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Specific heat and dielectric relaxations in ultra-thin polystyrene layers
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Abstract

The effect of thickness on the glass transition dynamics in ultra-thin polystyrene (PS) films (4 nm <L< 60 nm) was studied by thin film
ac-calorimetry, dielectric spectroscopy (DRS) and capacitive dilatometry (CD). In all PS-films, a prominent�-process was found in both the
ac-calorimetric and dielectric response, indicating the existence of cooperative bulk dynamics even in films as thin as 4 nm. Glass transition
temperatures (Tg) were obtained from ac-calorimetric data at 40 Hz and from capacitive dilatometry, and reveal a surprising, marginal
thickness dependenceTg(L). These results, which confirm recent data by Efremov et al. [Phys. Rev. Lett. 91 (2003)] but oppose many previous
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bservations, is rationalized by differences in film annealing conditions together with the fact that our techniques probe exclusively c
ynamics (ac-calorimetry) or allow the effective separation of surface and “bulk”-type mobility (CD). Two other observations, a si
eduction incp towards lower film thickness and the decrease in the contrast of the dilatometric glass transition, support the idea of a
obility profile consisting of both cooperative “bulk” dynamics and non-cooperative surface mobility.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Glass formation is a general property of many liquids,
hich are able to circumvent crystallization during cool-

ng below their melting point (Tm) even under moderate
ooling rates. In the supercooled state the relaxation times
(T) and the viscosityη(T) increase dramatically with
ecreasing temperature, a behavior that can usually be
escribed well with the Vogel–Fulcher–Tammann (VFT)

aw (τ = τ0exp{EV/k(T−TV)}) within the temperature range
g <T<Tm. A widely accepted idea to rationalize this VFT-
ehavior was put forward by Adam and Gibbs (AG) based on

he assumption of cooperatively rearranging regions (CRR)
1,2]. Since the AG approach does not make quantitative
redictions about the characteristic length of cooperativity
, attempts have been undertaken to probeξ indirectly by
mposing a variable geometric confinement (characteristic
imensionL) to the glass forming molecular ensemble at
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which the cooperative dynamics deviates from the b
behavior.

This idea, the study of finite size effects on the dyna
glass transition, has stimulated extensive research on va
glass forming systems in nm-scale geometric confine
in the past decade. Typical confined glass forming sys
comprise H-bonding liquids (ethylene glycol, propylene
col) confined in nanoporous glasses[3], porous membrane
[4], or channel structures of zeolite host systems[5,6]. For
polymeric glass formers, on the other hand, finite size ef
have been reported for ultra-thin polymer films[7,8], clay-
based nano-composites[9] or systems that form nanopha
separated alkyl domains giving rise to a “hindered” g
transition[10,11].

Since polymers enable the formation of stable freely st
ing or supported films and the dimension of the confining
ometry is given by the film thickness, ultra-thin polymer fil
have become a particularly attractive model system to s
finite size effects on glass transition. Another advantag
using supported thin films is that the interfacial interactio
the polymer with the substrate is readily defined. For fr
040-6031/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2005.04.022
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standing polystyrene (PS) films, spectacular glass transition
temperature (Tg) reductions of more than 70 K were found,
depending on the film thickness and, above a critical molec-
ular weight, on the end-to-end distanceREE of the polymer
as well[12]. For supported films, much lower, but still con-
siderableTg reductions were observed[7,13–15].

One has to emphasize that most of the glass transition
effects reported for thin polymer films were obtained by
density related methods: ellipsometry[7], X-ray reflectiv-
ity [16], Brillouin light scattering[8], positron annihilation
lifetime spectroscopy (PALS)[17]. More recently, other ex-
perimental techniques like dielectric spectroscopy, inelastic
neutron scattering and dynamic light scattering, which reveal
the polymer dynamics by sensing molecular fluctuations, are
increasingly used. On first glance, these methods seem to con-
firm readilyTg-reductions as found by expansivity techniques
[18]. Unfortunately, calorimetry methods, which are gener-
ally regarded as a decisive way to measure glass transitions
in bulk materials[19], did not play so far a significant role in
studies of ultra-thin polymer films until they had been rein-
troduced recently by Efremov and Allen[20]. The authors,
who studied various polymer films spin-coated on a thin-film
calorimeter, revealed basically noTg-effects upon thickness
reduction down to∼3 nm, a finding being completely con-
troversial to a large body of previous experimental results
[20,21].
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Fig. 1. Predicted (solid line) and measured (symbols) film thickness of
polystyrene films as function of the concentration of the polymer solution.
The experimental data were determined from capacity measurements at room
temperature.

rate (>10 nm/s) in order to minimize the diffusion of metal
particles into the polymer film[22].

The film thicknesses were evaluated from the electrical
sample capacityC′, measured at room temperature, which
yields the film thicknessL in a straightforward way using the
relationC′ = ε′εoS/L, wereε′ is the permittivity of the bulk PS
(ε′ = 2.5),εo is the permittivity of the vacuum,S is the area
of the electrode (S= 4 mm2). The accuracy of this procedure
has been verified in a previous study by using ellipsometry
[23,24]and compares well with the predicted thickness val-
ues based on the concentrations of the polymer solutions (cf.
Fig. 1).

2.2. Dielectric spectroscopy

Dielectric measurements in the frequency range from
10−1 to 107 Hz were performed using a high-resolution di-
electric analyzer (ALPHA Analyzer, Novocontrol Technolo-
gies). The samples were first heated until 150◦C, annealed
for 1 h and subsequently measured upon cooling to−20◦C at
an effective rate of 0.5 K/min. All measurements took place
in a nitrogen-flushed cryostat that prevents moisture uptake
or oxidation during the experiments.

2.3. Thin film ac-calorimetry
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The present paper represents the first attempt to com
c-calorimetric and dielectric methods for studying thin
lms within a thickness range of 4 to 60 nm. Both techniq
re frequency-domain methods and are characterized by
nd highly overlapping dynamic ranges that qualify them

he study of glass transition dynamics.

. Experimental

.1. Thin film preparation

Atactic polystyrene (Pressure Chemical Company)
n intermediate molecular mass (Mw = 160.000 g/mol) an

ow polydispersity (<1.06) was used in this study. Ultra-
S-films were prepared at Delft University by spin coa
n either aluminum deposited glass slides (DRS sample
n the SiO2 passivated surface of the sensors used fo
alorimetry. The film thickness was varied by changing
olymer concentration in solution (toluene) in the range f
.15 to 1.64 weight percent. To achieve reproducible res

he same rotation speed (3000 rpm) and spinning time (
ere used for all samples.
After this procedure, the sensors covered with the

ayers were shipped to Germany for ac-calorimetric m
urements. The samples intended for dielectric inves
ions were treated as follows. After annealing for 12 h
20◦C, a second aluminum electrode was deposited u

he same UHV thermal evaporation setup. This “flash” d
ition was performed with the maximum possible evapora
A commercially available sensor, thermal conducti
auge TCG-3880 (Xensor Integrations, NL), was utilized
easuring cell for ac-calorimetric measurements. In the

re of a free standing 500 nm thin silicon-nitride membr
small heater is placed. The heater consists of two p

el stripes of 50�m distance. The temperature distribut
n the area between the stripes is almost uniform as s
n [25]. Around the heater the six hot junctions of a th

opile are arranged. The heater, thermopile and condu
tripes are covered by a 700 nm silicon oxide layer for
ection. The sample is spread over the whole sensor usin
bove-described spin coating procedure. As common i
alorimetry a small sinusoidal voltage is applied to the he
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to generate a periodic power in the order of�W. The resulting
temperature oscillation with amplitude in the order of 0.1 K
is measured by the thermopile. Only the small heated area,
which can be considered as a point heat source, is of interest.
For enhanced sensitivity a differential setup is used. Two sen-
sors are placed adjacent in a thermostat at temperatureTB.
Measurements are either done at a single frequency changing
the temperature continuously (temperature scans) or at differ-
ent frequencies keeping the temperature constant (frequency
scans). In the latter case temperature can be changed step-
wise. To get an almost uniform temperature distribution and
small errors in temperature a heating/cooling rate of 2 K/min
was used. To get the actual sample temperature the measured
resistance of the membrane heater was used to monitor the
temperature. All measurements were done in nitrogen at am-
bient pressure.

An ac-calorimeter based on a single sensor is described in
detail in Ref.[26] and the differential setup used in this work
in [27].

Complex heat capacity of the sample,CS, can be ob-
tained from the measured complex temperature amplitudes
T=�U/SandT0 =�U0/Sfor the differential system with and
without sample, respectively.

CS = iωcosh(α0)C̃2
0

SP
[�U − �U0] (1)

w ge
a ty

of the empty cell depending on frequency and surrounding
gas and a factor cosh(α0) correcting the temperature because
of the distance between heater and thermopile[28]. As seen
from Eq.(1), the measured differential signal amplitude�U
of the thermopile is proportional to the heat capacity of the
sampleCS. The asymmetry of the empty sensors causes an
additional offset�U0 to the measured signal amplitude only,
which can be neglected forTg and�cp measurements. Details
of the setup are shown inFig. 2.

3. Results and discussion

Due to the weak dielectric activity of PS, dielectric mea-
surements on PS-films allow the evaluation of both the
“spectroscopic” [Tg(α)] and the volumetric glass transition
temperature [Tg(dil)] from capacitive dilatometry, in one ex-
periment.

Fig. 3 is representative for a bulk sample of PS show-
ing the temperature dependence of the dielectric permittivity
ε′(T) for various frequencies between 8 and 375 kHz. It can
be seen that at lower temperatures allε′(T) curves for dif-
ferent frequencies fall along a single line, and decrease with
increasing temperature. From the kink in this uniqueε′(T)
dependence, which is an expression of a different volume
e t, the
d -
t

F show The middle
p ater in quares). The
r l setup. ryostat. (B)
S
b
A

ith �U and �U0 measured complex thermopile volta
mplitude,Sthermopile sensitivity,̃C0 effective heat capaci

ig. 2. (A) Scheme of the thin-film ac-calorimeter. The left hand picture
icture shows the magnified center area of the membrane with the he
ight hand picture shows the chip sensors mounted in the differentia

cheme of the electric setup. The internal generator of the lock-in amplifier d
y the lock-in amplifier and further processed. The voltage over the known reR
ll components are controlled by a PC-based data acquisition system.
xpansivity in the glass state and the amorphous mel
ilatometric glass transition temperatureTg(dil) can be ob

ained[14].

s the thermal conductive vacuum gauge from Xensor integrations NL.
dicated by the arrow and four hot junctions of the thermopile (bright s
The diameter of the aluminum block is 36 mm and mounted in the c
rives the heater current. The differential signal A–B of the thermopiles is analysed
sistoris measured with a digital multimeter to calculate the actual heater power.
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Fig. 3. The temperature dependence of the permittivityε′(T) for a bulk sam-
ple of polystyrene. The kink inε′(T) marks the dilatometric glass transition
[Tg(dil)]. The frequency dependent step inε′(T) at T>Tg is due to dielectric
�-relaxation (�ε: relaxation strength). The solid lines represent linear fits
of the data.

It should be emphasized that there is not a standard pro-
cedure to defineTg(dil) based on dilatometric curves as mea-
sured by, e.g. ellipsometry, X-ray reflectivity or capacitive
dilatometry. In case of bulk samples that show narrow glass
transition regions,Tg(dil) can readily be evaluated from the
intersection of the linearly extrapolated data from the glass
and the melt region (cf. solid lines inFig. 3). For ultra-thin
polymer films, tremendously broadened transition regions are
often found, which makes the unambiguous determination of
a glass transition temperature difficult.

To see the influence of the fit procedure on theTg values,
we have applied two different evaluation methods, the first
of which was already described. As an alternative approach,
we have used a fit equation similar to an expression proposed
by Dalnoki-Veress[29], which allows the modelling of the
wholeε′(T) curve with a set of independent parameters for the
width of the transition region (W), the characteristic transition
temperature (Tg), and two quantities (MandG) that account
for the temperature coefficient in the melt and in the glassy
state. This procedure was proven to yield stable fit results,
provided that the data show a symmetric profile aroundTg.

ε′(T ) = ε′(Tg) + (T − Tg)

[
tanh

(
T − Tg

w

) (
M − G

2

)

+
(

M + G
)]

(2)
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Fig. 4. Dielectric permittivityε′(T, f= 10 kHz) as function of temperature
for various film thicknesses.

the change in the (“glassy”) slope from negative to positive
values for films thinner than 6 nm.

The ac-calorimetric data shown inFig. 5are obtained at a
scanning rate of 2 K/min and a frequency of 40 Hz. To avoid
influences of preparation and to erase sample history the sec-
ond heating and cooling step are used for determining the
glass transition temperatureTg. Because of missing empty
measurements the thermopile signal�U, proportional to heat
capacity, is used for data evaluation. The signal is shifted by
an additional offset caused by the asymmetry of the chip sen-
sors in the differential setup. For determination of the glass
transition temperature this can be neglected. Here the tem-
perature at half step height of�U can be used, which cor-
responds to the maximum in the phase angle or imaginary
part of complex heat capacity. The glass transition tempera-
ture from ac-calorimetry shown inFig. 5 is obtained using a
tangent construction from the liquid and glassy region deter-
mining the temperature at half step of the thermopile signal
as common in scanning calorimetry.
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a sure-
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c

2

The results from the both approaches are displaye
ig. 6later in this paper. Although there are systematic di
nces between the twoTg(L) series by about 5 K, both ser
eveal the same trend and a comparable uncertainty.

The temperature dependence of the dielectric perm
ty for film thicknesses in the range from 3.8 to 52.5 nm
resented inFig. 4. At lower film thicknesses a clear broa
ning of the transition can be observed, though there is
lear change in theTg values. Another interesting feature
ig. 5. Normalized ac-calorimetric responseU2ω/L as function of tempe
ture for five different film thicknesses. The scanning rate for all mea
ents was 2 K/min at a frequency of 40 Hz. The data after a heating/co

ycle 50◦C −150◦C, −50◦C with 2 K/min are used.
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The step in�U is also not affected by the offset and is
proportional to the step in heat capacity. The curves inFig. 5
are normalized dividing the thermopile signal�U by the
film thicknessL of the polystyrene film. For the thin films
under investigation probed sample mass at a given frequency
depends on film thickness only. Consequently, the step at
glass transition in the normalized signal is proportional to
the step in specific heat capacity. For 6 nm and especially for
4 nm a change in the shape of the curves from a step to a
bend-like behavior is obtained. This is a sign for a change
in the dynamics of the sample and provides evidence that we
measure a thin film rather than droplets due to dewetting. That
no dewetting occurs on the calorimetric sensors was proven
by AFM too.

The glass transition temperatures for all film thicknesses
in the range from 4 to 60 nm obtained by ac-calorimetry
(open triangles) and capacitive dilatometry are summarized in
Fig. 6. The data reveal two main features, a systematic shift
between theTg-values originating from the different tech-
niques, and a weak, if any, thickness dependence of the glass
transition temperature, particularly for the ac-calorimetric
data.

To rationalize the systematic discrepancy betweenTg(dil)
andTg(cp), we have to take into account the characteristic
measurement frequencies of the individual experiments. In
the CD experiment, the relaxation of sample volume (here:
t rate
o ncy
∼ -
a 0 Hz,
a s the
a
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b spe-
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Fig. 7. Activation plot of the relaxation timeτ� determined from peak max-
ima in the dielectric lossε′′(T) (open circles) and temperature at half step
height of�U(T) response (filled squares).

from both techniques for samples in the order 15–20 nm in
thickness. This result makes us confident that both the di-
electric�-process and the specific heat relaxation data (cf.
Fig. 6) probe the same cooperative fluctuations associated
to the dynamic glass transition. Unfortunately, dielectric re-
laxation data could not be obtained for the thinnest films
(<15 nm) due to increasing broadening and intensity loss of
the dielectric�-process towards lower thicknesses.

We will now discuss the effect of film thickness on the
glass transition temperature as shown inFig. 6 in more de-
tail. As mentioned before, neither the volumetric nor the
ac-calorimetric data reveal a strong increase or decrease
in Tg, a result that is in contradiction to observations by
other authors like Fukao[14] and Kawana[15], who re-
ported largeTg reductions with decreasing film thickness for
supported PS-films. On the other hand, our findings are in
line with very recent results by Efremov et al.[21] who re-
vealed virtually no thickness dependence in thecalorimetric
glass transition temperaturefrom fast scan measurements
at about 1700 K/min for polystyrene, poly(2-vinyl pyridine)
and poly(methyl methacrylate) films on a platinum surface.

Comparing our results with those from Efremov reveals
interesting details:

(a) The absolute “Tg”-values from both different calori-
metric methods differ by about 10 K (ac-calorimetry:

(cf.

(
r
d by
d
o
hin
hickness via capacity) was recorded during cooling at a
f 0.5 K/min, which corresponds to an equivalent freque
10−3 Hz. In contrast, the ac-calorimetricTg’s were evalu
ted from specific heat relaxation data measured at 4
frequency being 4–5 decades higher, which explain

pparent “Tg”-shift of ∼20 K sufficiently.
While the results fromFig. 6confirm a good consisten

etween the cooperative dynamics as manifested in the
ific heat and volume relaxation (CD), an analogue com
son can also be made based on therelaxation timesof the
-process obtained from dielectric and specific heat s

roscopy. Such comparison is presented inFig. 7, showing a
xcellent agreement between the relaxation time dataτ�(T)

ig. 6. Glass transition temperature as function of the film thickness.
riangles represent results from ac-calorimetry. The filled squares and
ircles correspond to data from capacitive dilatometry using two diff
t procedures ofε′(T) curves.
∼103◦C, Efremov; fast scan 115◦C), which is due to
differences in the effective measurement frequency
discussion above).

b) Closer inspection of the data from Efremov[20] shows a
slight, but significant trend in theTg(L) dependence fo
PS (s-shaped curve) that was originally not discusse
the authors, which resembles strongly thes-shaped tren
in the dilatometricTg-values (cf.Fig. 6). In contrast, n
such trend is visible in our ac-calorimetric results wit
the error limits.
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Apart from some fine structure in theTg(L) dependences
that might be the result of a complex interplay of various
mechanisms like conformational changes, surface-induced
chain alignment of specific polymer–substrate interactions,
we should emphasize that these effects are negligible com-
pared to the substantialTg-reduction in the order of 30 K
according to the literature[15].

Though the substrates and the methods of measurement
are different for our samples and also if compared with Efre-
mov data, we have similar results. These results do also agree
with much earlier findings from Wallace[16] who reported
no thickness effects onTg for PS-films on hydrogen termi-
nated silicon substrates studied by X-ray reflectivity. How-
ever, there is a clear disagreement with some previous results
reported by some of the authors of this paper[30] and data
from Fukao[13], Forrest and Kawana[15], who reported
large Tg reductions for supported PS film that apparently
support the idea of a layer-like mobility profile assumed by
various authors.

We think that the contradictive observation of athickness
independentglass transition temperature has a rational basis
and involves two main issues,mixingof surface and “bulk”-
dynamics in the experimental response, andimproper an-
nealingof the sample films. The first problem reflects the
general dilemma of any dilatometric technique, e.g. ellip-
sometry that the experimental responseL(T) represents the
e ting
b ple
r

ulk”-
t r, it
i res
( to
t r

that an attempt to model theL(T) data by a single glass transi-
tion process will necessarily lead to an apparent glass transi-
tion temperature that actually represents a “mixed” glass tran-
sition temperature. This phenomenon has been addressed in
Ref.[30], which showed an apparent divergence between the
Tg-values from CD and glass transition temperatures derived
from the dielectric�-process.Fig. 8 illustrates further that
the existence of a surface relaxation would manifest differ-
ently in the volumetric (left) and dielectric response (right).
While unfreezing of a liquid upon heating always lead to a
reduction in density, the two individual dielectric responses
ε′

surf(T) andε′
core(T) are characterized by opposite trends,

provided that the surface responseε′
surf(T) is dominated by a

dielectric relaxation process. Superimposing these two con-
tributions, weighted by the relative thickness of the core and
surface layer, will result in aε′(T) dependence as confirmed
by our experimental results given inFig. 4. Here, a contin-
uous tilt of theε′(T) curve towards lower thickness can be
seen, accompanied by a reduction in the strength of the glass
transition indicated by the kink. Although the model put for-
ward inFig. 8does not explicitly refute a cooperative mecha-
nism for the enhanced surface mobility, there are strong hints
for a non-cooperative behavior coming from dielectric spec-
troscopy[30,31]. In a recent paper, we have shown that for
thin films aroundL∼8 nm, an additional relaxation process is
discernible that shows Arrhenius parameters being typical for
a ely
h und
i lves
n that
t ully
a ics.
I en
i r

F ndence e
s f the ce
ntire sample thickness (or volume), without discrimina
etween effects that might originate from different sam
egions (surface, core etc.).

In case of a common layer scenario that assumes a “b
ype central layer in series with a “liquid”-like surface laye
s likely that there exist two individual freezing temperatu
Tf, surf: surface,Tg, bulk: central layer) that both contribute
he overall experimental responseL(T) (cf. Fig. 8). It is clea

ig. 8. Schematic representation of layer-specific temperature depe
urface layer (freezing temperatureTf,surf), bottom: bulk-type response o
local relaxation[30]. Such a second process, which is lik
idden in many published ellipsometric data, was not fo

n calorimetric studies confirming that this process invo
ocp-relevant cooperative fluctuations. Hence, we think

he cooperative dynamics in ultrathin PS-films can be f
ssigned to the core layer showing basically bulk-dynam

nspecting thecp data normalized to the film thickness giv
n Table 1yields significant reductions incp/L towards lowe

s of the densityρ(T) (left) and dielectric constantε′(T). Top: response from th
ntral layer (Tg, core).
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Table 1
Normalized specific heat of PS-films

Thickness (L/nm) cp (L−1/a.u.)

4 ± 0.5 0.020± 0.005
6 ± 0.6 0.020± 0.005
8 ± 0.8 0.036± 0.004

12 ± 1.0 0.041± 0.004
15 ± 1.5 0.031± 0.004
22 ± 2.0 0.039± 0.004
30 ± 3.0 0.043± 0.004
40 ± 4.0 0.033± 0.004

film thickness, which is also in line with a surface layer having
no cooperative dynamics. However, the evolution of a clear-
cut mobility profile as suggested by the data in the present
work, should be sensitive to the annealing conditions that will
decide over which thickness range a local equilibrium of the
polymer configuration can be attained. A detailed treatment
of this issue will be subject of a forthcoming paper.

4. Conclusions

The thickness effect on the glass transition dynamics in
ultra-thin polystyrene films was examined by thin film ac-
calorimetry, dielectric spectroscopy and capacitive dilatome-
try. A prominent�-process was found in all PS-films, both in
the calorimetric and dielectric response. This is an indication
for the existence of cooperative bulk dynamics even in films
as thin as 4 nm. Glass transition temperatures (Tg) from ac-
calorimetric data and from capacitive dilatometry revealed a
more or less thicknessindependencein Tg(L).

First, these findings confirm recent results by Efremov
[32], however come in contradiction to many previous obser-
vations. This can be rationalized by differences in film an-
nealing conditions together with the fact that our techniques
probe exclusively cooperative dynamics (ac-calorimetry) or
allow the effective separation of surface and “bulk”-type mo-
b ion
i the
c idea
o ive
“

A

for
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f
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