occurs via immobilization, which yields a total or partial inhibition
of segmental motion, resulting in drop of the dielectric strength, same as for cold
crystallization. Partial or total immobilization of the probes approaching the targeted
substrate limits the solid angle over which dipoles can reorient, and thus a reduction in
χε. In annealing experiments performed on polymer melts, we carefully verified that
the growth of the adsorbed layer results in correlated changes in dielectric strength [5].

Compared to neutron reflectivity measurements, our method provides multiple
advantages: (a) we need smaller and more easily accessible instrumentation, such as
an impedance analyzer; (b) the possibility to measure the effective time needed by
tracer molecules to diffuse through the whole layer and adsorb onto the substrate,
rather than the tracer diffusivity averaged over the whole slab thickness.

Our samples consist of bilayers where the polymer matrix is a thin film placed in
direct contact with a layer containing a large reservoir of probe molecules, e.g., shorter
chains decorated with polar moieties, so that the dielectric response of the whole
sample is dominated by the ε-relaxation of the probe. Depending on the selectivity
of the solvents used for spin coating, we prepared samples in two configurations
(A and B), see Fig. 9.

Polystyrene (weight average molecular mass Mw = 97 and 640 kg/mol; PDI=
1.01 and 1.11, Tg via differential scanning calorimetry=372± 2 K and 374 ± 2 K)
was purchased from Scientific Polymer Products and used as matrix without any fur-
ther treatment. The low molecular weight (Mw 20 kg/mol PDI=2.5, Tg = 371±3 K),
chromophore-functionalized polymer (l-PS), used as tracer in this study, is a random
copolymer of styrene and methyl methacrylate whose longer side chain is decorated
with the polar group {4-[(4-cyanophenyl)diazenyl]phenyl}(methyl) amino. The final
content of chromophore was smaller than 2 % mol, which corresponded to dielectric
strength 25 folds larger than that neat PS.

Samples containing matrices thicker than 19 nm were prepared as trilayers (con-
figuration A), placing the films of l-PS in between an impenetrable adsorbed layer
(Guiselin brush [69]) and a matrix of PS640. This configuration permitted to avoid
diffusion toward the lower electrode, protected by the 8 nm thick adsorbed layers of
PS97 (where 97 indicates the Mw in kg/mol) with high surface coverage, prepared by
spincoating filtered solution of the polymer in chloroform onto thermally evaporated
aluminum substrates (∝50 nm of Al 99.5 % Goodfellow, p ≤ 10−6 mbar, evapora-
tion rate ∝10 nm/s), successively annealed at 423 K for 20 h to favor adsorption, and
finally washed in chloroform to remove the unbound chains. Washed films were dried
overnight in high vacuum (p ≤ 10−6 mbar). Films of l-PS (∝50 nm) were spincoated
(chloroform) directly onto the impenetrable adsorbed layer, which is not soluble in
chloroform. Matrices of PS640 of desired thickness (>19 nm) previously spincoated



296 S. Napolitano and M. Wübbenhorst

Fig. 9 Frequency dependence of the dielectric loss during diffusion of labeled PS into a 7.5 nm
thick matrix of neat PS640 at 398 K, a scheme of the assembled multilayers in the two configurations
used is provided, arrows indicate diffusion of labeled PS. In the inset, time evolution of the ratio
between the dielectric strength and the dielectric constant. Reproduced from Napolitano et al. [20]
with permission from Wiley-VCH

(chloroform) on mica and floated onto a reservoir of ultrapure water, were finally
transferred on top of the bilayer (brushes/l-PS). Water occasionally trapped between
consecutive layers was allowed to evaporate at ambient conditions for at least a couple
of days before the deposition of the next layer. To permit the direct application of an
electric field, the upper surface was finally metalized following the same procedure
used for the lower electrode. To avoid perturbations in the chain conformations due
to film formation at thicknesses much smaller than the gyration radius, the thinnest
film was prepared in bilayer (configuration B) following Guiselin’s experiment [69].
Thick films (∝200 nm) of PS640, were spincoated (chloroform) and annealed at
Tg + 50 K for 6 h. The unbound fraction was removed as described above. Films
of l-PS (20 nm) were directly spincast on the residual film (7.5 nm) and metalized
via the same procedure described above. The thickness of the different layers was
evaluated via their geometrical capacitance, using nanocapacitors of single layers
obtained by the same solution used in the multilayers under identical spincoating
conditions.

During prolonged annealing in the liquid state, the dielectric strength decreases
due to both rearrangements of chains adsorbed already during spincoating and metal
evaporation (short times, ∝segmental time), and adsorption of new chains (long
times, ∝ζD). The two contributions provide different slopes in a plot of χε versus
log(t), see inset Fig. 9, and can be thus easily disentangled. This procedure is licit
because of their different physical origin of the two contributions and their very large
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separation in timescale. The first logarithmic decay of the dielectric strength reflects
increase of surface coverage, that is, the number of monomers irreversibly adsorbed
per unit of substrate area. This process, mainly related to those chains already in
direct contact with the aluminum oxide (at the nondiffusive interface), starts already
before reaching the temperature at which experiments are performed and appears
as a linear background in plots of χε versus log(t). It is noteworthy that this time
dependence resembles that of crystal perfectioning during secondary crystallization.
Chains of PS already adsorbed on the metallic surface form an incomplete layer
hindering the insertion of the labeled chains. The corresponding energetic barrier
retards the diffusion of probe molecules in the last few nanometers of the matrix.
When segments of l-PS finally reach the substrate, the contact with the metallic layer
limits the solid angle over which dipole moments can reorient, which causes a drop
in the mean square dipole moment and thus a lower χε.

Consequently, we could attribute the diffusion time, ζD , to the onset of the larger
reduction rate in the dielectric strength. To avoid systematic errors arising from vari-
ation of the sample size upon adsorption, we preferred analyzing the time evolution
of σ = χε/δ∞(σl-PS = 0.4; σPS = 0.016), where δ∞ is the high frequency limit of
the dielectric constant, a quantity free from uncertainties in the film thickness and
the electrodes surface. Assuming a behavior following the laws of Fick, the tracer
diffusion coefficient Dtr was estimated as L2 × (4ζD)−1, where L is the thickness
of the matrix. The approximation is based on the solution of Fick’s equations in one
dimension, considering L proportional to the diffusive length (=2

√
DtrζD). Tracer

diffusivity experiments were performed at Tg + 20 K, where the adsorption kinetics
of PS is not relevant within the measurement time. Reduction of the diffusive length
does not affect the sensitivity of the measurement, because of the inverse propor-
tionality between the thickness of the matrix and its electric capacitance. However,
a lower contrast between the value of the dielectric strength before and after chain
adsorption is expected upon increase in the thickness of the matrix; regardless this
issue, due to the large value of χεl-PS/χεPS we could promptly assign the value of
ζD for films as thick as 230 nm.

In Fig. 10 we plotted the thickness dependence of ζD and the corresponding vari-
ation in tracer diffusivity. Constant values of Dtr are observed for thicknesses larger
than 100–120 nm (4–5 Rg, DBULK

tr = 5 10−15cm2/s), while further reduction of the
matrix size corresponded to a smooth drop in tracer diffusivity, which reached 5 %
of the bulk value for films of the order of one macromolecular size. This tremendous
reduction implies that in this thickness range the diffusion time was ∝100 times
longer than expected in the case of tracer diffusivity independent on the distance
from the metallic oxide surface, that is, in the last 7 nm probe molecules diffuse at a
rate two orders of magnitude lower than in bulk.
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Fig. 10 Thickness dependence of the diffusion time of l-PS in matrices of PS640. The resulting
tracer diffusivity is plotted in the inset. The dash-dotted line provides the value of the diffusion time
in the case of position independent tracer diffusivity. Reproduced from Napolitano et al. [20] with
permission from Wiley-VCH

3.1 On the Molecular Mechanisms Responsible
of the Extreme Decoupling

What is the molecular origin of this phenomenon? The segmental time of the probe
and the relaxation rate of the matrix did not show any significant thickness depen-
dence (<2 K), in line with other investigations of thin films of PS via BDS and
calorimetry [70] and with the minor shifts in Tg detected by Tress et al. in isolated
coils of poly(2-vynil piridine) [71]. To get a quantitative estimation of the shift in Tg

corresponding to the reduction in Dtr of Fig. 10, we considered that the temperature
dependence of the tracer diffusivity of polystyrene can be described in terms of a
Vogel Fulcher Tammann equation of the form [72]:

In

(
DBULK

tr

T

)

= A − B

T − T BULK
0

(11)

where A and B are constants and T0 is a reference temperature. Assuming that the
reduction in Dtr is a result in a perturbation of T0 (constant fragility), we can express
the thickness dependence of the tracer diffusivity as

In

[
Dtr(h)

T
= A − B

T − T0(h)

]

(12)
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An expression for T0(h) can be obtained subtracting Eq. (11) from Eq. (12) :

T0(h) = T − B

In

[
DBULK

tr
Dtr(L)

]

+ B
T −T BULK

0

(13)

We considered B = 710 K and T0 = 332 K as determined by Green and Kramer
[72]. At constant fragility (A and B constant) the ratio between Tg and T0 is thickness
independent, and the effective Tg finally reads:

Tg(h) = T BULK
g

T0(h)

T BULK
0

(14)

We obtained an increase in effective Tg of 8 K for 7 nm thin films, a result in contrast
with the typical depressions observed for example by ellipsometry and fluorescent
spectroscopy. This comparison brings us to a similar paradox as that remarked during
crystallization experiments: in interfacial layers, the rotational barriers (ζ ) are almost
unperturbed while the translational mobility of probes (Dtr) is highly suppressed.

The diffusion experiments provided further information on this intriguing behav-
ior. We noticed a strong correlation between the thickness dependence of the Tg

determined via tracer diffusivity and that of Tg probed by capacitive dilatometry [73],
see Fig. 11. The last technique senses the temperature dependence of the dielectric
constant in absence of molecular mobility and is thus couple to density fluctuations
providing variations in the electric polarizability. Moreover, we observed a shift of
the structural peak toward lower frequencies during diffusion experiments, corre-
sponding to an increase by more than 10 folds of the relaxation time of the probes
as approach the metallic interface. In the next paragraph, we discussed these exper-
imental evidences and the results obtained in crystallization experiments in relation
to the impact of chain adsorption on the SE relation.

3.2 The Different Impact of Irreversible Adsorption
on Rotational and Translational Motion

We propose that the origin of the paradox in mobility related to the severe breakdown
of the SE upon confinement is due to the impact of interfacial adsorption on the
behavior of the whole film. The different conformations assumed by chains in the
adsorbed layer might not particularly affect molecular relaxations on the length scale
of the cooperative motion (2–4 nm for the dynamic glass transition), but lowers the
probability to find available space where diffusing in proximity of the interface. This
phenomenon reduces the efficiency of the random walk, that is, it limits the mean
square displacement per unit of time, and it consequently leads to a reduction of
tracer diffusivity.
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Fig. 11 Comparison between the increase in “effective” Tg of the PS (matrix) related to the mea-
sured reduction in tracer diffusivity, Tg obtained by capacitive dilatometry for single layers of PS160
capped between aluminum electrodes [73], and the “dynamic” Tg of single layers of l-PS (probe) as
deduced by the temperature dependence of the segmental mobility. The shadow area indicates the
variation in the “dynamic” Tg of ultrathin film of PS of different molecular weight [70]. Errors are
smaller than the symbol. Reproduced from Napolitano et al. [20] with permission from Wiley-VCH

A similar argument can help understanding an increase in tCRY larger than the
correlated shift in ζ. In the case of thin films of PET, we performed further anneal-
ing experiments at 363 K where crystallization does not occur during the whole
measurement time (∝96 h) and the adsorption kinetics is slower, see Fig. 12. After
4 days of prolonged annealing the thickness hads of the adsorbed layer, obtained
via Guiselin’s experiment [69], reached values comparable to those found at 373 K
after 10 min. We could fit the data at 363 K with an exponential curve of the type
hads(t) = h(0) + h f [1 − exp(−t/tads)], where h f = 10.0 ± 1.2 nm, tads ∝28 h
and built up the dimensionless parameter t⊗ = t/tads, a useful probe of confinement
effects. Regardless the annealing temperature, the onset of crystallization, for films
thinner than 100 nm, corresponds to t⊗ ≈ 1. In this regime, due to a potential barrier
exerted by chains already immobilized onto the substrate, adsorption of new chains is
accompanied by a severe entropic penalty [74, 75]. In fact, due to the lesser available
space the number of possible conformations permitting adsorption at this stage is
strongly limited.

Consequently, at t⊗ ≈ 1, the crystallization of chains in the irreversibly adsorbed
layer is highly hindered. Formation of crystals provides a remarkable enthalpy gain,
but ordering via chain folding requires an initial entropic loss that cannot be compen-
sated by the adsorbed chains. The entropic barrier of stem formation increases due
to the restriction in conformational degrees of freedom upon chain immobilization.
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Fig. 12 Time evolution of the component of the dielectric strength with higher decaying rate,
χεhigh (red circles, left axis), and the thickness of the irreversibly adsorbed layer, hads, obtained in
the same annealing conditions (blue hexagons, right axis) at 363 K. Value of hads collected under
the isothermal crystallization conditions, 373 K, are shown for comparison (black diamonds, right
axis). Reproduced from Vanroy et al. [19] with permission of the American Chemical Society

Thus for those systems where the onset of crystallization occurs in the regime
t⊗ ≈ 1 (e.g., for low Mw polymers), we expect a severe reduction in the overall
crystallization rate at thicknesses comparable to that of the irreversibly adsorbed layer
grown during the experiment, ∝hf . Considering that in our capped samples we have
two adsorbing interfaces, we expect the occurrence of the huge drop crystallization
rate at 2hf Our hypothesis is validated considering that 2hf ∞ h⊗, that is, the thickness
below which we did not observe crystallization during our experimental timescale.

4 Summary, Conclusions, Outlook

In this chapter, we revised recent work on the tremendous slowing down in crys-
tallization kinetics and the severe drop in tracer diffusivity observed in ultrathin
polymer films. This experimental evidence correspond to an anomalous decoupling
of rotational and translation motion in polymer chains under 1D confinement. While
diffusion and viscosity are intrinsically correlated via the SE relation in bulk melts
at equilibirium, Dτ = const/T , the anomalous decoupling in thin films follows a
trend opposite the fractional SE model, characteristic of the glassy dynamics, where
diffusion is enhanced in comparison to viscosity, that is Dτρ = const/T with ρ < 1.

We discussed on the impact of finite size and interfacial interactions on the crystal-
lization rate, considering that this quantity is related to the convolution of nucleation
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and growth. In particular, we showed that for Al capped films of PET thicker than a
threshold value h⊗, the crystallization time scales with the inverse of the sample vol-
ume, that is tCRY ∝ h−1, indicating a nucleation limited regime. This trend can be, in
fact, rationalized considering the effect of finite size on a phase transition occurring
at a constant nuclei density. Below h⊗ we did not observe any crystallization event,
which implies inhibition of the crystallization or a drop in crystallization rate by more
than three orders of magnitude. We estimated the increase in tCRY, correlated to the
slower segmental dynamics observed at h < h⊗, via the SE model and combined
it to the nucleation limited trend. Consequently, we obtained Eq. (10) permitting to
estimate the thickness dependence of tCRY. At constant temperature, this expression
can be approximated as tCRY(h)εh[ζ(h)]ρ . Under this framework, a large increase
in tCRY at constant ζ implies ρ ≈ 1.

A similar trend was observed in diffusion experiments, that permitted us to mea-
sure the coefficient of tracer diffusion, Dtr , of dielectric probes in polymer matrices,
by means of BDS. Our method is based on the direct determination of the time nec-
essary to probe molecules to diffuse via the matrix, before being finally adsorbed
on a target substrate. Under these conditions, at a reduction of the matrix thickness,
L, should correspond short diffusion times ζD ∝ L−2. We observed values of ζD

exceeding those expected at constant tracer diffusivity, that is, a reduction in Dtr .
Same as for crystallization experiments, the increase in barrier for translatinal motion
was accompained by an almost constant ζ , and thus ρ ≈ 1.

We rationalized this peculiar behavior considering the different impact of irreveris-
ble chain adsorption on the molecular mechanisms responsible for segmental mobil-
ity and diffusion. We propose that this anomalous decoupling could be related to the
content and distribution of free volume in proximity of free surfaces [76] and adsorb-
ing interfaces [48]. Recent experimental evidence and theoretical models support, in
fact, the idea that the deviation from bulk behavior are strictly connected to the local
content in free volume. Under this framework, a reduction in Tg should be related to
an increase in packing frustration [1], e. g. as in the first stages of adsorption, and the
consequent larger value of free volume compared to the bulk [15]. This hypothesis
is in line with recent simulations by Tito et al. showing that the glassy dynamics is
affected by the propagation of colonies of free volume [77, 78]. Free volume can, in
fact, be transported inside a film, via a mechanism of propagation of “kinks” along
loops formed on the chains, as proposed by de Gennes [79]. The size of the reduc-
tion in Tg observed in thin films is quantitatively reproduced by this mechanism [80].
Inhibition of the kink-propagation-mechanism yields an increase of Tg , as shown by
Glynos et al. in high-functionality and low arms-molecular-weight star-shaped poly-
mers [81]. Finally Cangialosi and coworkers [13, 82–86] demonstrated, by means of
the free volume holes diffusion model, that the shift in Tg of thin films and polymer-
based nanocomposites is univocally correlated to the effective surface available for
diffusion of free volume holes.

While ζ and Tg should be related to the free volume content, we might imagine
that the barrier for translational motions should be related to the spatial distribution
of free volume, that is, to the effective tortuosity for the diffusion of free volume
holes. The experimental evidence described in this chapter could, for example, be
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explained considering interfacial layers with free volume content as in bulk (constant
ζ ), but a distribution of free volume yielding larger tortuosity, and thus bigger values
of ζD . Future work addressing this hypothesis could solve the molecular origin of the
anomalous decoupling of the fundamental relation between translation and rotational
motion in polymers confined at the nanoscale level.
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Dynamic Calorimetric Glass Transition
in Thin Polymer Films

Christoph Schick

Abstract Calorimetry is an effective analytical tool to characterize the glass
transition under confinement. The step in heat capacity at the dynamic glass tran-
sition in nanometer thin films can effectively be measured with low addenda heat
capacity chip calorimeters. Since AC-calorimetry measures a compliance (Cp) in
the linear response regime it probes molecular dynamics in the super-cooled liquid
state. Down to a few nanometers of film thickness, AC-calorimetry always reveals
bulk dynamics in the vicinity of the dynamic glass transition. This is different from
experiments probing the transition from the glassy to the liquid state where liquid-
like layers at the surface of the glass or free volume diffusion in the glass may
influence the observed behavior. Temperature modulated or AC-calorimetry offers a
broad dynamic range. Today 11 orders of magnitude in frequency are covered for bulk
samples by combining various kinds of calorimeters. This broad dynamic range, akin
to broadband dielectric spectroscopy, is significantly important for the study of con-
finement effects. Varying the frequency allows to change the corresponding length
scale of the probed segmental dynamics. In a relaxation map, again, bulk behavior
is observed for all investigated films down to a few nanometer film thickness.
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i-PMMA Isotactic Poly(methyl methacrylate)
PPO Poly(propylene oxide)
PS Polystyrene
PS/PPO *Polystyrene/ poly(propylene oxide)
PVAc Poly(vinyl acetate)
PVME/PS Poly(vinyl methyl ether)/ polystyrene
P2VP Poly(2-vinylpyridine)
TMDSC Temperature Modulated Differential Scanning Calorimetry
VFTH Vogel-Fulcher-Tammann-Hesse

1 Introduction

It is now proven that calorimetry can provide useful information about glass
transition and its related phenomena, like enthalpy relaxation. Three kinds of experi-
ments are usually employed in calorimetry: (i) stepwise increasing temperature, e.g.,
adiabatic calorimetry, (ii) scanning at constant or variable rate, e.g., differential scan-
ning calorimetry (DSC), and (iii) periodic temperature oscillations, e.g., alternating
current (AC) calorimetry or temperature modulated DSC (TMDSC). The relation
between the scanning rate and the timescale of the molecular processes under study
at the glass transition is not easily established and controversially discussed [1–3].
For AC-calorimetric measurements, the temperature oscillation’s frequency can be
linked in a straight-forward manner to the dynamics of the molecular processes
being investigated. At the dynamic glass transition the relation εα = 1 holds for
the maximum of the frequency dependent imaginary part of complex heat capac-
ity (where ε = 2β f is the angular frequency of the perturbation and α is the mean
relaxation time). Heat capacity in the glass transition regime is related to entropy fluc-
tuations by cp = kχS2 [1]. Therefore, only relaxation processes which are linked
to entropy fluctuations appear in calorimetric curves. This, generally speaking, is
true for the segmental relaxation (dynamic glass transition) but commonly not for
secondary relaxation processes. For exceptions from this rule see, e.g., [4] and ref-
erences therein. Given that the glass transition has a more pronounced calorimetric
signature compared to secondary relaxation processes, calorimetry—unlike dielec-
tric spectroscopy—makes it easy to distinguish these processes [5–7]. Therefore,
calorimetric studies in a broad frequency range are poised to avail invaluable knowl-
edge to the on-going discussion about the glass transition in confinement.

Using microemulsions, Angell et al. [8, 9] performed one of the first investigations
on nanoconfined glass forming systems. Amazingly, the authors did not find signif-
icant differences between bulk and droplet Tg , even for droplet sizes in the range of
only 2–6 nm. They could only observe a broadening of the glass transition. Confine-
ment effects on the glass transition were identified to cause a similar broadening of
the calorimetric glass transition in amorphous layers, which were confined between
neighboring crystal lamellae in [10]. Jackson and McKenna [11] first reported from
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calorimetric studies how the glass transition temperature Tg was influenced through
nano-confinement by a porous matrix. The seminal heat capacity measurements of
polymeric thin films were reported by Efremov [12] employing an ultra-fast scanning
calorimeter developed by Allen et al. [13]. Even down to 2 nm of film thickness, no
shift of the calorimetric glass transition temperature could be observed in this pio-
neering work. The calorimeter used is operated under basically adiabatic conditions.
Therefore, controlled cooling at constant rate is not possible as would be preferred
in glass transition studies in order to obtain glasses with well-defined history, see
[3] for a detailed exposition. To overcome this limitation and to carry out experi-
ments at longer times in order to follow the relaxation processes below the glass
transition after cooling, Efremov performed annealing experiments [14]. Recently,
these results were compared with variable cooling rate ellipsometric measurements
[15]. It was claimed that a change from Vogel-Fulcher-Tammann-Hesse (VFTH) to
Arrhenius-like behavior takes place in dependence on the cooling rate applied in
ellipsometric measurements; however, no shifts— with decreasing film thickness—
in the calorimetric glass transition were observed after long annealing. In [15], it is
held that the calorimetric measurements are performed at moderate to high rates. This
view was supported by Simon et al. with fast scanning calorimetric measurements
on thin polystyrene films [16]. Further on Cangialosi et al. [17–19] applied the free
volumes holes diffusion model [20–22] to successfully describe these data. Details
of the model are available in this book from the contribution by Cangialosi et al.
[23]. The main assumption there is a film thickness independent segmental mobility
as observed in many dielectric and AC-calorimetric studies on thin polymer films.
Such dielectric data are reviewed in this book in the chapters by Kremer et al. [24]
and Schönhals et al. [25]. Ediger and Forrest [26] review a large number of different
findings in support of a mobile surface layer of a few nanometers in glassy polymers
and also assume bulk segmental mobility in the core of the film. Since the mobile
layer disappears for the supercooled liquid state bulk behavior is expected above the
conventional Tg . In these both attempts describing the glass transition behavior of
thin films bulk-like segmental mobility is assumed even for nanometer thin films.
Evidence for such film thickness independent segmental mobility was obtained from
AC-calorimetric data too and will be summarized in this contribution.

Here, we describe how to obtain information about glass transition dynamics
by AC-calorimetry in a wide frequency range. The chapter is structured as follows:
First, the AC-calorimetric technique for investigation of thin films is described. Then
results on polymeric and nonpolymeric thin films in the glass transition interval are
summarized. Finally, an outlook is provided.
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2 Calorimetry

2.1 Basic Considerations

In many studies probing the effects of confinement, most attention is paid to effects
on the glass transition temperature Tg . Nonetheless, using calorimetry, one is able
to determine other useful quantities in addition to the Tg . From the absolute data
of cp, which is no-doubt the most valuable outcome of calorimetric experiments at
the glass transition, one can obtain (i) the step height χcp (relaxation strength), (ii)
the width of the transition interval δT , and (iii) the Tg . For the case of complex
heat capacity, the determination of these quantities is illustrated in Fig. 1. There the
situation is quite simple. The relaxation process is described, like other compliances,
by the maximum (Tg) and the width (δT ) of the peak in the imaginary part, as well
as the step height of the step of the real part (χcp), which is related to the area under
the peak in the imaginary part. The width of the transition interval 2δT is usually
found as the width of a Gaussian function, which fits the imaginary part or the phase
angle or the temperature derivative of the real part versus temperature. The case
where the transition from the supercooled liquid to the nonequilibrium glassy state
is measured (e.g., total heat capacity by DSC or adiabatic calorimetry)—as opposed
to studying the relaxation process in the supercooled liquid via measurement of
complex heat capacity—is more complex and the glass transition is described using
different quantities, see e.g., [3]. The concept of limiting fictive temperature, Tf , as
introduced by Tool [27] and developed further by Moynihan [28] is oft preferred and
applied because it has a sound basis.

Figure 1 displays a typical example, for polystyrene, of specific complex heat
capacity (c∗

p(T , w) = c′
p(T , w) − ic′′

p(T , w)) at the dynamic glass transition and the

total specific heat capacity (cp total(T , φ0) = 1/m dH(T ,φ0)/dT , with φ0 the underlying
scanning rate and H the enthalpy) describing the transformation from the supercooled
liquid to the glassy state.

The half step temperature of c′
p coincides, as usual with the maximum of c′′

p. The
position of both quantities depends on the measurement frequency, like other com-
pliances. The Vogel-Fulcher-Tammann-Hesse (VFTH) function can well describe it,
see Fig. 15. The step in cp total, related to the change from the supercooled liquid to
the nonequilibrium glassy state on cooling, is rate and thermal history-dependent
[30]. Compared to the relaxation process in the supercooled liquid, as measured by
complex heat capacity, the step in cp total is due to the increasing deviation from
equilibrium (as reviewed in [3]).

From both the complex and total heat capacities, the strength of the relaxation
process is obtained from the height of the step in heat capacity χcp. The importance
of this quantity is underscored by the fact that it counts the degrees of freedom
as the system goes from a relaxed to a frozen state upon cooling though the glass
transition. Since liquid and the glassy heat capacity curves have different slopes χcp

is temperature-(and frequency, scanning rate) dependent. Assuming the concept of
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Fig. 1 Real and imaginary part of complex specific heat capacity for polystyrene measured by
TMDSC (c

′
p(ε), c′′

p(ε)) and total heat capacity from the underlying linear scan at cooling rate φ0
(cp total(T , φ0)). Measuring conditions: Temperature modulation amplitude AT = 0.5 K, angular
frequency ε = 2β/P, period P = 60 s, underlying scanning rate φ0 = −0.25 K min−1. All data
are taken from Ref. [29]

cooperative rearranging regions (CRR), as presented by Adam and Gibbs [31], it is
possible to estimate the fraction of the confined material participating in the glass
transition on the level of the CRR size. Here, it is taken that a CRR contributes either to
the glassy or the liquid heat capacity. This permits the identification of immobilized
or liquid-like layers in nanoconfined systems at the common glass transition, see
e.g., [32]. In addition, the size of a CRR can be estimated from the parameters of
the glass transition by an equation derived by Donth [33]. For such estimates, which
require more information about confinement beyond just the Tg value, appropriate
determination of heat capacity is inevitable.

Adiabatic or alternating current (AC) calorimeters perform precise measurements
of heat capacity at low temperatures. At temperatures below room temperature, uncer-
tainties less than 1 % are reached. At higher temperature or for low thermal conducting
materials or if heat capacity becomes time dependent, some extra problems emerge,
increasing significantly the experimental errors in heat capacity measurements.

Differential scanning calorimetry (DSC) at linear scanning has proven as a ver-
satile technique for obtaining, in a reasonably short time, heat capacities at elevated
temperatures. DSC also avails the possibility to study—in a wide dynamic range—
the kinetics of transitions. Because of its simplicity and ease of use, DSC finds wide
application in materials science [34–39]. As already briefly discussed in the Intro-
duction, applying a periodic power to generate a periodic temperature oscillation has
some advantages, not just because of increased accuracy in the heat capacity deter-
mination, but also due to the chance to measure the frequency dependence of the
complex heat capacity. The three techniques already mentioned are briefly discussed
below.
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A majority of studies concerning the effects of confinement on the glass transi-
tion are collected on ultra-thin films (<100 nm). However, because of the dimin-
ished mass of a single film, DSC experiments are not easy to perform on ultra-thin
films. A few successful attempts have been achieved by Wang and Zhou [40], Simon
et al. [41, 42], Fukao et al. [43, 44], and Cangialosi et al. [18]. A stack of many of
such films allows to increase sample mass to an appropriate level. TMDSC (2.2.1)
or conventional DSC was applied to investigate such stacked ultra-thin films. A Tg

depression with decreasing film thickness was recorded. Surprizingly, recovery of
the bulk behavior was not realized from several heating-cooling runs, but only by
applying some pressure [41, 42] or annealing at elevated temperatures [44].

Allen et al. described a calorimetric scanning technique for the measurement
of the glass transition in single ultra-thin supported films [12, 14]. In spite of its
superior sensitivity for glass transition measurements, the technique has a serious
drawback: the calorimeter is operated under quasi-adiabatic conditions. Cooling can
hence not be well controlled. However, as earlier mentioned, knowledge of the sam-
ple thermal history is paramount for glass transition studies. Since this is also the
case for crystallization studies, and not only for the investigation of the glass tran-
sition, a versatile non-adiabatic thin film calorimeter was developed [45–48]. Here,
the sensor is operated in gas, instead of vacuum, as surrounding medium, an inno-
vation which yields sufficient heat losses for samples in the sub-nanogram range
for cooling rates up to 1 MK s−1. Only a small area of the heated membrane (ca.
10 µm in diameter) can ensure an effective enough fast cooling. Because of the small
heated area, there exist non-negligible temperature gradients outside the heater area
[49, 50]. Therefore, reliable measurements cannot be carried out when the whole
membrane area is covered by the spin-coated sample. This is different from the
large area sensors employed by Allen et al. [12, 14, 51] and Rodríguez-Viejo et al.
[52–54] where the edge effects can either be neglected or avoided by a deposi-
tion mask. Recently, Simon et al. [16] published fast scanning calorimetric data on
supported thin polystyrene films using a Mettler Toledo Flash DSC 1 utilizing a
medium-sized chip sensor (500 µm diameter of the active area) [55, 56].

Sample preparation is always a critical aspect in calorimetry, like in all other
techniques applied to the study of glass transition under nanometric confinement.
Because of the large surface area of nanosized objects, interaction of the sample
with nanoparticles, a porous host matrix, substrates for thin films, etc. may result
in substantial alterations of the behavior at glass transition. Often a surface layer
with increased mobility [26, 57] or a dead layer [58] arising from strong interfacial
interactions are discussed. Furthermore, these interfaces may be attractive to solvents
or other substances which would influence the relaxation behavior. Residual stresses
in the sample need to be carefully eliminated through drying and annealing above Tg

[59, 60]. The scenario becomes more compounded if chemical reactions occur in the
course sample preparation on the nanoscale. The complexity of the glass transition
behavior of polycyanorates cured under nanoconfinement is discussed in [61, 62].
Large deviations in the range of ∝60 K in 10 nm pores from the bulk calorimetric
Tg value were observed for these particular systems. In summary, slight variations in
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sample preparation may result in significant changes in the glass transition behavior
of the nanoconfined system, and demand careful consideration [44, 60, 63].

2.2 Temperature Modulation (TMDSC, AC-calorimetry)

For a long time now, oscillating power (heating rate, temperature) is used in calorime-
try, see the review by Kraftmakher [64]. Periodic perturbations have found applica-
tion in calorimetry since 1910 when Corbino [65, 66] made use of the so-called
3ε-method [67, 68] to deduce the heat capacity of electrically conducting wires.
In the 1960s, Kraftmakher [69] and Sullivan and Seidel [70] put forward AC-
calorimetry. Although it was generally known from ultrasound propagation in gases
that heat capacity should be considered as a frequency-dependent complex quantity
[71], they considered it as a real-valued quantity. If heat is not instantaneously dis-
persed to all degrees of freedom in the material under study, the ratio between heat
and temperature change becomes time-dependent and hence heat capacity too. The
transition from time to frequency domain delivers a complex heat capacity compris-
ing real and imaginary parts, which are both frequency-dependent. This response is
analogous to other dynamic perturbations such as in dielectric spectroscopy and can
be treated in an similar manner, see e.g., Birge et al. [67, 72], Christensen [73], Jeong
et al. [74], and Richert et al. [75, 76].

In 1971, using an inorganic polymer, Gobrecht et al. [77] carried out the first direct
measurement of complex heat capacity in the glass transition range. Theirs was not
just the first direct measurement of complex heat capacity, but also the pioneering
application of a temperature modulated DSC (TMDSC). This idea to combine DSC
with periodic temperature perturbations was reconsidered by Reading et al. [78–80]
and Salvetti et al. [81] in 1992. Due to developments in computer technology, it
was possible then to overcome the limitations of the setup put forward by Gobrecht
et al. [77]. Therefore, TMDSC became available as a standard technique in thermal
analysis and has found wide application in glass transition studies [80, 82, 83].

2.2.1 Temperature Modulated Differential Scanning Calorimetry

Anny temperature change dT/dt in a sample with sample mass m and specific heat
capacity cp yields a heat flow rate τ(t)

τ(t) = m · cp · dT

dt
(1)

For any temperature perturbation, dT/dt ⊗= 0, a nonzero heat flow rate τ(t) takes
place. For any heating rate profile (see Eq. (1)), the measured heat flow rate contains
information about heat capacity Cp = m cp. Here, a discussion of only sinusoidal
heating rate profiles is given, although the formalism is applicable to other signal
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shapes [84–86] and nonperiodic perturbations [83, 87–90]. This sought of DSC
measurements are termed as modulated temperature (MTDSC) or temperature mod-
ulated (TMDSC). However, it must be underscored that the perturbation in scanning
calorimetry is not temperature, but rather (heating; cooling) scanning rate. A calori-
metric signal can only be obtained if the temperature changes (i.e., scan rate ⊗= 0).
Any heating rate perturbation (periodic, stochastic, harmonic, anharmonic) may be
added to any temperature-time profile, like scan or isothermal. In the simplest case,
a harmonic perturbation superimposes to the underlying linear heating (or cooling):

T(t) = T0 + φ0t + AT sin(εt) (2)

where ß0 is the underlying heating (cooling) rate, T0 the start temperature, AT the
amplitude of temperature perturbation and ε = 2β/tp is the angular frequency with
tp being the modulation period. The heat flow rate thus measured allows calculating
the (effective reversing or) complex heat capacity given by:

Cp effectiv(ε) = Aτ(ε)

Aφ(ε)
= Aτ(ε)

εAT
(3)

where Aτ is complex heat flow rate amplitude and Aß = εAT is heating rate ampli-
tude. Under conditions of linearity and stationarity [91, 92], this quantity is equal
to the so-called reversing or complex heat capacity [83]. The complex amplitudes,
required for heat capacity determination, can be found with high sensitivity and accu-
racy using frequency selective techniques like lock-in amplifiers or Fourier analysis.
Compared to conventional DSC measurements, the influence of instrumental drift
(low frequency noise) together with electrical noise at high frequencies is dramati-
cally reduced. Absolute values of the heat capacity can therefore be measured with
an accuracy superior to 1 % in a wide temperature range using TMDSC [89]. Con-
sequently, slight changes in heat capacity, for instance due to confinement, can be
detected. For ß0 = 0, the mean temperature is constant and only the oscillating
component contributes to the heat flow rate. This condition is referred to as “quasi
isotherm” and allows a time-dependent determination of heat capacity.

2.2.2 AC Chip Calorimetry of Thin Films

For conventional differential scanning calorimeters (DSC) in TMDSC mode a sam-
ple mass of about 1 mg is needed. Otherwise the signal-to- noise ratio becomes very
bad. For experiments with films below 100 nm many of these films must be stacked
in the DSC pan (2.1). To overcome this limitation and to measure single films highly
sensitive calorimetric techniques are needed. Chip-based thin film sensors offer an
attractive alternative to reach the goal (see 2.1 for some references regarding high
sensitive fast scanning calorimetry). The same high sensitivity was realized by AC-
calorimetry utilizing the same thin film sensors, again in non-adiabatic conditions.
Large scanning rate amplitudes are required even for sensitive AC-calorimetric mea-
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surements, because the scanning rate is the perturbation. Simultaneously, small tem-
perature amplitudes must be applied to ensure that the system is not enormously
disturbed. This was realized by using small temperature amplitudes (<1K) and high
modulation frequencies, see [93] for a more detailed discussion. In the following,
description of such a thin film AC-calorimetric technique is given. It realizes the
needed sensitivity and because of the applied frequency a well-defined timescale
is straight forward assigned to the measurements. The developed AC calorimetric
technique for glass transition studies covers 11 orders of magnitude in frequency for
bulk samples [93] and three orders of magnitude for nanometer thin films [94–96].

Hellmann et al. [97, 98] pioneered the use of free standing silicon nitride mem-
branes for AC-calorimetry and employed them as AC-calorimeters in relaxation
mode. Recently, experiments on a few 100 nm [97] and 30 nm [99–101] films mak-
ing use of these calorimeters were reported.

In order to achieve fast and controlled cooling, our approach to nanocalorimetry
[47, 48] is based on non-adiabatic conditions too. The thin film calorimeter operated
non-adiabatically permits heating (and cooling) at rates up to MK s−1 [47]. Using
such high rates often yields nonequilibrium states of the probed sample. For instance,
it is possible to prevent crystallization and reach the amorphous glassy state for
several fast crystallizing polymers on cooling [48]. It is also possible to superheat
polymer crystals by fast heating [102]. Often, however, one would rather measure
thermal properties of minute samples at (or close to) thermodynamic equilibrium.
This is achievable by combining chip calorimetry with AC calorimetry. As usual
in AC calorimetry, a small periodic heat flow is delivered to the sample and the
resulting complex temperature amplitude measured at slow scanning or at constant
bath temperature. The timescale of the experiment is well-defined by the chosen
frequency. In several instances, e.g., at glass transition, it is possible to make a direct
comparison with results from other dynamic methods like dielectric spectroscopy
[6, 7, 103–112]. A detailed description of such an AC-chip calorimeter for small
samples using a single sensor under non-adiabatic conditions is available in [113].
The sensitivity of the setup is about 10 nJ K−1 at room temperature and hence the
measurement of the dynamic glass transition for films down to 500 nm of thickness
is possible; for much thinner polymer films, the sensitivity of the calorimeter had to
be enhanced.

A differential AC-chip-calorimeter which is based on a commercially available
chip sensor is discussed in [114]. Because of the differential setup, sensitivity in the
pico-Joule per Kelvin range is achieved, allowing measurement of samples less than
one nanogram. Therefore, the film thickness limit is in the range of a few nanometers
[94–96, 110–112, 115–122]. Because of the small total heat capacity (addenda +
sample) and the chance to cool fast, two main gains are made: high sensitivity, and
AC measurements at relatively high frequencies [123]. This calorimeter can measure
sample heat capacity (J K−1) in the frequency range 1–50,000 Hz, and with laser
heating up to 1 MHz [93].

The sample heat capacity CS is much smaller than addenda heat capacity C0 for
ultra-thin films. Using a differential setup can be one way of minimizing the influence
of the addenda heat capacity. The basic equations for this differential setup based on
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Fig. 2 Chip sensor for the AC calorimeter. a and b The calorimetric sensor from Xensor Integra-
tions, NL, on a TO5 housing. c Magnified center area of the membrane with the two heater stripes
at the end of the double arrow scale bar and the six hot junctions of the thermopile (squares in the
center). d Chip sensors in a differential setup placed in an oven. The aluminum block, which is
mounted in a cryostat, has a diameter of 36 mm. Photographs are taken from Ref. [95]

thin film sensors from Xensor Integrations, NL [114], see Fig. 2, are detailed in [94,
95, 122].

The above considerations made use of a differential AC chip calorimeter. A small
heater is placed in the center of a free standing 500 nm thin silicon nitride membrane;
the heater comprises two 50µm long parallel strips. It is shown in [49, 50] that the
temperature distribution in the inter-stripes area is nearly uniform. Six hot junctions
of a thermopile are arranged in the heater area. A 700 nm silicon oxide layer protects
the thermopile, the heater, and the conducting strips. The sample is either placed
in the heated area (for small samples) or, for the case of thin films, spread over the
whole sensor. The temperature amplitude due to the AC power is of the order of
0.1 K. Therefore, the temperature gradient toward the frame from the heater [49]
does not contribute to the uncertainty of the temperature reading, very much unlike
the use of the same device for fast scanning where the temperature of the heater can
be several 100 K above the constant frame (oven) temperature.

The only region of interest for AC-calorimetric experiments is the small heated
area, which can be approximated as a point heat source. The two sensors are posi-
tioned adjacent to each other in a thermostat at temperature TB. Either, measurements
are performed at different frequencies keeping the temperature constant (frequency
scans), or at a single frequency while continuously changing the temperature (tem-
perature scans). In the first case, a stepwise change of temperature can be applied.
The heating rate of the thermostat is limited to 5 K/min in order to realize (i) an
almost uniform temperature distribution and (ii) small errors in temperature. This
calorimeter can be operated at ambient or slightly reduced pressure in air or an inert
gas (e.g., nitrogen or helium) in a gas with controlled humidity [124, 125], or even
in high vacuum [119–122].

Figure 3 provides the electrical scheme of the device. The heaters on the chips
are driven by an AC-voltage having frequency ε/2 from the oscillator of the lock-in
amplifier, resulting in an oscillating power at frequency ε. The phase and amplitude
of the resulting oscillating temperature (at frequency ε) is measured by the thin film
thermopile employing a digital lock-in amplifier [94, 95].
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Fig. 3 Schematic picture of the electric setup. The voltage of the internal oscillator (OSC) drives
the current through the heaters. The differential signal A–B of the thermopiles is analyzed and
further processed. The voltage over the known resistor R is measured with a digital multimeter
(DVM) to calculate the heater power. The scheme is taken from Ref. [95]

Depending on the surrounding gas, sample thickness, and sensor type (area heated
region), the available frequency range is between 1 Hz and 50 kHz. The heater power
per sensor is about 10–50µW, which results, in a temperature oscillation amplitude
and a temperature bias less than 1 K, depending on the frequency. The heat capacity
and thermal conductivity of the surrounding gas determine the frequency of maximal
sensitivity. A maximum sensitivity is observed between 10 and 100 Hz for N2 at
ambient pressure. For lower frequencies, losses through the gas become dominant
while the distance between the thermopile and the heater causes a decay of the signal
at higher frequencies. The frequency range can be stretched to lower values through
minimizing the losses by lowering pressure [122].

It is possible to increase the sensitivity of this differential setup by a factor 100 or
more (compared to a single sensor) by use of sensors which have minimal asymmetry
[113]. Furthermore, ambient disturbances are minimized by the differential setup.
This delivers a highly sensitive calorimetric tool able to measure in the pJ K−1

range and sub-nanograms of matter [94–96, 110–112, 115–117, 119, 125, 126].
Consequently, the step in heat capacity at the dynamic glass transition—for films
with thickness in the order of 1 nm—can be measured [120].

As already described above, there are two possible modes of operating the AC chip
calorimeter: either scanning the frequency at constant temperature and increasing (or
decreasing) the temperature stepwise, or temperature scans at constant frequency.
Both modes were applied to measure frequency and thickness-dependence of the
dynamic glass transition temperature for a series of thin films.

Figure 4 shows data for a 15 nm thin polystyrene film. Frequency sweeps from
0.6 to 1,280 Hz were performed and the temperature changed in steps of 5 K from
323 to 423 K. The measured signal is presented here, which is, for thin films, propor-
tional to sample heat capacity [95, 118, 122]. The glass transition temperature and
changes of the signal can easily be detected from the data. The additive term from an
empty measurement of the system is usually an order of magnitude or more lower
than the signal with sample. As a result, contributions from asymmetry change only
slightly the overall picture in such a small temperature range, and bear no effect on
the determination of the glass transition temperature. For a 15 nm (Fig. 4) and a 4 nm
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film, the signal from the empty sensor is, respectively, about 20 and 5 times smaller
than that for the sensor with film.

The probed sample mass of the 15 nm film, which is frequency-dependent only
at frequencies above 100 Hz, can be estimated to be about 1 nanogram, given an
assumed effective heated area of 0.2 × 0.2 mm2. With the heat capacity of polymers
being in the order of 1 Jg−1K−1, a sample heat capacity of 1 nJ K−1 is measured.
From this estimation, and the scatter in Fig. 4, the sensitivity of the setup at the chosen
frequency (80 Hz) can be approximated to about 50 pJ K−1.

The frequency-dependent glass transition temperature is determined as the half
step temperature in the real part of the thermopile signal thus measured. The tangent
construction for its determination is displayed in Fig. 4. As expected in the phase
of the complex heat capacity, a peak is found at the dynamic glass transition. The
maximum in phase and the half step of the real part occur at the same temperature.
There is an underlying step in the phase which is proportional to the real part. By
subtracting this contribution, the phase signal can be corrected, as described in [127].
For the 15 nm sample the peak in the phase is detectable. It can be employed to
determine the glass transition temperature in the frequency range of 20–320 Hz,
while the step at the glass transition can be evaluated in the range 0.6–1,280 Hz.
Within the error limit of ±3 K, both values—the temperature at half step height and
the peak temperature—are in good agreement.
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3 Results

3.1 Sample Preparation

Thin films were prepared by spin-coating from solutions with different concentra-
tions in order to vary their thicknesses. For calorimetric measurements and thickness
determination, respectively, the filtered (minipore, 0.2 µm) solution was spin-coated
directly onto the center position of a cleaned and annealed sensor and a cleaned
silica wafer. A same spinning rate of 3,000 rpm and spinning time 60 s were applied
for all samples. The thickness of the film on the silica wafer was measured by
X-ray reflectivity [96, 128], by ellipsometry and AFM [117, 129] or determined
from the measured capacitance of a capacitor [115] and was found to be in agree-
ment with the calculated value that is based on viscosity, spinning rate and solvent
volatility [130]. Due to the similar surface (SiO2) between the sensor and the wafer,
we assumed that thicknesses were the same given the identical sample preparation
procedure.

The sample preparation details can strongly affect the measured glass transition
[110, 131–133]. In order to avoid oxidation during high temperature annealing,
both the measurements and annealing were carried out in a flow of dry nitrogen
[110]. The multi-exponential like decay of the signal amplitude during annealing of
the thin films can be followed by quasi-isothermal AC-calorimetric measurements.
Such decay speeds up with increasing temperature, but is always found if the sample
is not annealed long enough above the bulk glass transition temperature. At the
moment, we cannot establish whether the decay originates from the relaxation of
the metastable state of the spin-coated film or from residual solvent [60, 134, 135].
Unless otherwise stated, the heating/cooling traces in this work are obtained after
they become stabilized. Prior to and after the calorimetric measurements, the sensor
surface was checked by AFM and no dewetting was detected.

3.2 Film Thickness Independent Dynamic Glass Transition
in Nanometer Polymer Films from AC-Calorimetry

The AC-chip calorimeter makes a certain frequency range accessible for glass transi-
tion studies in thin polymer films. This is applied to study the frequency dependence
of the dynamic glass transition in order to probe the influence of film thickness on
the dynamic behavior in a wider frequency range. Figure 5 confirms the linearity
between the measured thermopile voltage amplitude (proportional to heat capacity
for films below 500 nm [120]).

In Fig. 6, the real part of complex heat capacity for a 40 nm thin polystyrene film
and the corrected phase of the thermopile signal (at three frequencies) are shown.
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The frequency dependence is further measured for polystyrene films with thick-
nesses of 40, 15, and 8 nm, respectively. The frequency range is from 0.6 to 1,280 Hz
for the thicker films and reduced to 6–1,280 Hz for the thinnest film due to the smaller
signal. Figure 7 shows a relaxation map where the temperature position at half step
height is plotted. The maximum position of the peak, εp, respectively the half step
of real part shifts as described by the VFTH equation.
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log εp = ε≤ − A

T − T0
(4)

ε≤ and A are constants and T0 is the so-called Vogel temperature. The data can be
described by a single set of parameters within the error limits. For the high as well
as for the low frequency range, the limitations of the method become visible from
the stronger scattering of the data. These limits are also visible from the scatter in
the data for the thinnest sample (8 nm).

Similar data were obtained for PPO films (Fig. 8). Again, in the whole accessible
frequency range the data for the films of different thicknesses between 330 and 6 nm
are well described by one single VFTH function.

To determine the thickness dependence of the glass transition temperature for
thin films in more detail measurements at the frequency of optimum sensitivity were
performed for PS [18, 19, 115, 136], PPO [96], PPO/PS 50/50 blend, PMMA [94,
111], toluene [120], poly(cis-1,4-isoprene) [137], poly(vinyl methyl ether) [138],
and poly(bisphenol A carbonate) [139]. The measurements were performed in a
temperature range from Tg − 50 K to Tg + 50 K at a scanning rate of 2 K/min
and fixed frequency. Evaluation is based on the second heating-cooling cycle to
avoid influences from sample preparation (like residual solvent evaporation). The
glass transition temperature is determined as half step temperature using the tangent
construction shown above. Some results are shown in Figs. 9, 10, and 11. For all
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studied polymers and film thicknesses, no change in the dynamic glass transition
temperatures is observed.

The glass transition temperature remains within the error limits of ±3 K equal to
the bulk value, as shown in Figs. 9, 10, and 11. This is similar to the fast scanning
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results at a few thousand kelvin per second presented by Efremov and Allen [12,
14] and for molecular glass formers by Rodriguez-Viejo et al. [52, 141]. For a film
thickness range from 100 nm down to 4 nm, reductions of more than 25 K in the glass
transition temperature were reported for polystyrene of similar molecular weight in
other studies [142]. This reduction is significantly larger than the uncertainty for the
glass transition temperature determination for the AC-calorimetric measurements.
Here, we have to consider that AC-calorimetry probes molecular dynamics in the
linear response regime in the supercooled liquid state. Similar to dielectric spec-
troscopy molecular motions are probed in thermodynamic (quasi) equilibrium. As
detailed by Cangialosi et al. [17–20, 143–152] and Chap. 14 in this book, segmental
relaxation in the supercooled liquid state, as probed by dielectric spectroscopy and
AC-calorimetry, is not influenced by film thickness. On the other hand measurements
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probing volume (e.g., ellipsometry, X-ray reflectivity) or enthalpy of the glassy state
(e.g., DSC) show a thickness dependency which is explained by the free volume
holes diffusion model [20–22].

The results from Figs. 7, 8, 9, 10, and 11 confirm the thickness independent coop-
erative dynamics measured by specific heat spectroscopy. As highlighted by Kremer
et al. [63, 111, 136, 137, 153–155] also dielectric spectroscopy in most cases does
not show any thickness-dependent shift in Tg . A comparison can also be made based
on the relaxation times of the ϕ-process obtained from dielectric and specific heat
spectroscopy. Figures 12 and 15 show such a comparison; evidently, there’s an excel-
lent agreement between the relaxation time data α(T) from both techniques for films
of 15–20 nm in thickness and bulk samples, respectively.

This result makes us confident that also under geometrical confinement both the
dielectric ϕ-process and the specific heat relaxation data probe the same cooperative
fluctuations associated to the dynamic glass transition in the bulk, see also [5, 6, 104,
136, 137, 156].

3.3 Polymer Blends in Thin Films

Polymer blend thin films are interesting both for their technological applications
(e.g., coatings, …), and from an academic point of view. Over the last two decades,
new materials generated through the blending of polymers found widespread, both
scientifically as well as for commercial utilization. The performance of these mate-
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rials is strongly influenced through the miscibility of the polymers. This is also true
for ultra-thin films.

Investigation of the composition dependence of the glass transition is the generally
accepted method to study the miscibility of two polymers in bulk. A blend is said
to be miscible when there is only one glass transition. The reverse, however, is not
necessarily true because of the so-called “self-concentration effect”, which is inherent
to chain-like connectivity of the polymers [157]. Using calorimetric methods to study
glass transition and miscibility in polymer blends is attractive. In principle, it can
allow direct measurement of the heat capacity. In some practical cases, the thermal
property is of the utmost importance for film application.

We used AC chip calorimetry to study the miscibility of PS and PPO confined
into ultra-thin films [128]. We found that within a margin of 3 K, there is no obvious
shift of Tg even for the thinnest film of the blend (Fig. 9). This is the same as for pure
polymers. For all the films, only one glass transition is observed. The Couchman or
Gordon-Taylor mixing laws, that are commonly used for miscible bulk blends, can
well describe the composition dependence of Tg . Another interesting finding is that
of the fact that PS/PPO miscibility is not affected even for the thinnest film with 6 nm
thickness.
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Figure 13 shows the dynamic glass transition of the blend PS50PPO50 in a bulk
sample (a) and in thin film samples with thicknesses 300 nm (b), 50 nm (c), 15nm
(d), and 6.5 nm (e), respectively. Both PS and PPO contribute 50 % in mass, as
indicated by the formula PS50PPO50. The step-like change at Tg is clearly seen in
the left panels, which display the heat capacity. A peak is shown superposed onto
an underlying step for the bulk and thick film samples in the right panels (showing
the phase angle between temperature and power oscillation) [127]. It represents the
contribution of the imaginary part of complex heat capacity at the dynamic glass
transition [64, 127].

The intensity of the relaxation peak reduces with decreasing film thickness so
much so that for the thinnest film of 6.5 nm, the relaxation peak is at the noise level.
Nevertheless, even in this case, the step in the amplitude is clearly observable. To
extract Tg , either the half step construction for the real part of heat capacity or the
peak value in the phase angle can be used. Similar Tg values with an uncertainty of
±3 K are obtained from both evaluations.

From Fig. 13, it is seen that for PS50PPO50 blends, whether in the bulk or thin
films, only one glass transition at ∝165→C is observed. Because we are measuring at
a higher frequency (20 Hz), this temperature is about 20 K higher than obtained from
DSC. The variation of Tg between different thicknesses is smaller than 3 K, which
is within the uncertainty of the measurements and similar to the results obtained
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for pure polymers in thin film geometry (3.2). Nevertheless, here our focus is on
the concentration dependence of Tg of thin polymer blend films, because it avails
sufficient information about miscibility under spatial confinement.

In Fig. 14 the glass transition temperatures, Tg , of films with different composition
and thickness are plotted together. The Fox, Couchman, or Gordon-Taylor mixing
laws are able to describe the composition dependence of Tg for the miscible blends.
From this plot, we can reliably state that the good miscibility between PS and PPO
is maintained in the ultra-thin films. Kim and Zin [158], by use of ellipsometry, also
observed that PS and PPO were miscible in thin films, although they found a dramatic
depression of Tg for film thickness below 50 nm for the same blend spin-coated on
a Si wafer.

The initial purpose of the work presented in [128] was to study the self-
concentration effect, which is expected to be more significant in ultra-thin films.
The PS/PPO blend was chosen because it has only one calorimetric glass transi-
tion, but two relaxation glass transitions (by DMTA and NMR) in bulk. We hoped,
therefore, to establish whether the self-concentration effect is enhanced enough to
produce two calorimetric glass transitions in the ultra-thin films. However, such a
result was not observed. It is known that miscibility in a polymer system is strongly
related to the length scale of inspection; any polymer pair is immiscible on the length
scale of the Kuhn length. On the other hand, it is generally believed that the charac-
teristic length scale of the calorimetric method is in the order of a few nanometers.
Calorimetric miscibility is thus not sensitive to investigate the local concentration
or dynamics heterogeneity below this length scale. Alternatively, we state, without
risk of contradiction, that PS and PPO are still calorimetrically miscible even in the
thinnest film of only a few nanometers.

While our results and those of Kim and Zin (using ellipsometry) on the miscibility
between PS and PPO in ultra-thin films are in agreement, we have different results
on the thickness-dependence of Tg . Since the two studies employed the same blend



328 C. Schick

system, substrate and sampling procedure, a systematic difference between the two
techniques as explained by the free volume holes diffusion model must be the origin
of the contradiction between the calorimetric and ellipsometric (dilatometric) glass
transition temperatures [20–22].

4 Summary

A large number of studies investigated the glass transition under conditions of
geometrical confinement by calorimetry. Two categories of experiments can be
identified: (i) Confinement of the glass forming regions in a stiff (or sometimes
soft) matrix. In this manner, collecting of large amounts (milligram) of confined
material allows application of conventional calorimetric techniques, e.g., adiabatic
calorimetry or DSC. Typical examples for this group of systems are phase separated
copolymers and blends, or confinement by porous structures or in nanocomposites,
or self-assembled confined amorphous regions inside a semicrystalline structure. (ii)
Confinement in thin film geometries. Samples can be considered as essentially free
standing films, when large amounts of thin films are collected (typically milligrams).
Calorimetric measurements can now be performed on single a few nanometer thick
supported films through the recent developments in silicon nitride membrane-based
nanocalorimetry.

These devices allow for scanning as well as AC-calorimetry on nanometer thick
films. The effectively heated mass of such films can be in the ng-range. By this
a sensitivity of a few 10 pJ/K can be achieved with differential setups, which is
sufficient to measure the step at the dynamic glass transition of polymeric samples
of about 1 nm thickness.

The AC-chip calorimetry allows investigations in the frequency range 1–50,000 Hz.
Different groups investigated glass transition temperatures of thin polymer films
from 400 to 2 nm. The dynamic glass transition temperature of supported thin films
is found to be thickness independent, within the experimental uncertainty of a few
K. The frequency dependence was also measured for selected film thicknesses using
an AC-chip calorimeter. In the accessible frequency range (starting from 0.6 Hz) no
significant deviations from the VFTH behavior are observed.

These results are contrary to many other studies on thin polymer films, e.g. [142].
A possible explanation was given by Cangialosi et al. [17–19]. They applied the free
volumes holes diffusion model [20–22] to successfully describe previously conflict-
ing data.

Further, we used the differential AC chip calorimeter to study the miscibility of
the PS/PPO blend confined in thin films. The good miscibility between PS and PPO is
preserved even for only a few nanometers of film thickness. Finally, but not described
here, we show that the sensitivity of the chip calorimeter can also be used to study the
inter-layer diffusion in ultra-thin films. Starting from a double layer system of about
55 nm PPO and 100 nm PS, we end up with a mixed layer of PS43PPO57 blend thin
film which contains all PPO, and a basically pure PS layer of about 30 nm, which
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does not diffuse into the PS43PPO57 blend thin film even staying in its liquid state
for more than 10 h [128].

AC chip calorimetry in combination with AFM was also demonstrated to be
a powerful tool for studying phase separation in thin polymer blend films too. A
state diagram was constructed for PVME/PS in 100 nm thin films [129]. For that
purpose a new methodology was developed. Very short (10 ms to s) temperature
jumps to temperatures above the cloud point temperature could be applied using
the on-chip heater. This made the simulation of laser patterning possible [117].
10 ms jumps into the two phase area of the state diagram showed evidence for phase
separation. The resulting morphology was very fine and remixed very rapidly. Using
short temperature pulses, AC chip calorimetry—as compared to AFM—becomes a
more sensitive characterization tool for the detection of the early stages of phase
separation in thin polymer films.

A particular promising application of AC chip calorimetry is in the field of extra-
ordinary stable glasses as pioneered by Ediger [160]. We described an AC chip
calorimeter for in situ heat capacity measurements of as-deposited nanometer thin
films of organic glass formers [93]. The calorimetric system is based on a differen-
tial AC chip calorimeter which is placed in the vacuum chamber for physical vapor
deposition. The sample is directly deposited onto one calorimetric chip sensor while
the other sensor is protected against deposition.

Phase transformations in biopolymers are another subject of AC calorimetry.
Often the water content determines the properties of the biopolymers. AC-calorimetry
allows operation under controlled environmental conditions like humidity or all kind
of gasses or gas mixtures. An AC calorimeter with humidity controlled environment
is described and applied for the study of protein crystals [124, 125] and a study on
thin polymer films under different humidity is under way.

5 Future Directions and Outlook

For the thin film measurements the frequency range is limited to the values shown in
Figs. 7 and 8. To obtain more complete information about the segmental relaxation
a wider frequency range is preferable. So far a significant extension to higher and
lower frequencies is only possible for bulk samples. The general concepts for heat
capacity spectroscopy covering 11 orders of magnitude in frequency are discussed
next.

The complex heat capacity can be measured in a wide range of frequencies through
the combination of different calorimeters. A common problem for all these calorime-
ters is that heat transfer from a heated surface into the sample requires a temperature
gradient and consequently time. It can therefore not be avoided that the measured
phase angle contains a contribution from the real part of heat capacity. This can on
the other hand be utilized to measure heat capacity if it is real-valued [64]. A careful
correction of the measured phase angle for this contribution is required for determin-
ing the imaginary part of complex heat capacity [127, 161]. In classical calorimetry
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heat is first transferred to the fast degrees of freedom (phonons) before it also distrib-
utes over the slow modes. Richert et al. [162, 163] introduced a so-called “reverse”
calorimetry: here energy is transferred first to the “slow” configurational modes in a
glass forming liquid by a nonlinear electrical perturbation at the chosen frequency.
Through a relaxation process it then distributes over the “fast” degrees [162, 163]. In
both cases, the distinctive representation of a relaxation process in the supercooled
liquid—a step in real and a peak in the imaginary part of the susceptibility—is
observed, see Fig. 1 above. Measurements of the complex heat capacity are nowa-
days possible over the wide frequency of range of more than 11 orders of magnitude
through the combination of different calorimeters. The calorimetric dynamic glass
transition temperature for bulk PS is shown in Fig. 15 in comparison to dielectric
data in such an extended frequency range.

Application of heat capacity spectroscopy in such a wide frequency range to thin
glass forming films seems to be very promising. Particularly the high frequency range
requires thin samples and is therefore attractive for the study of thin films [93].

Another field of on-going activity is the study of phase transitions and glass
transitions in polymers and biopolymers in dependence on the water, more general
the solvent or plasticizer, content in thin films. The water uptake of polyvinyl acetate
(PVAc) at different relative humidity for bulk-like and ultra-thin films (>20 nm)
is under studied by AC-chip calorimetry. For a micrometer-sized sample of about
200 ng on the chip the plasticizing effect of water vapor is the same as for bulk
samples. The water dissolved (absorbed) in the film results in a shift of the glass
transition temperature (plasticizing effect) and an increase in heat capacity. With
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decreasing film thickness the water uptake becomes more complex. An increasing
amount of adsorbed water is observed. The adsorbed water does not plasticize the
film but contributes to the measured heat capacity (JK−1). AC calorimetry may help
to gain a better understanding of the distribution of the absorbed water.

Going away from the nanometer thin films, other applications are envisaged too.
As an example, the drying or curing of micrometer thick coatings or joints can be
studied by AC-calorimetry [164].
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Equilibrium and Out-of-Equilibrium
Dynamics in Confined Polymers and Other
Glass Forming Systems by Dielectric
Spectroscopy and Calorimetric Techniques

Daniele Cangialosi

Abstract Glassy dynamics under nanoscale confinement is currently a topic under
intense debate in soft matter physics. The reason is that this kind of studies may
deliver important insight on the glassy dynamics in general. Furthermore, from a
technological point of view, there exists a rising interest in the understanding of how
properties are modified at the nanoscale in comparison to the corresponding bulk sys-
tem. Within this context, this chapter critically discusses the experimental findings
in the field. The vast majority of results concerns thin polymer films. However, other
geometries of confinement, such as polymer nanocomposites and nanospheres, are
considered as well. Special attention is devoted to the kind of information achieved
by a specific technique. Within this context, the ability of dielectric and calorimet-
ric techniques is highlighted. Particular attention is devoted to the determination
of the different aspects of glassy dynamics in confinement, that is, the equilibrium
dynamics in terms of the rate of spontaneous fluctuations as probed by experiments
where a perturbation in the linear regime is applied, on the one hand, and the out-
of-equilibrium dynamics in terms of thermal glass transition temperature (Tg) and the
physical aging on the other. In the latter case, the application of a temperature ramp
for Tg measurements and the recovery of equilibrium in physical aging imply the
application of large perturbations, in particular with amplitude well beyond that of
spontaneous fluctuations. It is demonstrated how, in view of numerous experimental
results, the two aspects are not one-to-one related in confinement. Specifically, the
reduction in Tg and the acceleration of equilibrium recovery in the aging regime does
not imply a concomitant speed-up of the rate of spontaneous fluctuations, which is in
several cases found to be unaltered in comparison to the bulk. Finally, a description of
suitable frameworks to describe such phenomenology is presented with special atten-
tion to the free volume hole diffusion (FVHD) model. This is shown to quantitatively
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catch the acceleration of physical aging and the Tg depression with no need to assume
any acceleration on the intrinsic molecular mobility of the glass former.

Keywords Glass transition · Molecular mobility · Linear response · Out
-of-Equilibrium dynamics

Abbreviations

AG theory Adam-Gibbs Theory
CD Capacitive Dilatometry
CRR Cooperative Rearranging Region
FVHD Free Volume Hole Diffusion Model
NEXAFS Near-Edge X-Ray Absorption Fine Structure
PALS Positron Annihilation Lifetime Spectroscopy
PMMA Poly(methyl methacrylate)
RFOT Random First-order Theory
SMFM Shear Modulation Force Microscopy
VFT Vogel-Fulcher-Tammann

1 Introduction

Modern technology often requires the employment of materials confined at the
nanoscale, that is, with typical dimensions in the submicron range. In such con-
figuration, properties can be dramatically affected due to the dominant role of those
portions of the material close to the interface. Therefore, the knowledge of how the
interface interferes with the overall material performance is crucial. Among those
properties that can be deeply affected under nanoscale confinement, those related to
glass transition phenomena have been intensively investigated in the last years. The
reason is that glass forming materials are a widely employed class of materials since
the beginning of civilization (their use among phoenicians dating back to the third
millennium a.C. is reported). Among them a subclass is represented by glass form-
ing polymers and most of the studies of the glass transition in confinement involve
these systems. The one-dimensional confinement, namely that based on polymer thin
films, is by far the most investigated, although in recent years much effort has been
devoted to the investigation of confined glass formers in other geometries. In partic-
ular polymer nanocomposites and nanospheres, and glass formers in nanopores have
recently received considerable attention.

In this chapter, we first briefly introduce the main aspects of the phenomenology
of the glass transition. In particular, the existence of a typical length scale associ-
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ated with density fluctuations relevant for glassy dynamics will be introduced. This,
among the different facets of the phenomenology of the glass transition, has histori-
cally represented one of the main rationale to study glass forming systems confined
at length scales approaching those relevant for glassy dynamics. After introducing
these aspects, we provide a review on the debate regarding the effect of confinement
on such phenomena. This discussion involves the apparently controversial views
based on different experimental observations, where the glassy dynamics is seen to
either speed-up, slow-down, or remain equal to that of the bulk system. In doing
so, the following aspects will be emphasized: (i) the conceptual difference among
the different kind of determinations delivering information on nonequivalent aspects
of the glass transition phenomenon; (ii) how—given a certain confinement length
scale, e.g., the thickness in thin polymer films—the applied cooling rate, the kind
of substrate, and the preparation conditions affect the deviation of glass transition
phenomena from the bulk behavior. In this context, the numerous experimental con-
tributions will be reviewed. Particular emphasis will be provided to the study of
glassy dynamics by dielectric relaxation and calorimetric techniques. These allow
the determination of the different aspects of glassy dynamics, in some cases in a
single experiment. The critical analysis emphasizing the different factors affecting
the glass transition in confinement of such contributions can in principle provide
a suitable framework to understand what kind of deviations should be expected in
given confining conditions and experimental protocols. Finally, some possible theo-
retical frameworks, recently introduced into the scientific debate, to account for the
different aspects of glassy dynamics in confinement will be reported.

2 Glassy Dynamics: Established Facts

From a thermodynamic point of view, the fate of a liquid cooled down below the melt-
ing temperature is that of transforming to the most stable crystalline phase. However,
for kinetic reasons, a considerable number of liquids can be supercooled, that is, they
remain amorphous over large time scales [29, 110]. Among glass forming systems,
polymers represent an important subclass, due the fact that crystallization is often
hindered by chain connectivity and, in some cases, conformational irregularities.

Further temperature reduction of a supercooled liquid at a given rate leads to the
formation of a glass, that is, a disordered system with the mechanical properties of
a solid. The temperature marking the liquid to glass transformation is commonly
addressed as the glass transition temperature (Tg). At such temperature, a jump in
thermodynamic coefficients (the specific heat, the compressibility, the coefficient of
thermal expansion, etc.) occurs. This is reminiscent of a second-order thermody-
namic transition in the Ehrenfest classification [110]. However, several experimental
aspects of the glass transition indicates that this is actually not the case. Among them,
probably the most evident is the fact that the Tg depends on the cooling rate, that is, the
timescale of the experiment. Nowadays, it is well accepted that the glass transition is
intimately linked to the dramatic slowing down of density fluctuations associated to
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the glassy dynamics, the so-called α relaxation, with decreasing temperature occur-
ring in the supercooled state. This is often described by the Vogel-Fulcher-Tammann
(VFT) equation: τ = τ0 exp(B/(T − T0)). Here, τ is the relaxation time relevant
for spontaneous fluctuation, τ0 a pre-exponential factor, and B and T0 the Vogel
activation energy and temperature, respectively.

For bulk glass formers, it has been shown that, not only there exists a relation
between the time scale of spontaneous fluctuations τ and the Tg , but that the two
magnitudes are unequivocally related to each other [34, 125]. This is reflected in
the dependence of the Tg with the cooling rate, exhibiting the same VFT behavior
as that of τ . Hence, cooling down a supercooled melt below its Tg implies that,
in the timescale of the experiment, dictated by the applied cooling rate, the rate
of spontaneous fluctuations is too small to maintain equilibrium. However, once a
glass is brought into the glassy state, it spontaneously evolves toward equilibrium,
an aspect of glassy dynamics commonly known as physical aging. As for the Tg ,
in bulk glass formers, it has been shown that the rate of approach to equilibrium is
exclusively determined by that of spontaneous fluctuations [55, 66]. Nevertheless,
it has to be remarked that, from a conceptual point of view, measuring τ , on the
one hand, and the Tg or the time to equilibrate in the physical aging regime, on the
other, are two separate aspects of the dynamics of the glass transition. In particular,
measuring τ requires the application of a perturbation in the linear regime, that is,
with amplitude smaller than those of spontaneous fluctuations, in order to fulfill the
fluctuation-dissipation theorem [17, 91]. Conversely, measuring the Tg at a given rate
or the recovery of equilibrium in the physical aging regime entails the application of
perturbations beyond the linear regime (e.g., a change of temperature with a certain
cooling ramp in Tg measurements). As will be seen in the next sections of the chapter,
this conceptual difference constitutes an important ingredient in the understanding
of experimental results on glassy dynamics in confinement.

A long-debated aspect of the drastic slowing down of the dynamics of the glass
transition when decreasing the temperature is the possible existence of a concomitant
growing length scale, that is, the spatial extent of the relaxation. This has been
long ago put forward by Adam-Gibbs (AG) [1], who theorized that the magnitude
controlling the slowing down of the α relaxation with decreasing temperature is the
configurational entropy (Sc). According to the AG theory, the α relaxation occurs via
cooperative rearrangement of several basic structural units. The AG theory suggests
that the number of units (z∗) involved in cooperatively rearranging regions (CRR)
increases with decreasing temperature and such temperature variation is also related
to the configurational entropy: z∗ ∼ S−1

c .
Since the AG theory, numerous approaches have been presented in the search for

the relevant length scale of the α relaxation. As the AG theory, some of them, such
as that proposed by Donth [33, 56] and the random first-order theory (RFOT) [76],
rely on thermodynamics. Conversely others, such as that based on string-like motion
[32] and the four point dynamic susceptibility [8], are based on the estimation of
dynamically correlated structural units. Among the different approaches seeking for
the relevant length scale of the α process, within the context of this chapter, it is worth
considering that based on the self-concentration [73]. Such concept was introduced
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to explain the presence of two glass transitions in miscible polymer blends. It relies
on the fact, that due to the limited size of CRR(s), the effective concentration within
the cooperative volume differs from the macroscopic one [18, 19, 25]. In particular,
it is richer in the component of the target unit at the center of the CRR. As such
the self-concentration approach provides information on how far the dynamics of a
given structural unit is affected by the surrounding. This is especially relevant once
the effect of an interface in nanoscale confinement is considered. In all approaches
providing an estimation of the relevant length of the α relaxation, this is generally
found to be in the order of several nanometers or, for some polymer and within some
approaches, even smaller than 1 nm [5, 18, 19].

3 Glassy Dynamics Under Nanoscale Confinement:
Experimental Observations

3.1 Thermal Glass Transition

In the previous section, among the different aspects of glassy dynamics, those related
to the presence of a typical length scale have been emphasized. As a consequence,
if such a length scale really exists, it is possible to speculate a-priori that once the
dimensions of the glass former approach those of such length scale, a modification
of glassy dynamics must be expected.

In this context, pioneering studies of McKenna and co-workers [60] on several
low molecular weight glass formers confined in nanopores with diameters as low
as 4 nm showed clear depression of the calorimetric Tg . The first report of confine-
ment effects in glass forming polymers was presented by Keddie et al. [62]. They
employed ellipsometry to determine the temperature dependence of the thickness of
thin polystyrene (PS) films supported on silicon wafers. They found significant Tg

depression in films thinner than 50 nm. Since the work of Keddie et al. [62], a huge
amount of work has been presented on the glass transition of thin polymer films in
different configurations, included supported [4, 30, 35, 37, 38, 42, 44, 47, 51, 52,
107, 111, 117, 123, 124], capped [16, 46, 77, 98] and freestanding films [4, 10,
16, 41, 63, 64, 84, 102, 126]. Most of the results generally indicate that nanoscale
confinement induces Tg depression. As in the work of Keddie et al. [62], effects on
the Tg are visible at thicknesses smaller than 50 nm and the largest depression is of
the order of 30 K for films thinner than 10 nm. Apart from this, it is important to
remark that Tg determinations deliver considerable scattering of data. This implies
that other factors, beyond the film thickness, are of importance in determining the
magnitude of Tg depression in thin polymer films. This becomes immediately clear
once Tg data of freestanding polymer films are considered [4, 10, 16, 41, 63, 64,
84, 102, 126]. In such a case, decreases of Tg in comparison to the corresponding
bulk polymer as large as 70 K are observed and effects are visible already for thick-
nesses larger than 100 nm [10]. Furthermore, while for thin PS films the vast majority
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films. Continuous and dashed lines are the fits of the FVHD model to experimental data via two
different approaches. For details regarding the difference between the two approaches see Ref. [10].
(Reprinted with permission from Ref. [10])

of studies generally provides evidence for Tg depression, there exists a significant
number of studies on thin poly(methyl methacrylate) (PMMA) films supported on
silicon-based substrates [52, 107], where an increase of the Tg in comparison to the
bulk polymers is observed. These observations suggest that the nature of the interface
is an important parameter affecting the magnitude of Tg depression.

An additional parameter that has been considered in the study of thin polymer
films is the dependence of the magnitude of Tg depression on the applied cooling
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rate. This aspect has been considered after the introduction into the scientific debate
of the study by fast calorimetry by Efremov et al. [35]. Studying thin PS films, they
showed little effect, if any, of the film thickness down to several nanometers on the
Tg measured at 9×104 K min−1 cooling rate. A systematic study on the cooling rate
dependence of the Tg in thin PS films was later conducted by Fakhraai and Forrest [38]
by ellipsometry, a technique delivering information of the temperature dependence
of the film thickness. They showed pronounced thickness dependence of the Tg at
low cooling rates, as in the vast majority of experiments. However, when the cooling
rate is increased, the magnitude of the Tg depression reduces. This is shown in Fig. 1,
where data of Fakhraai and Forrest [38] are summarized. Similar investigations have
been performed by calorimetry at two cooling rates in freestanding thin PS films
[10]. These results are presented in Fig. 2.

With regard to supported or capped thin films, very recently, the effect of polymer
adsorption on the substrate has been investigated. In particular, it has been shown
that extended annealing at temperatures substantially larger than the Tg of the bulk
polymer (453 K for PS) induced a reduction of confinement effects on the Tg [87, 89,
106, 113, 129]. Furthermore, the annealing time dependence of such a reduction was
shown to be significantly dependent on the polymer’s molecular weight, as shown
in Fig. 3. In particular, for films with molecular weight larger than 160 Kg mol−1

no shift in Tg were observed for annealing times as large as 105 s. Conversely, at
similar annealing times lower molecular weights films could recover the bulk Tg .
This indicates that the kinetic of adsorption is somehow related to chain dynamics.
Further investigation on the impact of high temperature annealing on Tg’s deviations
revealed that, rather than the thickness of the adsorbed layer, the crucial parameter
determining the magnitude of Tg depression is the amount of free interface [87].

Beside the huge scientific activity on thin polymer films, several studies on the
effect on the thermal Tg in different kind of confinement have been carried out. These
involve polymer nanocomposites and nanospheres, and glass formers confined in
nanopores. With regard to polymer nanocomposites, those systems exhibiting weak
interactions with the nanoparticles’ surface generally exhibit Tg depression [7, 11,
15, 22, 105]. This result suggests a general analogy with thin polymer films [7].
Conversely, in those polymer nanocomposites where strong interactions, such as
hydrogen bonding, are allowed, a Tg increase is observed [75, 100, 105].

Recent scientific activity has been devoted to the study of the thermal glass
transition in polymer nanospheres. Here, results appears to be somewhat scattered
even for the same type of interface. In particular, some calorimetric studies report no
Tg dependence with the nanosphere diameter [48, 120]. Conversely, several works
show that freestanding nanospheres with diameter of the order of several tens of
nanometers generally exhibit increased Tg in comparison to the bulk [80, 83]. How-
ever, once the nanospheres diameter approaches 100 nm or larger a reduction in Tg

is observed [31, 131, 132]. This nonmonotonic Tg dependence on the nanospheres
diameter has been explained according to entropic arguments by Martinez-Tong et
al. [80]. They pointed out that, when the nanospheres radius of curvature approaches
the typical size of the macromolecules (e.g., the radius of gyration), a decrease of
the number of configurational degrees of freedom occurs and, as a consequence,
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Fig. 3 Tg as a function of annealing time at 453 K for Al-capped thin PS films. PS97 and PS160
stand for polystyrenes with molecular weight 97 and 160 Kg mol−1, respectively (Re-adapted from
Ref. [89])

the molecular motion associated to the α relaxation is slowed down. As in the case
of polymer thin films, an additional ingredient in determining the magnitude of Tg

deviations from bulk behavior is the nature of the interface. Recent studies showed
that PS nanospheres exhibit either decrease or no-change in Tg depending on the
presence of surfactants and its nature at the interface [40] or the presence of silica
capped on the surface [132].

Regarding the increase of Tg in polymer nanospheres with diameter in the sub-100
nm regime [80, 83], whatever the explanation, it is obvious that there exists a marked
difference with thin polymer films with the same (equivalent) size. Conversely for
nanospheres with diameter larger than 100 nm, analogy with thin polymer films
can be put forward [131]. Hence, the difference between polymer nanospheres and
thin films must originate from the curvature at the interface in the former geometry
and its effect on the polymer conformation at such interface. This conclusion is
corroborated by experiments in low molecular weight glass formers confined in
spherical nanopores, which exhibit decrease [60] or no change in Tg .

3.2 Out-of-Equilibrium Dynamics

The glass transition marks the crossover from the equilibrium melt state to the out-
of-equilibrium glass. Physical aging, that is the recovery of equilibrium of the glass,
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Fig. 4 Recovered enthalpy, expressed in terms of distance from equilibrium, for freestanding thin
PS films and bulk PS at 358 K (Reprinted with permission from Ref. [10])

in nanoscale confinement has been deeply investigated in recent years [23, 96]. This
phenomenon is intimately linked to the thermal glass transition. A Tg decrease indi-
cates the ability of the glass to equilibrate more efficiently. Hence, if confinement-
dependent Tg is observed, it is obvious to expect deep effects also in the physi-
cal aging behavior. This is actually found in several works in polymer thin films
[10, 65], nanocomposites [3, 11, 14, 15, 22, 24] and nanospheres [53], where the
entire enthalpy or volume recovery function is obtained in calorimetric and dilato-
metric experiments, respectively. All these studies show faster achievement of equi-
librium in the nanostructured glass in comparison to the bulk counterpart. As an
example, the enthalpy recovery during physical aging of freestanding thin PS films
at 358 K, taken from Ref. [10], is presented in Fig. 4. Importantly, deviations from
the bulk physical aging behavior can be clearly observed at thicknesses as large as
several microns.

Other studies reported the aging time dependence of a given observable in a rel-
atively limited time window. In such a case, an aging rate, defined as the slope of
the decay in the observable as a function of the logarithm of the aging time [57], is
determined. The studies delivering such information are based on the employment
of ellipsometry [6, 43, 61, 101, 103, 104], fluorescent spectroscopy [97, 99, 100],
dielectric methods [13, 26, 45, 100], permeability measurements [85, 108], dilatom-
etry [24], and Positron annihilation lifetime spectroscopy (PALS) [109]. All of these
studies point toward significant effects of confinement on the physical aging behav-
ior. Interestingly, when the depth profile of the physical aging pattern is determined
[97, 109], achievement of thermodynamic equilibrium appears to be faster the closer
the free interface of the film is. Other factors, such as the presence of mechanical
stress [103], the type of interface [104] and the chain architecture [43], have been
shown to be of importance in determining the magnitude of the aging rate.
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Fig. 5 Loss part of the
dielectric permittivity as a
function of temperature for
PMMA at 12 kHz with thick-
ness 57 nm before and after
annealing for 12 h at 400 K in
pure nitrogen (Reprinted with
permission from Ref. [113])

3.3 Dynamic Glass Transition

Besides the investigation of the thermal glass transition, numerous studies have doc-
umented the effect of confinement on the rate of spontaneous fluctuations associated
with the α process. With regard to polymer thin films, early experiments showed
acceleration of the α relaxation with decreasing thickness. The first important con-
tribution in the field was provided by Fukao and Miyamoto [46]. They showed that
the molecular dynamics—probed by broadband dielectric spectroscopy (BDS)—of
Al-capped PS films thinner than 20 nm was accelerated in comparison to the bulk.
Similar results, also by BDS, were later reported by other authors [54, 116].

In subsequent studies, Kremer and co-workers emphasized that preparation and
experimental conditions may have significant effect on BDS results [113]. In par-
ticular, they showed that annealing above Tg to remove the solvent of spin-coated
thin polymer films and the environmental conditions of the experiments (nitrogen
verus air) are key factors in determining the location of the most probable frequency
of relaxation in BDS experiments. This is shown in Fig. 5, where the dielectric
response as a function of the temperature at 12 kHz for a thin PMMA film with
thickness 57 nm is presented. In this figure, it is shown how the typical tempera-
ture of the α relaxation shifts by more than 30 K once the films are annealed over
extended time well above Tg . Beside these experiments, Perlich et al. [94] showed
that solvent removal in supported thin PS films was considerably more difficult than
in the bulk polymer. The important consequence of these observations was that, once
measured in inert atmosphere (e.g., nitrogen) and prepared under drastic conditions
for solvent removal, thin films exhibited identical molecular dynamics as the bulk
counterpart. This result has been found measuring the α relaxation by different tech-
niques, included BDS [16, 67, 79, 88, 89, 112, 121, 122, 128, 130], AC-calorimetry
[58, 79, 121], shear modulation force microscopy (SMFM) [49], Near-edge X-ray
absorption fine structure (NEXAFS) [72] and optical photobleaching [93]. In the
latter case, pronounced bulk-like dynamics was observed for freestanding PS films
as thin as 10 nm, as shown in Fig. 6.

Apart from thin polymer films, bulk-like dynamics has been observed in other
type confinement. In particular, several polymer nanocomposites [11, 13, 15, 22]
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Fig. 6 Temperature dependence of the molecular relaxation time for 17 nm freestanding thin PS
film (filled symbols) and bulk PS (stars) (Reprinted with permission from Ref. [93])

and nanospheres [131] exhibit filler size and diameter independent molecular dynam-
ics, respectively. For polymer nanocomposites exhibiting strong interaction at the
interface polymer/nanofillers, a slowing down of the segmental dynamics is rather
observed [68, 100].

Despite the presence of bulk-like dynamics in different confining geometries, it is
important to mention that several studies suggest that such systems display a rather
complex relaxational behavior. This is generally found in confined systems with at
least one free surface [39, 90, 92, 93, 131] and, therefore, is attributed to the existence
of relatively fast dynamics in proximity of such surface. Within this explanation, the
thickness of such layer is estimated to be of the order of nanometers [93].

4 Decoupling Between Equilibrium and Out-of-Equilibrium
Dynamics

In the previous section of the chapter, the importance of sample preparation and
the environmental conditions employed to measure glassy dynamics in thin polymer
films have been discussed [113]. The important outcome within this context is that
confinement effects on the α relaxation might be a consequence of the experimental
conditions employed to determine such dynamics. These experimental facts generate
an important question: is the observed thermal Tg depression (and beside it the
acceleration of equilibrium recovery) a true confinement effect or does this originate
from the employed experimental procedure? To answer this question it is vital to
recall those studies where both the intrinsic molecular mobility, on the one hand,
and the Tg and recovery of equilibrium in the physical aging regime, on the other,
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are probed in sample prepared under identical conditions and, possibly, in the same
measurement.

In this sense, dielectric and calorimetric methods offer a unique possibility to
probe the rate of spontaneous fluctuations and the out-of-equilibrium dynamics.
The first study where simultaneous measurements of these two aspects of glassy
dynamics were performed is that of Lupascu et al. [78]. In samples prepared under
identical conditions, they measured the molecular dynamics in the linear regime and
the thermal Tg simultaneously. The latter determination is based on the so-called
capacitive dilatometry (CD) method. This consists in measuring the high frequency
real part of the dielectric permittivity, where no relaxational contributions are present,
as a function of the temperature. The value of such permittivity is connected to the
density of the glass formers via the refractive index. In doing so, for Al-capped thin
PS films, Lupascu et al. [78] found a weak speed-up of the molecular dynamics in
comparison to the bulk. Conversely, the Tg of thin PS films exhibited slightly more
pronounced thickness dependence.

A systematic investigation on the molecular dynamics and thermal Tg of thin
PS films has been recently performed by Boucher et al. [16] employing BDS and
calorimetry in samples subjected to the same preparation procedures and measured
under identical environmental conditions. In doing so, they found a marked decou-
pling between the rate of spontaneous fluctuations and the thermal Tg . The former was
found to be independent of the thickness and identical to that of bulk PS. Contrariwise,
the thermal Tg exhibited clear depression, increasing with decreasing film thickness,
and being more pronounced for freestanding films. In the case of BDS, exploiting the
ability of this technique to achieve information on both aspects of glassy dynamics,
this result was found in the same measurement. This result unequivocally indicates
that Tg depression is a real feature of glassy dynamics in confinement and that this
can be present in glass formers in confinement exhibiting bulk-like dynamics. The
main outcome of this study is presented in Fig. 7, where the temperature dependence
of the molecular relaxation time (τ ) (upper panel) and the thermal Tg as a function
of the thickness (lower panel) are reported. Apart from the study of Boucher et al.
[16], other works report deviating results depending on the information delivered in
thin polymer films [27, 59, 114, 115].

In ways analogous to thin polymer films, there exists a number of recent stud-
ies by BDS and calorimetry reporting apparently contrasting results regarding the
intrinsic molecular dynamics and the thermal Tg in other type of confinement. In
the Sects. 3.1 and 3.2, several examples of polymer nanocomposites exhibiting Tg

depression have been reviewed [7, 11, 15, 22, 105]. In analogy to thin polymer films,
in those nanocomposites where the molecular dynamics have been probed, identi-
cal rate of spontaneous fluctuations as those of the bulk polymer has been found
[11, 15, 22]. This result also applies to PS nanospheres, where the Tg from calorime-
try [132] and CD [131] have been found to be depressed with decreasing nanospheres
diameters, whereas no shifts in the intrinsic molecular mobility were detected [131].

Regarding the simultaneous measurement, or at least in samples prepared under
identical conditions, of the intrinsic molecular mobility and the rate of equilib-
rium recovery in the physical aging regime, this has been performed in several
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Fig. 7 Upper panel Temperature dependence of the molecular relaxation time of thin PS films in
different confinement conditions; Lower panel Thickness dependence of Tg for the same systems
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confining geometries, including thin polymer films [10], polymer nanocomposites
[11, 13, 15, 22] and nanospheres [53, 131]. In all cases, accelerated equilibrium
recovery is found despite the unaltered molecular dynamics.

To understand these results, one way could be that the former is generally mea-
sured at temperatures somewhat larger than those relevant for the determination of the
Tg and the recovery of equilibrium. Hence, one could hypothesize that, at lower tem-
peratures, a drastic variation of the temperature dependence of the typical relaxation
time occurs. However, there exists a number of studies which appear to contradict
such scenario. First of all, the molecular dynamics of freestanding thin PS films have
been shown to possess pronounced bulk-like dynamics even for temperatures of the
order of the calorimetric Tg [93]. Furthermore, the molecular relaxation time moni-
tored during the course of aging in poly(vinyl acetate) (PVAc)/silica nanocomposites
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has been shown to increase more rapidly in systems with larger nanofillers content.
This implies that the instantaneous relaxation time, that is, the one at a given aging
time, is larger in nanocomposites than in the pure polymer despite the faster evolu-
tion toward equilibrium [11]. Molecular dynamics simulations on a coarse-grained
polymer nanocomposites show a significant acceleration of physical aging close
to the polymer/filler interface accompanied by a slight speed-up of the molecular
mobility seemingly insufficient to justify the increase of the aging rate [71]. Finally,
some crucial experimental observations pointing toward the infeasibility of argu-
ments exclusively based on the molecular mobility to describe the out-of-equilibrium
dynamics are those reporting acceleration of physical aging in thin films [10, 81, 85,
95, 108] and polymer nanocomposites [9, 11, 13, 15, 22], with typical confine-
ment length scale of the order of microns. Whatever the approach employed for the
description of glassy dynamics, it is unphysical to attribute the observed accelera-
tion to a modification of the rate of spontaneous fluctuation for systems exhibiting
confinement length scale in the microns range.

According to the previous observations, it is possible to conclude that, differently
from bulk glass formers [34, 55, 66, 125], the rate of spontaneous fluctuations and
the out-of-equilibrium dynamics, that is that monitored after the application of a
perturbation in the nonlinear regime are decoupled [16, 23]. In other words, the
latter aspect of glassy dynamics in confinement is not exclusively determined by the
molecular mobility and some confinement-specific features must be included to fully
account for it.

5 Theoretical Frameworks

In the previous section of the chapter, the need to seek for an explanation to the
peculiarities of glassy dynamics in confinement has been evidenced. In particular,
in confinement the out-of-equilibrium dynamics, which could be expressed by an
equilibration time τeq , must be connected to the molecular relaxation time τ plus an
additional factor. This must depend exclusively on a confinement length. In particu-
lar, one can express the equilibration time as a function of the molecular relaxation
time and a function only depending on such length: τeq = g(h)τ . Here h is the
con f inement length scale, which, as will be described, in the most trivial case
of freestanding films is the film thickness. Given this very general approach to the
problem, the main challenge is the search for the physics behind the function g(h).
In other words, whatever the approach employed to describe glassy dynamics in
confinement, this must account for the experimental evidence that the rate of spon-
taneous fluctuations is not one-to-one related to the out-of-equilibrium dynamics.

Among the numerous theoretical approaches, most of them describe the Tg depres-
sion in terms of altered intrinsic molecular mobility [50, 70]. Hence, they do not
account for the entire phenomenology of the glass transition in confinement. Others,
such as those based on percolation arguments [69, 74], also rely on the effect of
altered molecular mobility on the Tg . However, this kind of approach is based on
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the change of dimensionality of percolation under confinement, a purely geometric
argument that could in principle be adapted to catch experimental observations.

The free volume hole diffusion (FVHD) model potentially represents a suitable
candidate for the description of glassy dynamics in confinement. This model, rather
than describing the different aspects of the relaxation in glass forming liquids, exclu-
sively attempts to describe the way a glass recovers equilibrium in the physical aging
regime (or try to maintain it on cooling). Alfrey et al. [2], who first tried to develop
this idea, proposed that diffusion of free volume holes and their annihilation at the
external surface of the sample could be responsible for the rapidity of achievement of
equilibrium in the out-of-equilibrium glass. An important interference to the devel-
opment of such idea is due to Braun and Kovacs [66]. They compared the volume
recovery of milled PS, with typical size of several microns, with that of the bulk poly-
mer and found no differences, at odds with the qualitative scenario expected from
the FVHD model. To overcome the apparent size-independent evolution of out-of-
equilibrium glasses, Curro et al. [28] assumed the presence of an internal length
scale, where free volume holes can annihilate. In doing so, they could describe sev-
eral aspects of PVAc volume recovery.

More recently, the model has been revitalized [21, 26, 82, 118, 119] after the
finding of accelerated physical aging in numerous nanostructured glasses with typical
confinement length scale of several microns or shorter [9–11, 13, 15, 22, 81, 85, 95,
108]. The basic equations to apply the model are: (i) the second equation of Fick:

∂ fv(r, t)

∂t
= ∝(D∝ fv(r, t)) (1)

where fv is the fractional free volume and D is the diffusion coefficient of free
volume holes; and (ii) and the equation expressing the mean square displacement
(MSD) (⊗x2〉) as a function of time for one-dimensional linear diffusion1:

⊗x2〉 = 2Dt (2)

The former equation can be applied to fit the evolution of magnitudes related
to the free volume holes fraction during physical aging. The description of the Tg

depression can be performed employing Eq. (2). This because, within the FVHD
model, the glass transition occurs when ⊗x2〉 in the observation time t ∼ q−1, where
q is the cooling rate of the experiment, is of the order of the square of half the film
thickness: (h/2)2 = ⊗x2〉 = 4Dq−1. A crucial point of the model is that, to describe
accelerated physical aging and Tg depression, it does not requires any acceleration
of the glass former molecular mobility, as suggested by several experiments.

The lines in Figs. 1 and 2 are the fits of the FVHD model to Tg data of thin
PS films supported [12] and freestanding [10, 12], respectively. Interestingly, the
FVHD model is able to account for both the thickness and cooling rate depen-

1 The assumption of one-dimensional confinement is obviously true is thin films. For polymer
nanocomposites and nanospheres it is approximately valid if the radius of curvature of nanoparticles
and nanospheres, respectively, is considerably larger than the size of free volume holes.
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dence of the Tg . In particular, the weak thickness dependence at high cooling rates
[36, 38] is due to the VFT behavior of D in the temperature range relevant for such
rates [10, 12, 15]. Conversely, at lower temperatures, in particular those relevant
for determinations of the Tg at relatively low cooling rates, the diffusion coefficient
exhibits weak Arrhenius temperature dependence [10, 12, 15]. This gives rise to
large variations of the Tg with the film thickness. Successful fits of the model to the
physical aging of freestanding thin PS films [10, 82, 118, 119] and several polymer
nanocomposites [13, 15, 22] were also achieved, as shown by the lines in Fig. 2 for
the former systems as a showcase.

With regard to supported or capped films, it is worth pointing out that only a
portion of the polymer surface is available for elimination of free volume holes. This
is due to irreversible chain adsorption [87, 89, 106, 129]. In this case, adsorbed chains
constitute an infinitely high potential energy barrier to be overcome by free volume
holes. Hence, these will be eliminated only at the free interface. A recent experimental
study actually showed that the magnitude of Tg depression in capped thin PS films
scales with the amount of free interface, in qualitative agreement with the FVHD
model. Subsequently, such agreement was quantitatively tested and confirmed [86].
As such, the FVHD model, in combination with the experimental evidence reporting
on chain adsorption at the interface, is able to account for the relatively limited Tg

depression observed in supported and capped films in comparison to freestanding
films. In relation to the presence of some energetic barrier at the interface, the FVHD
model may provide an explanation to the contrasting results obtained for the deviation
from bulk behavior of the Tg of polymer nanospheres exhibiting different kind of
surfactants (if any) [40] or silica capped [132] at the polymer interface. Further
investigation is required in this sense.

6 Conclusions and Perspectives

This chapter has emphasized the recent advancements in the understanding of the
overall phenomenology of glassy dynamics in confinement. In view of recent results,
it has been shown that, in the search for an explanation for the physics behind the
observed Tg depression and accelerated recovery of equilibrium in confinement,
arguments exclusively based on the alteration of the intrinsic molecular mobility
are not sufficient. Therefore, any theoretical effort to describe glassy dynamics in
confinement must account for this fact. In this context, the FVHD model poten-
tially constitutes a suitable candidate to describe the physics of Tg depression and
accelerated recovery of equilibrium, without need to invoke any change in the intrin-
sic molecular mobility. Obviously, such model needs to be tested for a variety of
confinement configurations.

Apart from the search for a suitable framework to describe experimental results
of glassy dynamics in confinement, the ability of nanostructured glasses to main-
tain equilibrium at temperatures lower than for bulk glass formers may open the
perspective to so-far unexplored temperature ranges. This in view of the fact that in
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confinement the general features of the intrinsic molecular mobility, as discussed in
this chapter, as well as the thermodynamics (at least for freestanding films thicker
than 30 nm) [127] are essentially unaltered in comparison to the corresponding bulk
glass formers. This implies that it is in principle possible to achieve information
on the properties of equilibrium glasses down in the energy landscape. Within the
context of the dynamics and thermodynamics of glass forming liquids, this implies
that insight on the alleged divergence of the relaxation time and the vanishing of the
configurational entropy at a finite temperature, that is, the Vogel and the Kauzmann
temperatures respectively, can be obtained. Apart from this, a recent study on the
enthalpy recovery of several polymer glasses in bulk over prolonged aging times
(more than 1 year) revealed a complex scenario of both dynamics and thermody-
namics [20]. In particular, it was found that recovery of equilibrium occurs in two
stages, with partial and complete enthalpy recovery. One important implication of
this result was that two equilibration mechanisms exist and, therefore, if a calori-
metric experiment was performed at extremely low cooling rates, two jumps in the
specific heat would be found. Alternatively, exploiting the more rapid equilibration
of confined glass formers, such two jumps would be observed at cooling rates typical
of experiments delivering a thermodynamic property as a function of temperature.
Very recently, this has been actually found in freestanding thin PS films [102]. Such
finding, in relation to the double equilibration mechanism found in the enthalpy
recovery of bulk polymers, opens new perspective on the exploration of glasses low
in the energy landscape exploiting the mentioned peculiarities of confined glasses.
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