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The molecular mobility of thin films of poly(bisphenol A carbonate) (PBAC) was systematically
investigated using broadband dielectric spectroscopy, employing two distinct electrode configurations.
First, films were prepared in a capped geometry between aluminum electrodes employing a crossed
electrode capacitor (CEC) configuration, down to film thicknesses of 40 nm. The Vogel temperature,
derived from the temperature dependence of relaxation rates of the a-relaxation, increases with
decreasing film thickness characterized by an onset thickness. The onset thickness depends on the
annealing conditions, with less intense annealing yielding a lower onset thickness. Additionally, a
broadening of the pB-relaxation peak was observed with decreasing thickness, attributed to the
interaction of phenyl groups with thermally evaporated aluminum, resulting in a shift of certain
relaxation modes to higher temperatures relative to the bulk material. A novel phenomenon, termed the
slow Arrhenius process (SAP), was also identified in proximity to the a-relaxation temperature. For films
(NSE)
nanostructured silica spacers to establish a free surface with air. This free surface causes an
enhancement in the molecular mobility for the 40 nm sample, preserving the B-relaxation as a distinct
peak. The a-relaxation was detectable in the dielectric loss down to 18 nm, shifting to higher

with thicknesses below 40 nm, nanostructured electrodes were utilized, incorporating
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DOI: 10.1039/d4sm01238k temperatures as film thickness is decreased. Notably, the onset thickness for the increase in Vogel

temperature was lower in the NSE configuration compared to the CEC setup, attributed to the presence
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Introduction

Recently, thin polymer films with thicknesses below 100 nm
have become of significant technological importance due to
different material properties compared to the bulk and reduced
production costs. They have been employed in a wide variety of
applications such as coatings, organic light emitting diodes,
porous membranes, microelectronics, and adhesives' ™ to men-
tion a few. Interactions between polymer segments and the
substrate as well as the increasing influence of confinement
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effects are assigned as the cause for the change in properties.
For thin films, for instance, properties such as wetting, diffu-
sion, the thermal glass transition temperature (7y), and the
glassy dynamics can deviate from those of the bulk.**°

The dependence of T, on the thickness of thin films has
been extensively studied for a variety of polymers where contra-
dicting results have been reported. Keddie et al.'" discussed a
decrease of T, with decreasing film thickness for poly(methyl
methacrylate) (PMMA) on a gold substrate whereas for PMMA
on silicon a slight increase of T, was observed. For polystyrene (PS),
a decrease in the T, was reported as the film thickness was reduced
using ellipsometry'>"* and fluorescence spectroscopy'* as well as
dielectric expansion dilatometry.'””> However, using a dynamic
technique like alternating current (AC)-chip calorimetry'® or dielec-
tric spectroscopy where a dynamic T, is measured (see for
instance'>'”'), T, 4., (glassy dynamics) was found to be indepen-
dent of film thickness. Nevertheless, using dielectric spectroscopy
Fukao'® also reported no change of the glassy dynamics down to a
critical film thickness (d.), where for film thicknesses, d, below this
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critical value Ty 4y, decreases strongly with further decreasing of d.
Aside from the behavior of polymers with a flexible backbone, the
thickness dependence of thin films of mainchain polymers has
also been studied. For instance, investigations of thin films of
polysulfone (PSU) reported both a decrease and an increase of T,
with a reduction in film thickness.”?%>* Therefore, more investiga-
tions are required to elucidate this phenomenon for thin films of
mainchain polymers.

The origin for the complex dependence of the thermal and
dynamic glass transition temperature on the film thickness for
supported thin films was attributed to the existence of a solid
interface and a free surface at the polymer/air interface. The
resulting interactions and geometrical constraints imposed on
the polymer confined in thin films compared to the bulk®2®
can be discussed in the frame of an idealized three-layer
model.? On the one hand, the presence of a free surface results
in an increased mobility for polymer segments located at the
polymer/air interface due to missing segment-segment inter-
actions. This effect will cause a decrease in the 7. On the other
hand, for polymer segments having non-repulsive interactions
with a solid interface, an irreversibly adsorbed layer with a
reduced mobility is formed at the substrate that leads to an
increase in 7,.>”** The segments located in the middle of the
film retain properties similar to a bulk sample. The value of
T, for the whole thin film is then assumed to be a complicated
average of all these effects. For further details refer to ref. 8
and 29.

The investigation of the irreversibly adsorbed layer has
become an important topic due to its influence on the macro-
scopic properties of thin films. The adsorption process was
investigated using the method initially proposed by Guiselin®°
for solutions. This process was adopted for thin films by spin-
coating a polymer solution onto a substrate to prepare a film
with thickness between 100-200 nm. Upon annealing the
obtained film at temperatures above Ty, polymer segments will
adsorb onto the surface. The so-called Guiselin brushes are
obtained upon rinsing the thin film with a good solvent after
annealing. As a result of this procedure, only the adsorbed
chains remain on the substrate forming the adsorbed layer.>
The growth kinetics for the adsorbed layer have been previously
studied for several polymers including PS*"** and poly(2-vinyl
pyridine) (P2VP).>*** Reviews into the solvent leaching process
and the adsorbed layer including several polymers can be found
elsewhere.>**® A two-step growth mechanism was observed for
polymers with a flexible backbone. At short annealing times the
thickness of the adsorbed layer grows linearly with time. For
longer annealing time the growth kinetics changes to a loga-
rithmic time dependence due to the crowding of segments at
the surface of the substrate. In the first regime a tightly bound
adsorbed layer is formed consisting mainly of trains where in
the second regime a loosely bound adsorbed layer is formed
where loops and dangling end are present. From the existence
of trains, it is expected that the structure of the chains in the
adsorbed layer is highly asymmetric. For mainchain polymers,
poly(bisphenol-A carbonate) (PBAC)*” and polysulfone (PSU)** a
more complicated growth process was found. At annealing
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times shorter than characteristic for the linear growth a pre-
growth regime was evidenced. This additional step was attrib-
uted to an increased rigidity of the mainchain, where bulky
groups like aromatic rings are present, compared to more
flexible polymers which can orient parallel to the substrate
and stack. Additionally, the adsorbed layer of PBAC showed
signs of dewetting at long annealing times and higher tem-
peratures. For PSU such indications of dewetting were not
observed.

Investigations to study the behavior of thin films by broad-
band dielectric spectroscopy have been performed previously
on various polymer systems (see for instance®">**"*?). However,
for mainchain polymers, such as PBAC or PSU, only few studies
on the thickness dependence of the thin film properties are
available in the literature. Currently, only dielectric studies of
thin films of PSU and PBAC capped between two aluminum
electrodes have been reported.”** The molecular mobility of
thin films supported on a substrate with a polymer air inter-
face, or the adsorbed layer remains largely unstudied for this
class of polymers. The behavior may differ from that of simpler
polymers such as poly(2-vinylpyridine) (P2VP)** and poly(vinyl
methyl ether) (PVME)*® where investigations of semi-isolated
chains of P2VP or the adsorbed layer of PVME exist. Thus, for
the investigation considered here, the mainchain polymer
PBAC was selected. Two different electrode configurations were
employed to study the molecular mobility of thin and ultrathin
PBAC films, with one free surface and with capped ones. In
addition, the adsorbed layer obtained by a solvent leaching
approach, was also studied by dielectric spectroscopy.

Materials and methods

PBAC, with a molecular weight of 24 400 ¢ mol " and PDI and
of 1.88, was obtained from Sigma Aldrich (Germany). The
chemical structure of PBAC is shown in the inset of the right
part of Fig. 1. The glass transition temperature of bulk PBAC
was estimated to 411 K by differential scanning calorimetry
(heating rate 10 K min~ ", second heating run).*” It is worth to
mention that the glass transition temperature of the PBAC
employed in ref. 43 was estimated to 426.2 K (15 K higher).

From the molecular weight a radius of gyration can be
calculated from the freely rotating chain model and consider-
ing a characteristic ratio C, of 9.5.*° The relatively high value
of C,, points to a relative stiff chain structure of PBAC This
calculation results in a radius of gyration of 48 nm.

Diluted solutions were prepared by dissolving the PBAC
pellets in dichloromethane (DCM) in different concentrations
to obtain films with different thicknesses. The solutions were
first filtered using a PTFE syringe filter then spincoated onto
the different substrates (see below). The thickness of each film
was measured after spin coating and annealing at 443 K for
72 h. The film was scratched down to the surface of the
substrate using a clean blade. The height of the scratch was
measured by scanning the topography between the film and the
substrate by AFM. The image was analyzed using the software

This journal is © The Royal Society of Chemistry 2025
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(left) AFM topography image of a ca. 170 nm thick film, the red line indicates a profile taken across the film surface. (right) The thickness profile

along the red line given in the left side of the figure. The inset shows the chemical structure of poly(bisphenol-A carbonate) (PBAC).

Gwyddion.*” Fig. 1 depicts an AFM image of a ca. 170 nm thick
film of PBAC with a profile taken across the surface.

Film casting of bulk PBAC

A bulk sample of PBAC for the dielectric measurement was
obtained by film casting a concentrated PBAC solution into a
disk-shaped mold. The mold was placed at ambient tempera-
ture for three days into a closed chamber where its atmosphere
is saturated with the vapor of the solvent to allow for a slow
initial evaporation of DCM. For a complete evaporation of the
solvent, the film was then annealed at 443 K for 72 h in an oil-
free vacuum. Circular Al electrodes with a diameter of 15 mm
were thermally deposited in an ultrahigh vacuum (10~° mbar)
on both sides of the bulk film. The film with a thickness of 100
um was measured in a parallel plate capacitor geometry.

Contact angle

Contact angle measurements were carried out for PBAC and the
SiO, as well as the Al substrates using an automated contact
angle system (Kriiss, Hamburg, Germany). The contact angles
were measured by the static sessile drop method. Diiodo-
methane, ethylene glycol, glycerol, and water were employed
as test liquids.

Crossed electrode capacitors (CEC)

Glass slides (10 x 10 mm) were cleaned in an ultrasonication
bath with a water solution at 333 K for 15 min, then rinsed with
acetone and then in ultra highly purified water with an alkaline
cleaner. Next, the glass substrates were washed with acetone
and chloroform and then dried with compressed air. An
aluminium strip with a width of 2 mm and a height of 60 nm
was deposited in ultrahigh vacuum onto the glass slide. This
bottom electrode had a relative high roughness of 2.6 nm. Then
25 pL of the PBAC solution were pipetted on the glass substrate
and spin-coated on top of the aluminium strip. The parameters
for spin-coating were: 10 s with a rotational speed of 6500 rpm
and an acceleration of 3000 rad s> followed by 50 s, with
8000 rpm and 3000 rad s 2. For the estimation of the

This journal is © The Royal Society of Chemistry 2025

thicknesses of the prepared films see above. After annealing
the film at 7= 443 K for 72 h a second strip of aluminium was
deposited perpendicular oriented to the first one. During the
evaporation process a polymer metal interface is formed.*® To
minimize the influence of this interface on the dielectric
properties of the film the evaporation time was kept as short
as possible. The crossing area of the aluminium strips defines
the capacitor for the dielectric measurements. The film
between the two electrode strips can be considered as a capped.
The samples were investigated by BDS employing isothermal
frequency scans. The second heating run was used for analysis.

Nanostructured electrodes (NSE)

The second used electrode configuration was nanostructured
electrodes.** The nanostructured electrode system was pur-
chased from Novocontrol (Germany, Montabaur, NanoKit).
The highly doped conductive SiO, bottom wafers (4 x 8 mm)
and nanopatterned SiO, wafers (1 x 1 mm) were first washed
with acetone to remove the protective layer on the top of the
surface. The wafers were then dried with compressed air and
treated using a plasma cleaner with an oxygen atmosphere
(60 W, 600 s). Lastly, the wafers were cleaned using super
critical CO, obtained by a jet nozzle. The 4 x 8 mm wafer
served as the substrate for the film. The surface roughness of
this SiO, wafer is less than 1 nm. Here films with thicknesses of
40 nm and below were prepared by spincoating onto the
bottom electrode. The same parameters for spincoating and
annealing conditions described above for the preparation of
the CEC were used. The top electrode (1 x 1 nm), which has
insulating silica spacers at the surface with a height of 60 nm,
was placed onto the surface of the sample to allow the film to
have a free surface with air. This sample geometry is also
referred to as supported thin films.

Solvent leached samples

The adsorbed layer sample (AL) was prepared from a film with a
thickness of 200 nm spincoated onto cleaned 4 x 8 mm SiO,
substrates. The sample was then annealed in an oil-free
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vacuum at 7 = 443 K for 72 h. After annealing, the film was
soaked in DCM for 20 minutes to remove all non-adsorbed
polymer chains. This procedure was followed by a further
rinsing of the sample with DCM. Lastly, after annealing at T =
443 X for an additional 20 minutes the adsorbed layer sample
was prepared. For details the reader is referred to ref. 37.

Broadband dielectric spectroscopy (BDS)

Dielectric measurements were performed using a high resolu-
tion Novocontrol Alpha analyser with an active sample cell and
a Quatro temperature controller. The stability of the sample
temperature was 0.1 K. Isothermal frequency scans were carried
out in the frequency range from f= 10" to 10° Hz at tempera-
tures between 200 to 503 K. A periodic electric field with low
strength (Vrms = 0.1 V) adapted to the thickness of the sample
was applied and the complex dielectric function &¢*(w) = &'(w) —
i¢”(w) was measured. Here ¢'(w) is the real (storage) part of the
complex dielectric function and ¢’(w) is the imaginary (loss)
part. i = /=1 denotes imaginary unit and  is the angular
frequency with w = 2nf.

Results and discussion
Interfacial energy

The properties of the thin films of PBAC are influenced by the
different interactions of the polymer segments with the differ-
ent substrates. Therefore, the interfacial energy between the
different substrates, Al for CEC as well as SiO, for NSE, and
PBAC was estimated by calculating the surface tension for each
material from contact angle measurements. Contact angle
measurements were conducted using diiodo methane, ethylene
glycol, glycerol, and water as test liquids. An average of 2-6
contact angles were taken for each test liquid. Table S1 in the
ESIf lists the estimated contact angle values for each substrate
materials and PBAC. The total surface tension of these materi-
als is considered as the sum of their dispersive (y*V, Lifshitz-
van der Waals (LW) interactions) and polar components (y),
yrotal = W 4 P The surface tension for the test liquids was
taken from ref. 49 in the form of the y*" and 3 values. The
Owens-Wendt-Rabel and Kaelble (OWRK) method®”*! was
used to estimate the surface tension values for PBAC, SiO,
and Al. Using this method, the measured contact angle, and
polar and dispersive parts of the surface tension of the test
liquid were converted into the reduced coordinates
given below:

VP VTotal X (C059+ 1)

t )/7 =
A /'yLW 2 x ( yLW)

A linear regression was then employed to the data points in the
reduced representation. The slope represented the square root
of the polar component, and the y-intercept was the square of
the dispersive component for the sample or the substrate. The
surface tension values for PBAC, SiO, and Al are listed in
Table 1. The interfacial energy between the substrate and the
polymer (ysp) can be estimated using the combination rule of

X =

1)
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Table 1 Estimated surface tension values

Material yTol [m] m~?%] 7" [mJ m?] 77 [mJ m™?]
PBAC 18.1 £ 0.2 15.9 £ 0.1 2.2 £0.1
Al 29.6 28.8 0.8

SiO, 37.1+ 2.6 30.3 +1.3 6.8+ 1.3

Good-Girifalco-Fowkes>> which is given by:

rsp =757 + 7 — 2<\/ Y BV 4 18 vF) @)

Here the subscripts S and P refer to the substrate and
polymer, respectively. The estimated interfacial energies were
2.21 mJ m 2 for PBAC-Al and 3.56 m] m > for PBAC-SiO,.
Slightly different values were found for the same system
reported by Yin et al:**** 2.51 mJ] m ? for PBAC-Al and
2.15 mJ] m~? for PBAC-SiO,. The difference in the values for
PBAC-Al are in the range of the error of the measurements. The
SiO, substrate used in this study was highly doped. Therefore,
the surface tension was assumed to be higher than that
employed in ref. 53. Moreover, as discussed above the surface
was activated in a O, plasma which results in polar OH groups.
The values obtained in this investigation point to significantly
increased interactions between PBAC and SiO, compared to
that of PBAC on aluminum. Therefore, the enhanced inter-
action between PBAC and SiO, will lead to an increased
tendency of the formation adsorbed layer at the polymer-
substrate interface.

Crossed electrode capacitors

A detailed study about the behavior of thin films of PBAC
capped between two Al electrodes has been reported
elsewhere.”® In the investigation presented here, one aim was
to study the influence of the annealing conditions and thereby
the thickness of the adsorbed layer on the glassy dynamics of
thin PBAC films. Accordingly, the study presented in ref. 43
was extended by considering a different annealing condition
Ty puk + 30 K (443 K) for 72 h. In ref. 43 the samples were
annealed at T, + 17 K (443 K) for 24 h. Moreover, the influence
of the film thickness on the localized fluctuations was consid-
ered in more detail compared to ref. 43.

Thin films of PBAC, with thicknesses of 170 nm, 130 nm,
75 nm, 60 nm, 48 nm, 45 nm, and 40 nm, were prepared in the
CEC arrangement, as described in the materials section. From
the calculated radius of gyration, it is concluded that the global
chain structure is highly asymmetric and stretched for the
thinnest films. Fig. 2 shows a comparison of the dielectric loss
for bulk PBAC and a thin film with a thickness of 170 nm versus
temperature at a fixed frequency of f= 10> Hz. As known from
the literature, the dielectric spectra show different dielectric
active processes, which are assigned in Fig. 2. At low tempera-
tures a broad peak is observed for both the bulk sample and the
thin film. This process is denoted as p-relaxation and assigned
to localized fluctuations of the polymer segments. The mole-
cular origin of this process will be discussed in detail below.
Secondly, at higher temperatures than characteristic for the

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 The dielectric loss versus temperature at a frequency f = 10%° Hz
for bulk PBAC and a film with a thickness of 170 nm. The green line
indicates the B-relaxation, and the orange line indicates the a-relaxation.
The spectra are shifted along the y-scale for sake of clearness.

B-relaxation, the o-relaxation (dynamic glass transition, glassy
dynamics) is observed. The a-relaxation is due to the coopera-
tive segmental motions. For the thin film there seems to be an
additional contribution to the dielectric loss in the temperature
range between 350 K and 400 K which is not present for the
bulk. The origin of this contribution is discussed in
detail below.

The dielectric loss data for bulk PBAC and the thin film
samples were analyzed by fitting the Havriliak-Negami (HN)
model function to the dielectric loss. The HN function
describes the symmetric and asymmetric broadening of a
relaxation peak compared to the Debye function. The HN
function is given by the following equation.>*>°

Ae . 3)

=& + 4<1 N (i(/)THN)ﬁ>

enn (o)

A¢ denotes the dielectric strength, ¢, is the value of the real
part of the complex dielectric function at f > 1y~ " where Ty
is the relaxation time of the relaxation process related to the
frequency of maximal dielectric loss f;, (relaxation rate). f and y
(0 < p<1and0 < fy < 1) are shape parameters that describe
the symmetric and asymmetric broadening of the relaxation
spectra, respectively. The relaxation rate f;, is calculated from
the relaxation time by>*
—1/B
-

1 (. g ]V
fo= T~ {sm 1y 2)’] {sm

At the highest temperatures conductivity related contribution
are observed as an increase of the dielectric loss with decreas-
ing frequency. These conductivity related contributions which

are due to the drift motion of charge carriers are considered

during the fitting procedure by including the term — o the

(w¢)

imaginary part of the HN-function.>® Here o, is related to the

Brm
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DC conductivity of the system but might include also parasitic
effects like electrode polarization. The parameter s < 1
describes non-ohmic effects in the conductivity (s = 1 — ohmic
conductivity) and ¢, is the permittivity of free space. Moreover,
the sample geometry for the CEC configuration resulted in a
parasitic electrode peak at the highest measured frequencies.
Due to the reduced conductivity of the thin aluminum strips
compared to bulk Al, a RC combination is formed together with
the capacitor of the film. This RC contribution causes a para-
sitic high-frequency contribution to the dielectric loss. By
optimizing the CEC geometry, most of the contributions of
the electrode peak can be shifted to higher frequencies outside
the measurement window. The time constant of the electrode
peak is given by t..s = RC’ where R is the resistance of the
electrodes and C’ is the sample capacitance. This means with
decreasing film thickness the parasitic loss shifts to lower
frequencies and must be accounted for during analysis. The
spectral shape of a RC combination (electrode peak) can be
described by the Debye function which can be approximated by
the fist element of a Taylor series expansion which is linear in
frequency.®**”* This parasitic high-frequency flank was taken
into consideration during the fitting the of the HN function to
the data. For details see ref. 43. The whole fitting function
than reads

a0
[ORFN)

ey = epn (@) — i —idow. (5)
Here A is a fitting parameter mainly related to 7. If multiple
relaxation processes are observed in the accessible frequency
range a sum of HN-function is fitted to the data. Fig. 3 gives an
example for the fitting procedure for the o-relaxation of a film
with a thickness of 170 nm. From the fit of eqn (3) to the data
the relaxation rates of the relaxation processes were estimated.
The estimated relaxation rates of the o-relaxation were
plotted as a function of inverse temperature in the relaxation

445 K
0.5 Electrode
Conductivity Peak
=
o)
2 004
by
7/
S e
< ,,f'? o
I
054170 nm 7 0-process ™,
1 2 3 4 5 6 7
log (f [HZ])

Fig. 3 Dielectric loss versus frequency for a film with a thickness of
170 nm at 445 K. The solid black line is a fit of egn (5) to the data. The
red lines at low and high frequency represent the contribution of the
conductivity and the electrode peak, respectively. The dashed blue line is
the contribution of the a-relaxation to the dielectric loss.
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map (see Fig. 4). As expected, the temperature dependence of
the relaxation rates deviated from the Arrhenius relation. Thus,
the empirical Vogel-Fulcher-Tammann (VFT) equation was
used to describe the temperature dependence of the dynamic
glass transition, expressed by:>"~>°

1 _DT,
Joa(T) :m:foc eXP(T_ To) (6)

where f,, is the preexponential factor, T, is the Vogel or the
ideal glass transition temperature found at temperatures 20—
60 K below the thermal T, and D is the fragility parameter
which can be used to classify glass forming systems.®°

The adsorbed layer of the thin film has an increasing
influence on the thickness dependence of the relaxation rates
of the o-relaxation with decreasing film thickness due to the
reduction of the thickness of the bulk-like layer. Therefore, with
decreasing film thickness the a-relaxation shifts to higher
temperatures.

The VFT equation (eqn (6)) was fit to the temperature
dependence of the relaxation rates of the a-relaxation for each
film thickness. During the fitting of the VFT equation to the
data of the thin films the prefactor f., was fixed to the value
obtained for the bulk sample. The obtained fit parameters are
listed in the ESI,{ Table S2. As result of the fitting procedure, T,
was obtained, which is related to the thermal glass transition
temperature. Often a glass transition temperature is estimated
considering the relaxation rates at 10" Hz of 10~ Hz. As the
relaxation rate for the thins films could be measured only to
value of 10> Hz or 10° Hz such an estimation would require a
fit of the VFT and a subsequent extrapolation to 10~" Hz of
102 Hz. Therefore, T, was taken directly as a measure of Ty In
the relaxation map (see Fig. 4) the relaxation rates of the of the

7
®  Bulk
6 ® 170 nm
7] A 120nm
v 75nm
5 ¢ 60nm
48 nm
ﬁ > 45nm
T 47
=
o 37
o
2
14
0 T T T T T T
21 22 23 24
1000/ T [K™']

Fig. 4 Relaxation map for PBAC thin films capped between Al electrodes:
bulk PBAC - black squares, 170 nm - red circles, 120 nm - blue upward
facing triangles, 75 nm - green downward facing triangles, 60 nm — purple
diamonds, 48 nm - orange left facing triangles, and 45 nm - teal right
facing triangles. The solid lines are fits of the VFT equation to the
corresponding data.

246 | Soft Matter, 2025, 21, 241-254

View Article Online

Soft Matter

films with thickness of 60 and 45 nm seems close together. At
the first glance this would suggest that they should have a
similar T,. Table S1 (ESIt) shows that this not the case. To prove
whether this a fitting artifact or a results from the temperature
dependence of the relaxation rates a derivative method can be
used which allows the estimation of the curvature irrespective
of the prefactor (see ref. 43 and ESI}). Fig. S1 in the ESIT
compares this analysis for the thin films with thicknesses
of 60 nm and 45 which reveals that their Vogel temperatures
are different. In Fig. 5, the estimated Vogel temperatures are
plotted as a function of the film thickness. T, increases slightly
with decreasing film thickness until a value of ca. 60 nm. For
film thicknesses below this value, the Vogel temperature
increases strongly with a further reduction in film thickness.
This result indicates that at a film thickness of ca. 60 nm the
adsorbed layer starts to dominate the behavior of the whole
film. This thickness is referred to as the onset thickness.

The thickness dependence of the thermal glass transition
temperature estimated by ellipsometry®” is included in Fig. 5.
Both values, T, and T,, were estimated independently from
each other, but the samples were prepared under identical
conditions and display a comparable thickness dependence. It
is important to note that for the ellipsometry experiments a
different SiO, substrate was employed than the one used here
for the NSE measurements. It has a comparable interaction
energy to PBAC on Al This results in the comparable thickness
dependence of T, and T,. Nevertheless, the onset thickness,
seems to be a bit lower than for Ti,. This might be due that the
samples measured by ellipsometry were prepared on a silicon
substrate and have one free surface to air where the films
investigated by dielectric spectroscopy are capped in the CEC
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Fig. 5 Change in Vogel temperature T, (black squares) obtained from
BDS measurements and the thermal glass transition temperature T4 (blue
stars) obtained from ellipsometry®” versus film thickness. Lines are guides
for the eyes for each data set. The arrows indicate the onset thickness for
each data set. The inset shows the Vogel temperature versus film thickness
obtained here (black squares) compared to the data taken from ref. 43, (red
circles). The arrows indicate the onset thickness for each dataset. Lines are
guides to the eyes for each data set.
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arrangement. The existence of two solid interfaces in the CEC
geometry restricts the glass transition of the bulk-like layer
more than that for a sample measured by ellipsometry where a
free surface layer is also present.

A corresponding thickness dependence of the Vogel tem-
perature was also reported for thin PBAC films measured in
capped geometry with dielectric spectroscopy in ref. 43. As
mentioned above, these samples were prepared using the
different annealing condition of Tgypur + 17 K for 24 h. For
this annealing condition an adsorbed layer with a lower thick-
ness is expected to be formed compared to the samples
prepared by annealing the films at Ty gux + 30 K for 72 h. The
influence of the different thicknesses of the adsorbed layer on
the glassy dynamics is shown in the inset of Fig. 5 where the
thickness dependence of T, obtained here is compared to that
reported in ref. 43. For the data reported by Yin et al. T, also
increases strongly at an onset thickness of around 40 nm.
However, this onset thickness is approximately 20 nm lower
than the value reported in this investigation which was found to
be 60 nm. This points to the more restricting influence of the
adsorbed layer on the molecular dynamics of the thin film
becoming stronger for films with a thicker adsorbed layer.
Recently, a similar result was found for the thickness depen-
dence of the glass transition temperature of polysulfone inves-
tigated by ellipsometry in ref. 24.

For bulk PBAC it was found that the B-relaxation consisted
of two processes. This was confirmed by previous studies
employing dielectric spectroscopy*>®' and neutron scattering
experiments.®”> The molecular origins for these two coupled
processes has been discussed in literature and were assigned to
localized fluctuations of the phenyl rings in the mainchain of
PBAC, specifically from the =n-flips and the 90° rotational
fluctuations of the phenyl rings.** The relaxation rates for both
processes were obtained by fitting a sum of two HN functions to
the data. The estimated relaxation rates for the two processes
were plotted as a function of inverse temperature in the
Arrhenius plot (Fig. 6). The temperature dependencies of the
relaxation rates follow the Arrhenius equation, which is
given by

fo=1e oo —r ) @

Here f., is the relaxation rate at infinite temperatures, E, is the
activation energy, and R denotes the general gas constant.®
From a fit of the Arrhenius equation to the relaxation rates the
activation energy is determined. The estimated values are
30.1 k] mol ™' and 39.4 k] mol ' which agree with those
reported in the literature for the phenylene ring rotations and
n-n - flips which are 29.9 k] mol™' and 39.8 k] mol ',
respectively.®!

Fig. 7(a) gives the dielectric loss versus temperature at a
frequency of f = 10° Hz for different film thicknesses. The
intensity of the B-relaxation peak seems to decrease with the
reduction in the film thickness in agreement with results
reported in ref. 43. For the thin film with a thickness of
40 nm no separate peak corresponding to the B-relaxation
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Fig. 6 Arrhenius plot of the temperature dependence of the relaxation
rates of the two B-relaxations for the bulk PBAC sample and for the thin
films measured in CEC configuration. Squares — bulk, circles — 170 nm,
upside triangles — 130 nm; downside triangles — 75 nm; diamonds —
60 nm. The solid lines are fits of the Arrhenius equation to the corres-
ponding data. The calculated activation energies for each process are
indicated.

could be detected anymore. It is worth noting that the thickness
where the B-relaxation disappears as a separate peak corre-
sponds to the onset thickness where the strong increase of Ty
sets in. This disappearance of the B-relaxation requires deeper
investigations considering also related main chain polymer
systems to understand it. Here, it was first assumed that the
relaxation modes responsible for the p-relaxation are immobi-
lized due to the interaction of the phenyl groups and the
substrate by physical adsorption. The restriction of the respon-
sible fluctuations related to the PB-relaxation like the n-n-flip
and rotation of the phenyl groups might be also due to the
formation of specific chemical bonds between evaporated Al
electrodes and the phenyl groups. These specific bonds have
been investigated by X-ray photon spectroscopy (see ref. 63). Al-
C like complexes are formed due to interaction between the
phenyl rings and Al atoms. Aluminum oxide (Al-O) and alumi-
num hydroxides (Al-OH) have been also reported besides the
formation of C=0 and C-O entities. Such an interpretation
agrees with the formation of stack-like structures deduced from
the pre-growth step found in the growth kinetics of the
adsorbed layer of PBAC on SiO,.?” Therefore, it is concluded
that the adsorbed layer in the CEC configuration might be due
to both physical and chemical interactions.

Using a different approach, the dielectric loss was normal-
ized by the maximal loss of the B-relaxation for both a bulk
sample and a thin film with a thickness of 60 nm. The
logarithm of this normalized dielectric loss is plotted versus
temperature at a frequency of 10° Hz, depicted in Fig. 7(b). For
the bulk sample, the B- and a-relaxation processes are well
separated by a pronounced minimum. There is an agreement in
the literature that the width of a f-relaxation process is due to a
distribution of activation energies. Upon closer inspection of
the dielectric loss in the temperature region of the B-relaxation
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Fig. 7 (a) Dielectric loss versus temperature at a fixed frequency of 10° Hz for the indicated film thicknesses: bulk PBAC — open squares, 170 nm — open
circles, 130 nm — open stars, 60 nm — open triangles, and 40 nm — open diamonds. The spectra are shifted along the y-scale for sake of clearness. (b)
Dielectric loss normalized by the maximum value of the B-relaxation versus temperature at a fixed frequency of 10° Hz. Bulk PBAC — open squares;
60 nm — open triangles. The single sided arrows indicate the temperature position of the peak height of the B-relaxation and the double-sided arrow
shows the change in shape between the relaxation processes from bulk PBAC to 60 nm.

for the thin films revealed that the peak of the B-process
broadens with decreasing film thickness at its low and high
temperature side. On the one hand, a broadening at the low
temperature side means that there is an enhanced molecular
mobility compared to the bulk. This could be understood by the
high roughness of the Al electrodes (see above). This roughness
will create some additional free volume sites which will ease
some relaxation modes of the B-relaxation. On the other hand, a
broadening on the high temperature side would mean that the
molecular fluctuations responsible for the B-relaxation become
more and more restricted with decreasing film thickness and
appear at higher temperatures. This most likely indicates that
the restriction takes place in the vicinity of the Al substrates
and will percolate more and more through the film as the
thickness of the bulk-like layer decreases with decreasing film
thickness. Therefore, the gap between the B- and the o-
relaxation is filled up by relaxation modes contributing in the
bulk to the B-process. This is evidenced by the high dielectric
loss between the - and the a-relaxation. As the film thickness
is decreased to thicknesses below 60 nm, the B-relaxation is no
longer detected as an isolated pronounced peak as all the
relaxation modes responsible for the B-relaxation are restricted
and appear now in the temperature range between the - and
the a-relaxation. This interpretation is supported by the obser-
vation that the maximum temperature of the B-relaxation is
shifted by ca. 12 K to higher temperatures compared to the bulk
(see Fig. 7(b)). It is worth noting again that the thickness of
60 nm corresponded to the onset thickness where the strong
increase of T, with decreasing film thickness takes place.

For the thin films where the B-relaxation is observed as a
separate peak down to a thickness of 60 nm. Unfortunately, the
fitting of two HN-function to the spectra of the thin films leads
to unstable results. Therefore, no separation into processes due
to the n-flips and the 90° rotational fluctuations of the phenyl
rings could be made. As a result, only one HN function and only
the process at higher temperatures, the n-rn - flips, could be
analyzed and the estimated activation energies were between
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37-40 k] mol " (see Fig. 6). Nevertheless, the estimated activa-
tion energies have to be considered as a kind of averaged one of
the two processes.

From the investigation of the growth kinetics of the
adsorbed layer of PBAC on silicon oxide it was found that the
thickness of the adsorbed layer should be ca. 5 nm for the
annealing conditions employed here.>” As the film is capped
between two Al electrodes the whole thickness of the adsorbed
layer is ca. 10 nm. As the B-relaxation seems to disappear as a
separate peak for film thicknesses below 60 nm, this points to a
relative strong influence of the adsorbed layer on the bulk like
layer regarding the molecular fluctuations of this process. From
a quantitative analysis of the dielectric strength of o-relaxation
a thickness of the adsorbed layer of 8 nm was concluded in
ref. 43. As the samples discussed in ref. 43 were prepared by a
different annealing procedure (24 h at Ty gy + 17 K; here 72 h
at Typune + 30 K) it was expected that the thickness of the
formed adsorbed layer is lower. This again points to the
influence of the adsorbed layer on the bulk-like layer.

For the thin films measured in CEC geometry a further
relaxation process was found at temperatures close to that of
the a-relaxation for the thin films with a moderate thickness,
see inset Fig. 8. This process, called the slow Arrhenius process
(SAP), was previously investigated by Song et al.®* and Capor-
aletti et al.®® using dielectric spectroscopy for a variety of
polymers including PBAC. The SAP was discussed as a mole-
cular process related to the equilibration of polymers at tem-
peratures lower than the glass transition.®* It is worth noting
that the SAP process is important to understand physical aging
in polymers deep in the glassy state which requires a process
that is faster than the o-relaxation.®*®® Fig. 7 shows the relaxa-
tion map for the SAP process in comparison to the o-relaxation
for two samples with two different film thicknesses of 130 and
60 nm. The activation energy for the SAP of both film is
approximately 72 k] mol™"' and independent of film thickness.
However, due to the result that the SAP is observed at lower
frequencies compared to the o-relaxation, the dielectric loss

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 Relaxation map for films with thicknesses of 130 nm (squares) and
60 nm (circles) thin films for the a-relaxation and the SAP processes. The
solid red line is an Arrhenius fit to the data. The inset depicts the dielectric
loss versus frequency for a thin film with thickness of 60 nm at 457 K. The
black circles represent the original data, and the blue stars are with the
conductivity contribution subtracted. The SAP and the a-relaxation are
highlighted in red.

can be masked by parasitic contributions like conductivity or
polarization effects which become more relevant for thinner
films. Consequently, the SAP could not be reliably found for
film thicknesses below 48 nm in the CEC configuration.
Compared to a previous study of the SAP for PBAC,* the
relaxation rates were shifted to slightly higher values, but in
general agree with the results given here (see ESL T Fig. S2).

Nanostructured electrodes

Using the nanostructured electrodes configuration, the effect of
the adsorbed layer can be investigated due to possibility of
measuring thin films with thicknesses below 40 nm. As the thin
films have a free surface at the polymer-air interface, this
configuration may also allow an investigation into the effect
of the mobile surface layer on the dielectric properties. Like for
the thin films measured in CEC geometry, the structure of
polymer chain is also highly asymmetric for the thin films
measured by NSE. This is especially true for the film with a
thickness of 14 nm and the adsorbed layer. Fig. 9 compares the
dielectric loss versus temperature at a frequency of 10°> Hz for a
film with a thickness of 40 nm measured with CEC and NSE as
well as for a bulk PBAC sample. The dielectric spectra for the
sample measured using NSE shows both the - and a-relaxation
peaks at low and high temperatures, respectively. Due to the
increased mobility of the segments at the free surface com-
pared to a 40 nm sample measured with CEC, the B-relaxation
is now observed and can be compared to bulk PBAC. Moreover,
the maximum temperature position of the ao-relaxation mea-
sured by NSE is shifted to lower temperature values compared
to CEC and agrees approximately with that of bulk PBAC. This
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Fig. 9 Comparison of dielectric loss versus temperature for two films
with a thickness of 40 nm measured with CEC (red stars) and NSE (green
circles) as well as for bulk PBAC at a frequency f = 10° Hz. Lines are guides
for the eyes. The spectra are shifted along the y-axis for sake of clarity. The
a- and B-relaxation peaks are labelled.

again can be discussed to the increased mobility as opposed to
a capped geometry due to the free surface.

A comparison of the dielectric spectra measured using NSE
for different film thicknesses, given in Fig. 10, reveals that the
B-relaxation also broadens with a reduction in film thickness
and disappears as a separated peak, similar to the behavior of
the samples measured with CEC. The broadening and thereby
reduction in intensity of the fB-relaxation is due to the increas-
ing contribution of the adsorbed layer to the dielectric loss of
the whole film which restricts the fluctuations responsible for
this process. Since silica spacers were used in the NSE geome-
try, no polymer-metal complexes are formed as was the case for
CEC. Therefore, it can be assumed that the broadening and
reduced intensity of the B-relaxation is due only to the physi-
cally adsorbed layer for the films measured in NSE geometry.
For the 40 nm thin film measured using NSE, the activation
energy for this localized process was 30.6 kJ mol . Although
there are normally 2 coupled processes associated with the -
relaxation for PBAC, specifically phenylene ring rotations and
n-1 — flips. Here only one process can be analyzed like for the
CEC arrangement. In Fig. S3, ESI,{ the relaxation rates for the
B-process are compared between bulk PBAC, a 170 nm thin film
measured using CEC and a 40 nm sample measured with NSE.
For the relaxation rate of the phenylene ring rotations, the
sample measured with NSE is slower compared to bulk PBAC.
This serves as further prove that the formation of the adsorbed
layer restricts the fluctuations of the B-relaxation. It is impor-
tant to point out that while the adsorbed layer has a profound
effect on the B-relaxation, the presence of a free surface allows
the P-relaxation to be visible and analyzed for the 40 nm
thin film.

The o-relaxation was observed in the dielectric loss down to
a film thickness of 18 nm and shifts to higher temperatures as
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Fig. 10 The dielectric loss versus temperature at a frequency of 100 Hz
for samples measured with the NSE configuration for the indicated film
thickness: 40 nm — open squares, 26 nm — open circles, 18 nm — open
triangles 14 nm — open diamonds and adsorbed layer (AL) — red open stars.
The data is shifted along the y-axis for sake of clarity. The solid black line
indicates the increase of the maximum temperature of the a-relaxation as
the film thickness is reduced. For the film with a thickness of 14 nm and the
adsorbed layer the dielectric loss could not be measured in the tempera-
ture range of the B-relaxation due to resonances caused nanostructured
electrodes.

the film thickness is reduced. The o-relaxation could not be
observed for a thin film with thickness 14 nm and the adsorbed
layer sample. The HN function (eqn (5)) was fit to the dielectric
loss data and the relaxation rate of the o-process was deter-
mined. The relaxation rates for the samples measured using
NSE are compared with the thin film samples measured using
CEC and bulk PBAC in a relaxation map depicted in Fig. 11.

The relaxation rates of the a-relaxation for the samples
measured with NSE shift to higher temperatures with decreas-
ing film thickness. This agrees with the behavior observed for
the samples measured with CEC. For the 40 nm thin film
measured using NSE, the temperature dependence of the
relaxation rates of the a-relaxation is similar to that of a
75 nm thin film measured using CEC. This means that
40 nm is the thickness for supported thin films where below
this value the glassy dynamics becomes influenced by the
adsorbed layer. Above 40 nm, the molecular mobility of a
supported film measured with NSE is expected to be compar-
able to a bulk sample although it could not be measured
directly. In the CEC configuration, the onset thickness was
60 nm, which was due to the presence of two substrate inter-
faces compared to only one for the NSE configuration. There-
fore, it can be concluded that both electrode configurations
lead to a shift of the a-relaxation to higher temperature due to
the presence of an adsorbed layer for both substrates.

The VFT equation (eqn (6)) was used to analyze the tem-
perature dependence of the relaxation rates and the Vogel
temperature was determined. Like for the fitting procedure of
the CEC data the pre-factor f,, was fixed to that of the bulk.
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Fig. 11 Relaxation map of the a-relaxation for thin films measured with
CEC (solid symbols): 170 nm - red circles, 75 nm — green triangles, and
60 nm — purple diamonds and the thin films measured using NSE (open
symbols): 40 nm — open squares, 26 nm — open circles, and 18 nm — open
triangles. The a-relaxation for bulk PBAC - black squares was plotted
alongside the data for the thin films. The red lines are VFT fits to data.

Table S2 in the ESIf lists the fit parameters for the VFT
equation for the thin films measured with NSE. In Fig. 12,
the dependencies of the Vogel temperature on film thickness
for thin films of PBAC are compared. Additionally, the thick-
ness dependence of the glass transition temperature measured
by ellipsometry is included in this figure. As discussed above
the thickness dependence of T, measured by CEC and T is
comparable because of the comparable interaction energy
between the substrates and PBAC. This is different for the
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Fig. 12 Change in Vogel temperature To measured by BDS using CEC -
black squares and NSE — black diamonds and the thermal glass transition
temperature T4 - blue stars obtained from ellipsometry®” versus film
thickness. Lines are guides for the eyes for each data set. The inset
compares the thickness dependence of the glass transition temperature
estimated by ellipsometry (blue stars)®” with that measured by Torkelson
et al.* (black circles). The lines are guides for the eyes.
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dependence of T, measured with the NSE configuration.
Besides the lower onset thickness due to the free surface at
polymer-air interface T, increases much stronger with decreas-
ing film thickness than that measured with the CEC arrange-
ment. This difference can be discussed by the much higher
interaction energy of PBAC with the employed doped silicon
(3.56 mJ m~?) compared to that of Al (2.21 mJ m >, see section
interfacial energy). This higher interfacial will probably result
in a denser adsorbed layer which has a more restricting
influence on the glassy dynamics.

In this work an increase in the T, and T, as the film
thickness was reduced was found when measuring with both
ellipsometry®” and dielectric spectroscopy. Yin et al.*® also
reported an increase with reduced film thickness when mea-
suring using the CEC configuration with BDS for PBAC. How-
ever, Torkelson et al®' reported a decrease in the T, with
decreasing film thickness when measuring with fluorescence
spectroscopy where the samples were prepared on Quartz glass
(see inset Fig. 12). These differing film thickness dependencies
can be explained by considering both the annealing conditions
and the interfacial energies between the different substrates
and PBAC. These two factors are vital for the growth of the
adsorbed layer. The annealing conditions used by Torkelson
et al® and Yin et al.*>> were both weaker than that for the
samples prepared in this investigation and in ref. 37. Therefore,
the adsorbed layer formed was unable to compensate the
confinement and free-surface effects. It is also worth noting
that fluorescence-based measurements were found to overesti-
mate the contribution of the free-surface layer when measuring
thin films.*”

The thin film with a thickness of 14 nm measured using NSE
arrangement showed no a-relaxation (see Fig. 10). This means
that the adsorbed layer restricted the segmental dynamics
completely. In order to study the molecular dynamics of the
adsorbed layer directly, an adsorbed layer sample was also
investigated using NSE. The adsorbed layer sample was pre-
pared by leaching a film which was spin coated on the bottom
electrode with dichloromethane after annealing at T = 443 K for
72 h. For details see ref. 31. Using this technique only the
tightly bounded layer remained on the bottom electrode and
most of the segments were assumed to be adsorbed. At the
interface of the adsorbed layer to air there may be segments
which can be described as dangling ends. However, the struc-
ture of these dangling ends is different to the free surface layer
of the thin films where the corresponding chains were not
adsorbed to the most extent. Nevertheless, these dangling ends
might introduce some additional molecular mobility to the
adsorbed layer. The resulting thickness of the prepared
adsorbed layer was 3.5 nm. As expected already from the
behavior of the film with a thickness of 14 nm the spectrum
of the adsorbed layer does not show a dynamic glass transition
(see Fig. 10).

Unfortunately, the dielectric loss in the temperature range of
the B-relaxation could not be measured for the 14 nm and the
adsorbed layer sample due to resonances of the nanostructured
electrode system. But it is expected for the spectra of the films
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with 26 and 18 nm measured by the NEC configuration that no
B-relaxation could be observed.

Conclusion

The aim of this investigation was to extend a previous study
into the molecular mobility of thin films of poly(bisphenol A
carbonate). Thin films of poly(bisphenol A carbonate) were first
measured between deposited aluminum layers in a capped
geometry to investigate the molecular dynamics down to a film
thickness of 40 nm. The glass transition characterized by the
Vogel temperature increased with decreasing film thickness
strongly for lower thickness than the onset thickness of 60 nm.
The results obtained by dielectric spectroscopy agreed with
data obtained by ellipsometry where the films were prepared
under the same conditions. This similarity can be considered
as proof that the contribution of the adsorbed layer had an
increasing influence on the overall glassy dynamics of the thin
films with decreasing film thickness. The [-relaxation con-
sisted of two coupled processes due to localized fluctuations
of the phenyl rings. With decreasing film thickness, a decrease
in the intensity was reported as the corresponding relaxation
shifts to higher temperatures. The B-relaxation could not be
detected as a separate peak for thin film having thicknesses
below 60 nm. This thickness additionally corresponded to the
onset thickness where the Vogel temperatures started to
increase strongly with decreasing film thickness. Moreover, a
slow Arrhenius process was found for the thin film samples at
temperatures near the o-relaxation and was assigned to the thin
film equilibration kinetics.

Nanostructured electrodes which had silica spacers with a
height of 60 nm were used in conjunction with a SiO, bottom
electrode to study the molecular mobility of films below 40 nm
and an adsorbed layer sample. This configuration allowed the
polymer film to have a free surface with air due to the spacer
height being larger than the film thickness. A p-relaxation was
found for the 40 nm sample measured with NSE due to the free-
surface allowing an increased mobility compared to the thin
films measured with CEC. As the film thickness was reduced,
the B-relaxation peak broadened due to the influence of the
adsorbed layer and disappears as separate peak. An a-relaxation
was observed in the dielectric loss down to a film thickness of
18 nm. It shifts to higher temperatures as the film thickness
was reduced. Although the onset thickness was lower compared
to the CEC configuration, the increase in T, was much stronger
for the NSE configuration. The stronger interfacial interactions
between the silicon and PBAC resulted in a denser adsorbed
layer which dominated the glassy dynamics as the film thick-
ness was reduced. The results obtained here should be con-
firmed for other mainchain polymers like polysulfone.
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