
6120 |  Soft Matter, 2025, 21, 6120–6131 This journal is © The Royal Society of Chemistry 2025

Cite this: Soft Matter, 2025,

21, 6120

Molecular mobility of thin films and the adsorbed
layer of poly(2-vinylpyridine)

Marcel Gawek,a Paulina Szymoniak,a Deniz Hülagü,a Andreas Hertwiga and
Andreas Schönhals *ab

The molecular dynamics of thin films and the adsorbed layer of poly(2-vinylpyridine) (P2VP) were

investigated using broadband dielectric spectroscopy (BDS) and spectroscopic ellipsometry. Thin films of

P2VP were prepared on silicon substrates and characterized to understand the influence of film

thickness on the thermal glass transition temperature (Tg) and molecular mobility. The ellipsometric

study revealed a decrease in Tg with decreasing film thickness, attributed to the enhanced mobility at

the polymer/air interface. The adsorbed layer, prepared via the solvent leaching approach, exhibited a

higher Tg compared to the bulk, indicating reduced molecular mobility due to strong polymer substrate

interactions. The dielectric measurements were carried out in two different electrode configurations,

crossed electrode capacitors (CEC) and nanostructured electrodes (NSE), where the latter allows for a

free surface layer at the polymer/air interface. The relaxation rates of the a-relaxation measured in the

CEC geometry collapse into one chart independent from the film thickness. For the thin films measured

in the NSE arrangement the relaxation rates slow down with decreasing film thickness which was

discussed as related to a stronger interaction of the P2VP segments with the native SiO2 at the surface

of the silicon substrate compared to aluminum. It is worth noting that the effect of the enhanced

mobility at the polymer/air interface is not observed in the dielectric measurements. BDS measurements

in NSE geometry identified an additional relaxation process (a*-relaxation) in thin films, which was more

pronounced in the adsorbed layer. This process is hypothesized to be related to molecular fluctuations

within the adsorbed layer including the adsorption/desorption dynamics of segments or to a slow

Arrhenius process (SAP) related to the equilibration dynamics deep in the glassy state.

Introduction

Glasses have been used in many ways since ancient times.
Researchers are interested in investigating and understanding
their dynamical, thermal, and rheological properties which are
still pending and topical problems in physics as well as
material science as they are not fully understood up to now
(see for instance ref. 1–4). The glass transition plays a central
role in that research because it determines the temperature
range of the applications of glass forming materials including
polymers. In addition to bulk polymer samples4,5 polymer
nanocomposites6–9 and (semi-)isolated macromolecules,10 the
research is focused also on thin polymer films with thicknesses
from a few nanometers up to ca. 100 nm (see ref. 4 and 11 for
overviews). The study of glass transition phenomena in thin

polymer films is important for both fundamental polymer
research as well as technological applications. While bulk
polymers have been extensively studied, thin films exhibit
unique confinement and effects that alter their behavior and
molecular mobility. From the perspective of fundamental
research thin films can be considered as model systems to
study confinement and finite size effects in polymers science
especially at solid interfaces. From the application point of
view, thin polymer films are used or can be used in various
technological areas such as coatings, membranes, sensors and
(opto-)electronic components to mention just a few. Moreover,
thin films can serve as model systems for nanocomposites and
further hybrid materials.

Supported thin polymer films exhibit a complex interplay of
free surface and substrate interactions as well as confinement
effects (see for instance ref. 12–17). The three-layer model is
commonly used to describe their behavior, consisting of an
adsorbed layer at the polymer–substrate interface, a bulk-like
region, and a mobile free surface layer.11 Interactions between
the substrate and adjacent polymer segments can lead to its
adsorption, reducing molecular mobility within the formed
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adsorbed layer in comparison to the bulk.15,17,18 In some cases,
this adsorption process may completely immobilize the
adsorbed segments. The adsorbed layer is considered as irre-
versibly bound, as desorption requires a simultaneous detach-
ment of multiple segments, resulting in a high activation
energy.18 Nevertheless, desorption of the adsorbed layer has
been detected employing fast scanning calorimetry avoiding
the degradation of the polymer.19 Additionally, supported films
have a free surface at the polymer–air interface, making the
influence of both the polymer/air and polymer–substrate inter-
faces essential.11 The interaction between segments at the air/
polymer interface is reduced due to missing segment/segment
interactions, leading to higher mobility in the free surface layer
compared to the bulk.11,20,21 The thickness of this free surface
layer was found to be between 5 and 15 nm for relatively thick
films with a thickness of ca. 200 nm.22,23 The part of the film
between these two boundary layers is expected to have bulk-like
properties (bulk-like layer).

Such kind of layered structure was also evidenced by tem-
perature modulated scanning calorimetry investigations on
poly(vinyl acetate) adsorbed on silica nanoparticles.24,25 The
thermal response show three distinct ranges of the signal with
can be assigned to the adsorbed layer, the bulk-like layer
and the free surface layer. Therefore, the properties of a thin
polymer film can be approximately discussed within an idea-
lized 3-layer model.11 Of course gradients exist between the
idealized layers. The properties of the whole film result as a
complicated average of the different effects of these layers. For
instance, this 3-layer model is used to explain the thickness
dependence of the thermal glass transition temperature Tg.
An increase or decrease of Tg with decreasing thickness,
depending on the dominating influence of the free surface or
the adsorbed layer, is reported (see for example ref. 4, 11, 15,
16, 26–38 and references cited therein). Here, term thermal
glass transition temperature means that it is measured with
so-called static methods like for instance calorimetry, dielectric
expansion spectroscopy or ellipsometry. Here term static
means that besides an underlying heating or cooling rate no
frequency change is involved. The important point is that due
to the temperature change in the measurement a transition
from the equilibrium to a non-equilibrium takes place as the
time scale of the molecular fluctuations become too slow to be
observed in the experimental time scale defined by the cooling
rate. The thermal glass transition temperature can have a
different dependence on film thickness compared to a dynamic
one which is measured in the framework of the linear response
theory in equilibrium at temperatures above Tg for instance by
dielectric or specific heat spectroscopy.39

Recently, the adsorbed layer has been of particular interest
in the research (see for instance ref. 15 and 40–44). This interest
is partly due to the correlation between the number of adsorbed
segments and the material properties. After the pioneering
work of de Gennes45 for instance Guiselin discussed the
adsorption process of macromolecules at solid surfaces from a
solution.46 It is worth to mention that the earlier studies
considered equilibrium adsorption from dilute solutions,

whereas Guiselin’s contribution was to describe irreversible
adsorption leading to a non-equilibrium structure with a uni-
versal density profile after solvent swelling. Later the adsorp-
tion process was studied further by O’Shaughness et al. from
the theoretical point of view.47 The growth kinetics of the
adsorbed layer formed from a melt on a silicon substrate
was then first investigated for polystyrene by Housmans et al.
which showed that the growth kinetics obey a two-step time
dependence.48 For short annealing times, the growth kinetics
obeys a linear time dependence. This means the thickness of
the adsorbed layer increases linearly with the annealing time.
In this growth regime, as many segments as possible are pined
directly to the substrate. This process can be described by a first
order kinetics where its rate is related to the time needed for
the attachment of one segment.49 The direct pinning of the
segments to the substrate is controlled by the cost of energy in
the order of magnitude of kBT (kB is Boltzmann’s constant).
During the linear growth regime, mainly trains (successive
segments in direct contact with the substrate) are formed,
giving rise to a tightly adsorbed layer with a higher density
than characteristic for the bulk.50 The direct pinning process
leads to a crowding of segments at the solid/polymer interface
at a given time tc. Therefore, the time dependence of the growth
process changes from a linear to a logarithmic one where a
different growth mechanism for the adsorbed layer is estab-
lished. Here the adsorbed layer growth further by a diffusion of
segments through the already existing adsorbed layer. There-
fore, a less dense, loosely bounded adsorbed structure is
formed than the strongly adsorbed layer which will allow for
some molecular mobility. The structure of it consists mainly of
loops and tails. In that stage the growth process takes place at a
cost of entropy. It was revealed that the growth kinetics
depends on several factors including the molecular weight,
the annealing time and packing frustrations as wells as further
processing conditions.51 Reviews about the adsorbed layer, also
summarizing the behavior of different polymers, can be found
elsewhere.52,53 Recently it was shown that for the main chain
polymers polycarbonate and polysulfone an additional pre-
growth step was observed which was assigned to the stacking
of phenyl rings.54,55

To our best knowledge no investigations about the molecu-
lar dynamics in the adsorbed layer of poly(2-vinyl pyridine)
(P2VP) are present in the literature. Therefore, in this work, the
molecular dynamics of the adsorbed layer of P2VP prepared by
a leaching approach was investigated. The behavior of thin
films of P2VP in dependence on the film thickness was studied
in the literature elsewhere (for example, see ref. 56–64 and the
references cited there). In addition, the behavior of semi-
isolated P2VP chains was also investigated by dielectric spec-
troscopy.65 In ref. 56 the glass transition temperature of P2VP
was investigated by Glor et al. in dependence on the cooling
rate employing ellipsometry. It was found that for high cooling
rates, the glass transition temperature increases with decreas-
ing film thickness whereas for low cooing rates Tg decreases
with decreasing film thickness. The glass transition of thin
films of poly(2-vinyl pyridine) were also investigated by specific
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heat spectroscopy based on adiabatic chip calorimetry by
Madkour et al.66 These experiments reveal a slight decrease of
the dynamic glass transition temperature with decreasing film
thickness. Also experiments on nanocomposites based on P2VP
and silica nanoparticles, show the existence of an adsorbed
layer of P2VP on the nanoparticles.8,67 Therefore, recently the
growth kinetics of the adsorbed layer of P2VP was investigated
in detail.68 This investigation leads to the conclusion that the
adsorbed layer grows linearly with time followed by a logarith-
mic growth at longer times as discussed above. It was revealed
that the structure of the adsorbed changes with the annealing
temperature. In addition, desorption effects have been detected
for higher temperatures and longer annealing times.

In this work, the molecular mobility of the adsorbed layer of
P2VP was investigated, including studies on thin films. The
adsorbed layer of the polymer films was prepared by solvent-
leaching experiments, while broadband dielectric spectroscopy
and spectroscopic ellipsometry were employed as experimental
methods. The obtained results are compared to previous works.
Using advanced experimental techniques, including broadband
dielectric spectroscopy and spectroscopic ellipsometry, this
work aims to elucidate the molecular mobility of the adsorbed
layer. The resulting insights contribute to the development of
improved predictive models for polymer film behavior and
enhance the performance of polymer-based materials in various
applications. This research also aims to address the existing gaps
in understanding the glass transition and molecular dynamics in
thin polymer films, providing new perspectives into how these
systems can be tailored.

Experimental part

P2VP was purchased from PSS Polymer Standards Service
GmbH (Mainz, Germany). The weight and number averaged
molecular weight given by the supplier are Mw = 1020 kg mol�1

and Mn = 766 kg mol�1 (PDI = 1.33). The polymer is identical to
that used in ref. 68 by us. P2VP is used as received. Differential
scanning calorimetry was employed to measure the glass
transition temperature and found to be 371 K (98 1C, second
heating run, 10 K min�1).

Broadband dielectric spectroscopy (BDS)

The dielectric properties of the samples were measured by
a high-resolution ALPHA analyzer (Novocontrol, Montabaur,
Germany) including a sample holder with an active head. The
complex dielectric permittivity e*(f) = e0(f) � ie00(f) is measured at
frequencies between 10�1 and 106 Hz. Here e0 and e00 are the real
and imaginary (loss) part of the complex dielectric function as

well as f is the frequency. i ¼
ffiffiffiffiffiffiffi
�1
p

denotes the imaginary unit.
The voltage for the dielectric measurement was adopted to the
film thickness to ensure a measurement in the linear regime.
A Quatro cryosystem (Novocontrol) was interfaced to the cryo-
stat to control the sample temperature (temperature stability
o0.1 K). The sample was purged with dry nitrogen during the

whole measurement. The samples were prepared in two differ-
ent electrode configurations as discussed in the next sections.

Crossed electrodes capacitors (CEC). For this electrode
configuration the thin films were prepared between thin ther-
mally evaporated aluminum stripes using a glass piece as
substrate The procedure is discussed in detail in ref. 54. The
glass pieces (1 � 1 cm2) were cleaned with acetone and dried
then with nitrogen. This step was followed by placing the glass
pieces in an ultrasonic bath with distilled water mixed with an
alkaline solution. The substrates were sonicated at 313 K for
15 minutes. After that procedure, the glass pieces were again
washed with distilled water and dried with nitrogen. A 2 mm
wide and 60 nm thick aluminum strip was deposited on the
glass substrate by thermal evaporation of aluminum in high
vacuum. Then, the polymer film was spin coated (3000 rpm for
60 s) on the glass substrate. After that the sample was annealed at
Tg + 32 K for three days. As last step, the top electrode was prepared
in the same way as the bottom electrode but perpendicular oriented
to it. The crossing area of both aluminum strips defines the
capacitor for the measurement. The resulting thin films have no
free polymer/air interface, forming a capped polymer film.

Nanostructured electrode capacitors (NSC). The nanostruc-
tured electrode system is described in detail in ref. 60. It is
obtained from Novocontrol as ‘‘NanoKit’’. In short, a highly
doped conducting silicon wafer with a size of 3� 8 mm2 is used
as bottom electrode (specific resistance r o 0.003 O cm)
serving also as substrate for spin-coating the thin films. The
thickness of the native silicon oxide (SiO2) layer is about
1–2 nm. The electrode was cleaned with acetone to remove
the protecting photoresist layer. Then it was placed in a plasma
oven with an air atmosphere at 60 W for 600 s to clean the
substrate and to activate the natural SiO2. After that, super-
critical CO2 provided by a snow jet gun was employed to clean
the bottom electrode further, down to a scale of micrometers.
Then, the polymer film was spin-coated (3000 rpm for 60 s) on
the bottom electrode and the sample was annealed at Tg + 32 K
for three days. As final step, the nanostructured top electrode
with a size of 1 � 1 mm2 was carefully placed on the prepared
film. It has an array of highly insulating silica spacers. These
silica spacers have cross sections of 5 � 5 mm2 and heights of
35 or 70 nm. By this approach thin films with a free surface at
the polymer/air interface were prepared.

Preparation of the adsorbed layer

The adsorbed layer was prepared by a so-called leaching
approach.69 A polymer film with a thickness of ca. 200 nm
was spin-coated (3000 rpm for 60 s) on a silicon wafer and then
the sample was annealed at Tg + 32 K for three days. After that,
the solvent leaching procedure is applied. The samples were
soaked in chloroform for 30 minute to remove all polymer
chains which could be removed. This step was followed by an
annealing of the sample again at the same temperature for
30 minutes to remove residual solvent. Before spin coating the
silicon wafer was clean as described above.

The samples for the ellipsometric measurements were
prepared on SiO2 wafers cleaned in the same way. The silicon
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substrate for these measurements was purchased from CrysTec
(Berlin, Germany).

Atomic force microscopy (AFM)

To measure the thicknesses of the films including that of the
adsorbed layer and to check the topology of the films atomic
force microscopy was employed. The measurements were
carried out with an Asylum Research Cypher AFM (Asylum
Research, Santa Barbara, CA, USA). It was equipped by a silicon
cantilever with a reflective aluminum coating (AC160TS, Oxford
Instruments, UK). To determine the thickness of the films and
that of the adsorbed layer, the films were scratched with a
sharp scalpel. After that, the step height of the scratch was
measured by AFM. Per sample three scratches were prepared
and measured. The obtained thicknesses are arithmetically
averaged leading to an error of around 1 nm.

Spectroscopic ellipsometry

The thin films for the ellipsometric measurements were pre-
pared as described above. It is worth to mention again that for
the ellipsometric measurement a less doped silicon substrate
was used purchased from purchased from CrysTec (Berlin,
Germany) than that for the NSE experiments. The quite different
doping levels might yield a different interaction energy to P2VP.

Ellipsometric measurements were carried out with a Woollam
M2000DI spectroscopic ellipsometer (J.A. Woollam, Lincoln, NE,
USA)70 which enables data acquisition across the ultraviolet to near
infrared (UV-VIS-NIR) range, covering wavelengths from 192 nm to
1697 nm. The measurement principle of the instrument is rotating
compensator ellipsometry (RCE) with a PCrSA configuration
(polarizer – rotating compensator – sample – analyzer). In this
study, only the wavelength range above 420 nm was considered
to avoid any degradation of the polymer. The sample tempera-
ture was controlled using an INSTEC heating stage, employing
a heating rate of 2 K min�1.

Ellipsometry is an indirect technique that requires con-
structing an optical model, incorporating parameters for the
substrate, layers, and their thicknesses. To investigate the layer

and develop the most suitable model to describe it, measure-
ments were first performed at room temperature at multiple
angles of incidence (AOI) values of 651, 701, and 751. Ellipso-
metric transfer quantities C and D were measured as functions
of wavelength l. The measured data were analyzed optimizing
root-mean square deviation (DRMS) as the figure of merit. A two-
layer optical model was employed, comprising a silicon sub-
strate with a 2 nm thick native SiO2 layer (layer 1) and a P2VP
polymer layer (layer 2). To avoid confusions, it is worth nothing
that the optical model used for analysis of the ellipsometric
measurements is different from the 3-layer model employed in
the introduction for the interpretation of the data from a
physical point of view. The Cauchy dispersion model was found
to be suitable to fit the measured data and determine the
refractive index n and thickness d of the polymer film. Based
on this, additional measurements for the thermal analysis were
conducted at a single angle of incidence (701). Using the
developed Cauchy dispersion model, the refractive index n
and thickness d of the polymer were determined as functions
of temperature. Data acquisition and model development were
performed using the CompleteEASE Software (J.A. Woollam,
Lincoln, NE, USA).

Results and discussion
Spectroscopic ellipsometry

Fig. 1 displays the temperature dependence of the thickness of
two films with different thicknesses at room temperature. The
film thickness increases with increasing temperature with a
change of d(T). This change of the thickness indicates the glass
transition of the thin P2VP films characterized by the thermal
glass transition temperature Tg. At this point it is worth noting,
that in ref. 56 an indication of two glass transition is observed
for P2VP. A similar result is discussed for polystyrene in ref. 71
Although the width of the glass transition range increases with
decreasing film thickness indications for a second glass transi-
tion are not observed here.

Fig. 1 Film thickness versus temperature for two different film thicknesses at room temperature: (a) – 300 nm; (b) – 30 nm. The red solid line is a fit of
eqn (1) to the data.
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By fitting the empirical function

dðTÞ ¼ w
M � G

2
ln cosh

T � Tg

w

� �� �
þM þ G

2
T � Tg

� �
þ c (1)

to the data, Tg is estimated in dependence of the film thickness.
Here, M and G are the derivatives of d(T) with respect to
temperature in the rubbery and the glassy state, respectively.
w is the width of the glass transition region and c is the
thickness of the film at the glass transition temperature. For
more details see ref. 72.

The estimated glass transition temperatures are plotted
against film thickness in Fig. 2. For the employed heating rate
Tg decreases with decreasing film thickness. To compare the
results obtained by ellipsometry in this study with those from
the literature, ellipsometric data from Glor et al.56 was included
to Fig. 2. As shown by Glor et al. in ref. 56, the thickness
dependence of the glass transition temperature depends on
the employed heating rate. Therefore, a comparable rate was
selected to ensure a meaningful comparison. Fig. 2 reveals that
the data taken from Glor et al. follow a similar thickness
dependence as the Tg values measured in this work.

Although, the thermal Tg measured by ellipsometry and the
dynamic Tg measured by AC chip calorimetry are conceptually
different, Fig. 2 compares the data obtained by ellipsometry
with the dynamic Tg values measured by AC chip calorimetry.61

The thickness dependence of the dynamic Tg determined by AC
chip calorimetry seems to be a bit weaker compared to that
obtained by ellipsometry but the difference are in the frame-
work of errors of both measurements. It is worth nothing that
the sample preparation and heating rate were similar for both

measurements. With decreasing thickness, the thermal glass
transition temperature decreases by ca. 8 K for the thinnest
sample with a film thickness of 17 nm compared to the value of
the bulk sample. For the discussion of this behavior, the 3-layer
model introduced in the Introduction section is applied. As
discussed above thin films can be discussed by an adsorbed
layer with a reduced molecular mobility, followed by a bulk-like
layer in the middle of the film and finally a mobile surface layer
with an increased molecular mobility at the polymer air inter-
face. Based on that, the obtained results suggest that the free
surface layer with an enhanced molecular mobility dominates
the ellipsometric response of the thin P2VP films. Several
studies in the literature report a partial increase in the glass
transition temperature as the film thickness decreases.54–59 The
difference in thickness dependence between the data obtained
here and that reported in the literature might be attributed to
the different sample preparation used in the different research
groups.

Besides thin films, also the adsorbed layer of P2VP on
silicon is also investigated with ellipsometry. As described
above the adsorbed were prepared by leaching a film with a
thickness of ca. 200 nm. An example for such measurement is
given in Fig. 3a. The temperature dependence of the thickness
of the adsorbed layer reveals like for the thin films a glass
transition is observed with a glass transition temperature of
373 K which is ca. 7 K higher than the Tg of the bulk sample (see
Fig. 2). To determine whether this is a fitting artifact or a result
from the thickness dependence of the adsorbed layer, in Fig. 3b
the temperature dependence of the reduced thickness of the
adsorbed layer is compared to that of thinnest investigated film
(thickness 18 nm). This comparison reveals that the glass
transition of the adsorbed layer is shifted by ca. 16 K to higher
temperatures compared to that of the thin film, although
thicknesses of both samples is not that different. The depres-
sion of the glass transition temperature of the thin films of
P2VP is discussed above by the dominating influence of the
mobile free surface layer. During the leaching process, both the
bulk-like and the mobile surface layer are removed. Therefore,
only the adsorbed layer is sensed which has a decreased
molecular mobility corresponding to a higher glass transition
temperature.

From the ellipsometry measurements the linear thermal
expansion of the films in the glassy state is estimated. First

the change of the thickness with temperature bh i ¼ @dðTÞ
@T

is

considered. hbi is estimated by fitting a linear regression to d(T)
in the glassy state. hbi is plotted versus film thickness in the
inset of Fig. 4. For the films with larges thicknesses hbi
decreases almost linearly with decreasing film thickness (see
Fig. 4), followed by a kind of plateau for thicknesses in the
range from 70 to 30 nm. As the film thickness is further
decreased, the thermal expansion coefficient decreases, reach-
ing nearly zero for the adsorbed layer.

For a more detailed discussion, the linear specific thermal
expansion coefficient hbLi = hbi/dT=300K is considered in Fig. 4.73

hbLi remains almost constant for film thicknesses down to

Fig. 2 Glass transition temperature versus film thickness d: red data
points obtained by spectroscopic ellipsometry, circles – thin films; dia-
mond – adsorbed layer. The solid line is a guide to the eyes for the
ellipsometric data of the thin films. Blue data points are dynamic glass
transition temperatures obtained by AC chip calorimetry for P2VP taken
from ref. 61. Green asterisks are ellipsometric data for P2VP taken from ref.
56 for a cooling rate of 1 K min�1.
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75 nm. Below ca. 75 nm, hbLi is increasing, reaching a maxi-
mum at ca. 30 nm. With a further decrease of the film
thickness, the specific thermal expansion coefficient decreases
strongly down to that of the adsorbed layer. This behavior
resembles the thickness dependence of the dynamic glass
transition temperature observed for thin films of a miscible
polymer blend, which was discussed by competing effects of the
free surface and the adsorbed layer.74,75 This thickness depen-
dence of the thin blend films was attributed to the increasing
influence of the mobile surface layer compared to the adsorbed
layer of thin films till film thicknesses of ca. 30 nm. Here, a
similar approach is used for the discussion of the thickness
dependence of the specific thermal expansion coefficient. For
film thicknesses larger than 75 nm the value hbLi is determined
by the bulk-like layer. As the film thickness is decreased, the
thickness of the bulk-like layer reduces, and influence of the

mobile free surface layer becomes increasingly significant. The
structure of the free surface layer is due to missing of segment/
segment interactions different from that of the bulk-like layer
which might lead to a higher linear specific expansion coeffi-
cient. Therefore hbLi increases with decreasing film thickness.
With a further decrease of the film thickness the thermal
expansion becomes increasingly dominated by that of the
adsorbed layer. As the adsorbed layer exhibits a reduced
molecular mobility, its expansion coefficient is expected to be
lower. The opposite influences of the free surface layer and the
adsorbed layer led to an increase of hbLi with decreasing film
thickness. For thickness values below this maximum, hbLi
decreases with further reduction in film thickness, approach-
ing the characteristic value of the adsorbed layer. It is worth
noting that the maximum value of the specific thermal expan-
sion coefficient is observed for a film thickness of 25 to 30 nm.
This critical thickness can be interpreted as the point at which
the influence of the adsorbed layer percolates through the
entire film.

Broadband dielectric spectroscopy

Besides the ellipsometric measurements, several thin film
samples of P2VP are investigated by dielectric spectroscopy.
The thin films are measured with two different electrode
configurations, CEC and NSC, while the solvent leached sample
could only be measured with the NSC arrangement. Fig. 5a
compares the dielectric loss for thin films measured in CEC
geometry with that of the bulk sample. The dielectric spectra of
the bulk sample show one relaxation process within the inves-
tigated temperature range, indicated by a peak. This relaxation
process corresponds to the a-relaxation or the dynamic glass
transition (glassy dynamics). The increase of the dielectric loss
at low frequencies is due to conductivity effects related to the
drift motion of charge carriers like ions. For thin films, an a-
relaxation related to a glass transition is also observed as
expected. The position of the glassy dynamics seems to be
independent of the film thickness for films measured in the
CEC configuration. Furthermore, in addition to the conductivity

Fig. 3 (a) Thickness of the adsorbed layer versus temperature. The red solid line is a fit of eqn (1) to the data. (b) Comparison of the temperature
dependence of the reduced thickness of the adsorbed layer (red circles) with that of a thin film with a thickness of 18 nm (blue squares). The latter data are
shifted by 0.1 for sake of clearness. The lines are guides to the eyes.

Fig. 4 Specific linear thermal expansion coefficient hbLi versus film thick-
ness. The line is a guide to the eyes. The inset gives the linear thermal
expansion coefficient hbi versus film thickness. The line is a guide to the
eyes.
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observed low frequencies, an increase in dielectric loss at high
frequencies is also observed, which is called electrode contribu-
tion. This increase of the dielectric loss is a parasitic effect, which
is due to the limited conductivity of the electrodes (aluminum
strips for the CEC or doped silicon for the NSE). More detailed
discussion can be found by Yin et al.35

Examples for the dielectric spectra of a thin film measured
with NSE configuration are given in Fig. 5b. Similarly, an
a-relaxation is observed for the thin films measured in CEC.
At the first glance, the position of the a-relaxation of the thin
film seems to be similar to that for the bulk at the temperature
considered in Fig. 5b. Moreover, the dielectric strength of the
a-relaxation is reduced. This result points to the formation of
an adsorbed layer. For the thin film measured in NSE geometry,
in addition to the a-relaxation, a further relaxation process
is observed at lower frequencies than characteristic for the
a-relaxation (see Fig. 5b). This process is denoted here as
a*-relaxation. Notably, a similar process is observed for thin
films of poly(vinyl methyl ether).16 For the thin films measured
in CEC geometry, no a*-relaxation is observed. This process
might be hidden by conductivity related effects. A detailed
discussion for the assignment of a*-relaxation is given below.

In addition to the data measured by NSE for a thin film, the
dielectric spectra obtained for the adsorbed layer is included
in Fig. 5b. Firstly, like for the thin film the spectra for the
adsorbed layer show two relaxation processes: the a-relaxation
at higher frequencies observed as shoulder of the electrode
peak and the a*-relaxation at lower frequencies. The observa-
tion of an a-relaxation in the adsorbed layer is consistent with
ellipsometric data, which also indicates the presence of a glass
transition (see Fig. 3a). The frequency position of the a-
relaxation of the adsorbed layer appears to be similar to that
of the bulk for the considered temperature. Secondly, the
dielectric loss of the adsorbed layer, especially in the frequency
range of the a-relaxation, is essentially lower than that mea-
sured for the thin film. Therefore, one can conclude that most
of the segments in the adsorbed layer are immobilized with

respect to the dynamic glass transition. The a*-relaxation of the
adsorbed layer is shifted to higher frequencies compared to
that of the thin films. Like for the thin film a conductivity
contribution at lower frequencies as well as parasitic loss
contribution due to the limited conductivity of the electrodes
is observed in the dielectric spectra of the adsorbed layer.

The dielectric spectra were analyzed by fitting the Havriliak–
Negami-function (HN-function) to the data. The HN-function
reads76

e�HNðoÞ ¼ e1 þ
De

ð1þ ðiotHNÞbÞg
: (2)

Here De and tHN are the dielectric strength and the char-
acteristic relaxation time, respectively, where tHN is related to
the position of the maximum of the dielectric loss fp (relaxation
rate). b and g are the shape parameters (0 o b r 1 and 0 o
bg r 1) which describe the symmetric and asymmetric broad-
ening of the dielectric spectra compared to the Debye process.
If more than one peak is observed in the available frequency a
sum of HN-functions is fitted to the data.76 The contribution of
the conductivity to the dielectric loss at low frequencies is

modelled by the additional term
s

ose0ð Þ to the dielectric loss

where s is related to the DC conductivity. The parameter s r 1
describes (non-)ohmic effects in the conductivity where s = 1
correspond to a pure ohmic conductivity contribution. The
contribution due to the limited conductivity of the electrodes
at high frequencies is considered by the term Ao. It can be
considered as the first term of a Taylor series expansion of the
Debye function.36 In that approach A is a fitting parameter
which is mainly due to the time constant of this parasitic
process. From the analysis of the dielectric spectra the relaxa-
tion rate fp is obtained in its temperature dependence.

The relaxation rates for the thin films measured with the
CEC configuration are plotted in Fig. 6a for different film
thickness in the relaxation map. As expected, the temperature
dependence of the relaxation rates is curved for a dynamic glass

Fig. 5 (a) Dielectric loss versus frequency for bulk P2VP (blue squares), thin films with thicknesses of 80 nm (brown asterisks) and 23 nm (purple
triangles) measured with CEC electrodes at 427 K. The curves are shifted a long the y-scale for sake of clarity. (b) Dielectric loss versus frequency for the
bulk P2VP (blue squares), a thin film measured by NSE with a thickness of 60 nm (red circles) and the adsorbed layer (green diamonds) measured at
T = 413 K.
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transition when plotted versus 1/T. The Vogel/Fulcher/Tam-
mann (VFT) equation can be employed to describe the tem-
perature dependence of the relaxation rates. It reads77–79

log fp ¼ log f1 �
A

T � T0
: (3)

Here fN denotes the relaxation rate at infinite temperatures
and A is a fit parameter. T0 is called Vogel or ideal glass
transition temperature. The value of T0 is found 30 to 50 K
below the glass transition temperature measured by conven-
tional DSC experiments. Fig. 6a reveals that the temperature of
the relaxation rates for all film thicknesses measured in CEC
geometry collapse into one chart and can be described by a
common VFT equation. This behavior is in line with results
found for a variety of other polymers (see for instance ref. 11, 30
and 39). Moreover, previous studies have also reported a
decoupling for polystyrene between the thickness dependence
of the thermal glass transition temperature measured by ellip-
sometry and the dynamic glass transition temperature.39

Fig. 6b gives the temperature dependence of the relaxation
rates obtained for the thin films measured in the NSE configu-
ration. With decreasing film thickness there appears to be a
slight slowing down of the of the a-relaxation. This slowing
down becomes more obvious when the VFT equation is fitted to
the data (see Fig. 6b). This slowing down of the dynamic glass
transition with decreasing film thickness can be discussed by
an interaction of the polymer segments with the substrate
forming an irreversibly adsorbed layer. As the film thickness
decreases, the adsorbed layer has an increasing influence on
the a-relaxation of the whole thin film. The different thickness
dependence observed for the thin films measured in the CEC
arrangement between aluminum strips and those measured by
NSE on silicon can be attributed to the different interaction of
the polymer segments with aluminum and silicon. Recently, a

similar behavior has been found for thin films of polycarbonate
measured also in both electrode configurations.80

At first glance, there also appears to be also a discrepancy
between the ellipsometry results, which show a decrease of the
thermal glass transition temperature with decreasing film
thickness (see Fig. 2), and the dielectric results obtained
using the NSE arrangement, which indicate an increase of the
dynamic Tg (see Fig. 6b). Besides consideration of the concep-
tually difference of the thermal and dynamic Tg in this respect
it must be noted that the silicon substrates used for ellipso-
metry and that for the dielectric measurements employing the
NSE configurations are different. As discussed in the experi-
mental section the SiO2 substrates used for ellipsometry are
undoped where silicon substrates employed for the NSE mea-
surements are highly doped to ensure electrical conductivity.
The difference in the thickness dependence of thermal Tg

measured with ellipsometry and the dynamic glass transition
temperature might be understood by the different interactions
arising from the use of the different silicon substrates. The
highly doped silicon substrate used as bottom electrode in the
dielectric experiments should provide a stronger interaction
with the P2VP segments than the undoped substrate employed
in the ellipsometric measurements.

The temperature dependence of the relaxation rates of the
a*-relaxation (Fig. 6b) is linear when plotted versus 1/T and can
be described by the Arrhenius equation which reads

fp ¼ f1 exp �EA

RT

� �
: (4)

In eqn (4) EA is the apparent activation energy and R is
the general gas constant. For the activation energy, a value of
173.4 kJ mol�1 is found for a*-process taking place in the thin
films, whereas a lower value of 152 kJ mol�1 is estimated for the
adsorbed layer. An extrapolation of the temperature depen-
dence of the relaxation rates of the a*-relaxation to lower

Fig. 6 Relaxation rates versus 1/T. (a) Relaxation rates of the a-relaxation for the thin films measured in the CEC: squares – bulk; circles – 287 nm; up
directed triangles – 187 nm; asterisk – 80 nm: right directed triangles – 74 nm; left directed triangles – 60 nm; hexagons – 23 nm; down directed
triangles – 19 nm. The solid line is a common fit of the VFT equation to all data points. (b) Relaxation rates for the thin films measured in NSE. Solid
symbols a-relaxation: squares – bulk; circles – 60 nm; triangles – 34 nm and open asterisk – adsorbed layer. The solid lines are fits of the VFT equation to
the corresponding data. Open symbols a*-relaxation: circles – 60 nm; triangles – 34 nm and solid asterisk-adsorbed layer. Dashed lines are fits of the
Arrhenius equation to the data. The violet cross-diamonds are the relaxation rates for the SAP taken from ref. 62. The violet solid line is a fit of the
Arrhenius equation to the rates of the SAP.
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temperature leads to a crossing of the temperature dependence
of this process with that of the a-relaxation. This means the
a*-relaxation becomes faster than the a-relaxation in the glassy
state. Moreover, the a*-process is found to be faster at a
temperature given for the adsorbed layer compared to that of
the thin film. This result points to a restricting influence of the
bulk-like layer to the a*-process taking place in the irreversible
adsorbed layer. A similar behavior was found previously for the
a*-process taking place in thin films and the adsorbed layer of
poly(vinyl methyl ether).16,43

On the one hand, in the study of Madkour,16 the a*-
relaxation was assigned for poly(vinyl methyl ether) either to
molecular fluctuations in the adsorbed layer or to dynamics of
adsorption/desorption of segments at the substrate. On the
other hand, a slow Arrhenius process (SAP) was found for a
variety of polymers and molecular glass-forming materials in
other reported studies.81,82 The SAP was considered as a
process to be responsible on a molecular level for the equili-
bration of glassy systems at temperatures lower than the glass
temperature.83 This means that the SAP might be important to
understand physical aging where a molecular relaxation pro-
cess is needed, which is faster than the glassy dynamics at
temperature below the glass transition temperature measured
by DSC.84

Based on these findings, it remains unclear whether the
observed a*-process corresponds to a SAP or is instead related
to the adsorbed layer. The experimental results, showing that
the a*-relaxation is faster in the adsorbed layer compared
to the thin film and exhibits a lower activation energy, support
the latter interpretation. Additionally, a SAP process was found
P2VP by Papadopoulos et al. in ref. 62. These data were
included in Fig. 6b. The fitting of the Arrhenius equation to
the temperature dependence of the relaxation rates of the
SAP process yield an activation energy of ca. 130 kJ mol�1.
This value is essentially lower than the values found for the
a*-relaxation discussed here. Napolitano et al. developed the
so-called ‘‘collective small displacements model’’ for the SAP
process.63 In the framework of this model a criterium was
derived to identify a relaxation process as a SAP. Applying the
criteria to the activation energy of the a*-process it becomes
obvious that is cannot be considered as a SAP. So most
probably the a*-process is related to the adsorbed layer as
discussed above.

Conclusion

In this study, an investigation on thin films of poly(2-vinyl
pyridine) is reported. As experimental methods, spectroscopic
ellipsometry and broadband dielectric spectroscopy are
employed. For the ellipsometric measurements, the samples
were prepared on undoped silicon by spin-coating. The thermal
glass transition temperature deduced from the ellipsometric
data decreases slightly as the film thickness decreases. The
experimental results presented here agree with ellipsometric
data from the literature measured at a comparable heating rate.

Moreover, the obtained thickness dependence of the thermal
glass transition estimated by ellipsometry are also in agreement
with the thickness dependence of the dynamic glass transition
temperature measured by AC chip calorimetry. Besides thin
films, the adsorbed layer could also be directly investigated by
ellipsometry. The measurement shows a glass transition for the
adsorbed layer, where the value of the glass transition tempera-
ture is found to be ca. 7 K higher than that for the bulk. This is
attributed to the missing free surface layer. Beside the glass
transition temperature, the thickness dependence of the spe-
cific linear thermal expansion coefficient in the glassy state is
considered. The specific thermal expansion coefficient shows a
maximum with decreasing film thickness which was discussed
by the interplay of effects resulting of the free surface layer
at the air/polymer interface and the adsorbed layer at the
substrate.

For the dielectric experiments, two different electrode con-
figurations are employed. First, the films were prepared in
between two crossed Al electrodes (CEC). These films can be
considered as capped films where no free surface of the
polymer at the polymer/air interface is present. The second
electrode configuration uses nanostructured electrodes (NSE)
where the films have one free surface at the polymer/air inter-
face. For the thin films measured in the CEC geometry, one
relaxation process is observed, which is the dynamic glass
transition (a-relaxation). Results reveal that position of the
dynamic glass transition is independent of the film thickness.
For the thin films measured in the NSE configuration, the a-
relaxation was also observed. Contrary to the films measured in
the CEC arrangement, a shift of the a-relaxation to lower
frequencies (higher temperatures) is observed. The different
behavior in comparison to that measured in the CEC is
attributed to the different interaction of the P2VP segments
with aluminum and the highly doped silicon, as it was recently
reported for polycarbonate.

For the thin films measured by the NSE approach, an addi-
tional process referred to as the a*-relaxation, was observed
alongside the a-relaxation. The temperature dependence of the
relaxation rates of the a*-relaxation follows the Arrhenius
equation. This process is discussed with two approaches.
Firstly, it can be speculated that the a*-relaxation is related to
molecular fluctuations taking place in the adsorbed layer.
These molecular fluctuations might include processes related
to adsorption and desorption of segments from the substrate.
Secondly, this relaxation mode can be considered as slow
Arrhenius process which is discussed to be responsible for
the equilibration of glassy systems at temperatures lower than
the glass temperature and for physical aging. At this stage, both
interpretations remain plausible. Nevertheless, there are some
arguments from theoretical considerations of the SAP that the
a*-relaxation is due to the adsorbed layer.

The NSE configuration allows the investigation of the adsorbed
layer by dielectric spectroscopy. The dielectric spectra for the
adsorbed layer show an a-relaxation in agreement with the ellip-
sometry. Moreover, an a*-relaxation was also observed for the
adsorbed layer. Compared to the thin films, the a*-relaxation is
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shifted to higher relaxation rates for the adsorbed layer and has a
lower activation energy.
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