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ABSTRACT: Chain mobility in a near surface region at a polystyrene/vacuum interface was investigated
by embedding of noble metal nanosized clusters. The embedding process was monitored in situ by X-ray
photoelectron spectroscopy. The embedding of nanosized clusters needs long-range chain mobility of the
polymer. Therefore, the embedding process is a probe for the glass transition in a near surface region.
The clusters used in this study are formed by the dewetting of evaporated noble metals onto the polymer
surface. First, methodical influences on the embedding process were investigated. An onset embedding
temperature T* was defined. T* increases with a heating rate comparable to Tg(bulk) determined with
a differential scanning calorimeter. Furthermore, T* increases with nominal metal coverage which results
in increasing average cluster radius. The cluster size distribution was investigated by transmission electron
microscopy. It is shown that T* is an upper limit for Tg in a near surface region with a depth of a few
nanometers. With optimized probe conditions, embedding processes were performed on monodisperse
polystyrene (Mw ) 3-1000 kg/mol). The T* values fit quite well with the Fox-Flory relation, but with a
saturation temperature of approximately 8 K below the bulk value. ∆T ) Tg(bulk) - T* increases with
molecular weight. This molecular weight dependence of T* will be discussed in terms of several models.
The chain end segregation model can be ruled out. To investigate the kinetics of the embedding process,
isothermal experiments were performed. From these experiments surface viscosities were derived, which
are well below bulk values.

Introduction

Near a surface or interface, the properties of polymers
may be altered substantially from those observed in the
bulk.1 The fundamental understanding of polymeric
surfaces and films under confinement has become a very
important topic within the polymer community during
the past decade.2,3 Mainly monodisperse polystyrenes
(PS) were used as a model system. Starting with
dewetting studies of PS films on silicon,4 where a higher
chain mobility than in bulk samples was observed, the
dynamical properties of polymeric thin films have been
analyzed. Thin PS films have a decrease in glass
transition temperature (Tg), which depends on the film
thickness.5,6 Thin film means in this context a thickness
of the order of the radius of gyration Rg. This decrease
in glass transition temperature is much more pro-
nounced for free-standing films.7 Therefore, the surface
plays an important role for the Tg depression of thin
films.3

Several models and simulations have been performed
to describe possible reasons for a near surface zone with
enhanced chain mobility. Enrichment of chain ends in
a near surface region8,9 and intrinsic arguments10,11

were discussed as possible reasons for a surface layer
with decreased viscosity. But it is not clear what is the
major reason for a near surface zone with enhanced
chain mobility. In the past few years several approaches

were chosen to characterize the dynamical behavior in
a near surface region, but there is still no conclusive
picture. Some studies concluded a significant enhance-
ment of chain mobility at the surface12-22 where, in
contrast, others do not observe any differences to the
bulk.23-27 At a first view this may be surprising, but
such differences may be due to differences in the depth
resolution of the applied method as well as in the
heating rate used, in the kind of surface (polymer/
vacuum or polymer/air), and finally to the molecular
weight used as well as to its distribution.

The methods used for characterization of the surface
glass transition can be divided into three larger groups:3
The first group are divers scanning probe microscopy
experiments.12-14,18,21,23,24 Dependent on the scan mode,
and therefore on the information depth, Tg depression
was observed or not.3 Another group are experiments
where relaxation of induced surface ordering26 or rough-
nesses17 were observed. The last group are experiments
where the embedding of particles was taken as probe
for the surface Tg.15,16,19,20,22,25 In a communication15 we
described the principle of embedding nanoclusters as a
way to analyze surface mobility. The embedding was
analyzed by XPS15,16 and also by small-angle X-ray
scattering.25 The clusters used in these studies were
formed due to the dewetting of evaporated noble metals
onto the polymer surface. The cohesive energy of metals
is typically 2 orders of magnitude higher than the
cohesive energy of polymers. Furthermore, the interac-
tion between moderately reactive metals and polymers
is generally very weak in comparison to the strong
metal-metal binding forces. Therefore, metals of low
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reactivity do not wet untreated polymer surfaces. They
form clusters during the initial stage of polymer metal-
lization.

Apparently, there is a driving force for embedding of
metal clusters; i.e., the Gibbs free energy of a metal
particle inside the polymer is lower than that of the
particle at the surface. This is related to the high
cohesive energy of metals which gives rise to a cor-
respondingly high surface Gibbs free energy of metal
particles. The surface Gibbs free energy can be reduced
by embedding if the surface tension γM of the metal
particles exceeds the sum of the interfacial tension γMP
and the polymer surface tension γP:28,29

Since the cohesive energy of polymers is so much
lower than that of metals γP is very small in comparison
to γM. The embedding of clusters of some nanometers
should certainly require long-range chain mobility,
which proceeds in experimentally accessible time scales
above the glass transition. Therefore, the embedding
process reflects to changes in chain mobility in a near
surface region.

A similar approach was later performed with colloidal
gold clusters.19,20 These clusters were suspended in
deionized water. Therefore, the polymer surface was
covered with a water film, which may act as a plasti-
cizer. The embedding of these clusters was observed
with an atomic force microscope (AFM) in both studies.

Referring to our previous paper,15 we have present a
detailed study of the embedding process of noble metal
nanoclusters into monodisperse polystyrene monitored
by XPS. As mentioned above, there are many possible
reasons for the controversial results in the literature
concerning the chain mobility in a near surface region.
Therefore, one aim of this study is to investigate the
influence of such properties on the characterization of
the surface chain mobility by the embedding process.
First, we present the influence of heating rate on the
embedding process. Thereafter, we analyze the effect
of cluster size reflecting the varying information depth
in the near surface region. The cluster sizes, shapes,
and distribution were obtained from transmission elec-
tron microscopy (TEM). The kinetics of the embedding
process were determined in isothermal investigations.
Finally, using monodisperse polystyrenes, we analyze
the surface glass transition as a function of molecular
weight by means of the embedding of small gold
clusters.

Experimental Section
Polystyrene (PS) samples with different molecular mass Mw

between 3 and 1000 kg/mol from Aldrich Inc. and Polymer
Source were used in these experiments. These polystyrenes
are terminated with sec-butyl groups. The samples are almost
monodisperse with Mw/Mn< 1.08.

Polystyrene films were prepared by solving the polymer
powder in toluene and spin-coating the solution onto polished
silicon wafers with their native oxide layer for XPS experi-
ments or onto glass substrates for TEM investigations. The
thickness of the films was measured with a profilometer
(Stylus DEKTAK 8000, Veeco Ins. Inc.). To rule out the
influence of the substrate and polymer film thickness, we used
a film thickness of approximately 200 nm for the embedding
measurements. This is more than 2 times the radius of
gyration Rg for all molecular masses used in this study.
Therefore, the influence of the layer thickness on Tg is
negligible at this thickness.1 The samples for the TEM analysis

had an approximately film thickness of 80 nm. To be sure that
all solvent and water were evaporated and the polymer films
were in a relaxed state, all samples were annealed in the UHV
system at a temperature T ) Tg(bulk) + 30 K for at least 3 h
and then cooled to room temperature with a constant cooling
rate of 1 K/min prior to evaporation of the metal.

Copper or gold was evaporated onto the polymer surface at
room temperature from a heated molybdenum crucible mounted
as part of the UHV-XPS system (Omicron Full Lab). The
deposition rate and the nominal thickness of the evaporated
metal were monitored by a quartz crystal microbalance. The
nominal deposition rate was between 0.02 and 0.04 nm/min.
During metal evaporation the surface was below 40 °C as
determined with an extra thermocouple mounted on the
sample surface. This is for all samples far below their glass
transition temperature. Dewetting during the annealing can
be excluded because both before and after a thermal treatment
XPS survey spectra were performed, and no oxygen or silicon
signal was observed. If dewetting occurred, then the substrate
should be detectable with XPS.

As described in previous papers, noble metals grow as
spherical clusters on the polymer surface.12,13 As a typical
example, a TEM image of polystyrene with Mw ) 3.5 kg/mol
covered with a nominal thickness of 0.1 nm Au is shown in
Figure 1. The particles are almost spherical and have a
statistical distribution with an average radius r ) 1.2 ( 0.1
nm and a layer density of 2 × 1012 cm-2.

For XPS investigations small samples of about 1 cm2 were
broken from a polymer-coated Si wafer. These samples were
bonded onto stainless steel sample holders with a graphite glue
to increase the thermal contact. To monitor the temperature
during the experiment, K-type thermocouples were mounted
directly on the sample holder’s surface close to the sample.
Prior to the measurements, the surface temperature was
determined with another thermocouple directly mounted on
the surface of a typical sample. For a heating rate of 1 K/min
it was observed that the temperature difference between the
polymer surface and the thermocouples on the sample holder
is always less than 1.5 K. This information was used for
calibration of the thermocouple used for the experiments.

XPS measurements were carried out under normal electron
emission. The system is equipped with a double anode (VG
Microtech XR3E2) and a hemispherical analyzator (VSW
Instruments EA 125). The experiments were performed with
the Al anode at a typical power of 270 W (15 kV, 18 mA). The
spectra were taken with the program SPECTRA. Spectra of
the main metal lines and the C 1s line with a pass energy of
100 eV were measured during each series. After a Shirley
background correction each peak was integrated. This was
performed with the VAMAS data file format processing
software CasaXPS. Metal intensities were normalized by the
C 1s line to eliminate time-dependent changes in the intensity

γM > γMP + γP (1)

Figure 1. Typical TEM image of a polystyrene film of Mw )
3.5 kg/mol covered with nominal thickness of 0.1 nm Au.
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of the XPS spectra. In the following, the intensity ratio r )
I(metal)/I(C 1s) will be analyzed. It was proven that this ratio
is independent of any changes in X-ray intensity during the
measurement.

To make sure that the X-ray radiation does not affect the
results, embedding profiles were recorded with largely differ-
ent intensities with the same result. Also, detailed spectra with
high resolution before and after a run were compared, and no
change was observed.

TEM measurements were performed with a Phillips CM 30
microscope at an acceleration voltage of 300 kV. Analysis of
the images was carried out with the program Digital Micro-
graph from Gatan. With this software package also cluster size
distributions were determined.

The bulk glass transition of the polymers was determined
with DSC (Perkin-Elmer, Pyris 1) with different heating rates
using the second run after cooling at 1 K/min.

Results and Discussion

In our earlier paper, we reported the general idea to
achieve information about the surface glass transition
temperature with the embedding process of noble metal
nanocluster. These experiments where performed with
constant heating rates.15

In the present work, we will first make a definition
of an onset embedding temperature, which can be used
for characterization of the embedding process.

A typical embedding profile from XPS with a constant
heating rate of 0.5 K/min is plotted in Figure 2a for PS
with Mw ) 3.7 kg/mol. The intensity ratio was normal-
ized to the intensity ratio at the bulk Tg value. The
latter was determined with DSC. The data points were

put in the middle of the time interval, which is neces-
sary for taking one spectrum. The curve can be divided
into four regions: In the first region, the intensity ratio
is constant. Thereafter, the ratio starts to decrease with
a small slope. Then the decrease accelerates (region III).
Finally, the ratio comes into saturation at a ratio of
approximately 10% (region IV).

This functionality can be interpreted as following
(Figure 2b): At temperatures far below Tg(bulk) the
polymer surface has a such high viscosity (region I) that
in a typical experimental time scale no long-distance
chain mobility and therefore also no embedding occur.
Thereafter, the viscosity starts to decrease and long
distance chain mobility becomes possible; i.e., clusters
start to embed. With decreasing viscosity the clusters
embedding becomes faster (region III), and finally the
clusters are completely embedded and stay in a region
close to the surface (region IV). There is no more driving
force for further embedding, and Brownian motion is
still very slow.

One could argue that the observed decrease in inten-
sity might be also due to coalescence of small clusters
on the surface or other changes in cluster shapes.
Therefore, in situ annealing in TEM was performed with
0.1 nm Au on PS with Mw ) 1000 kg/mol and Mw ) 3.5
kg/mol. After annealing of more than 3 h at 403 K no
difference in cluster size and distribution to the RT
values was observed. The decrease in intensity is
therefore primarily correlated to the embedding even
for a low metal coverage and small clusters.

To analyze the embedding process, we define a
temperature T*. T* is the intersection point between a
linear fit in the region were no embedding occurs (region
I) and the beginning embedding process region (region
II). T* can be interpreted as an onset of the embedding
process determined by XPS.

As mentioned above, one reason for different results
on the Tg(surface) determination may be due to differ-
ences in heating rate. Therefore, it is important also for
this study to investigate such an influence. For a
coverage with 0.5 Å Au on a PS with Mw ) 212 kg/mol,
the embedding process was analyzed as a function of
the heating rate (Figure 3). The onset embedding
temperature T* is plotted vs heating rate. For compari-

Figure 2. (a) Typical embedding profile of Au cluster on PS
with Mw ) 3.7 kg/mol. The intensity ratio r(T) ) I(Au 4f)/I(C
1s) normalized to r(Tg(bulk)) is plotted vs temperature. The
embedding profile can be devided into four regions. The
normalized ratio decreases around the bulk Tg. Straight lines
were fitted to the points in the constant region where no
decrease occurs and region of starting decrease, respectively.
The intersection point defines the onset embedding tempera-
ture T*. The vertical line marks the bulk Tg determined with
DSC. (b) Schematic sketch of the embedding process in the
different regions (see text for details).

Figure 3. Results of embedding profiles were performed at
different heating rates. The determined onset embedding
temperature T* and also Tg(bulk) are plotted vs the heating
rate. As bulk glass transition temperature the onset Tg,
determined with DSC, was chosen.
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son, onset Tg(bulk) values for different heating rates are
also included.

T* increases with heating rate from 366.2 ( 1.6 K
for 0.5 K/min up to 378.3 ( 3 K for 10 K/min. The
surface values are lower than the bulk ones for small
heating rates. The error in measuring T* increases with
increased heating rate due to a reduced number of data
points or spectra with lower intensity. This marks a
boundary of measuring the Tg(surface) by embedding
of nanoclusters at rates above 10 K/min.

Limiting conditions of such heating rate investiga-
tions are isothermal experiments. Therefore, experi-
ments were performed at constant temperatures (Figure
4) to obtain a better understanding of the kinetic of the
embedding process. Several samples were prepared with
a nominal thickness of approximately 0.1 nm copper on
PS with Mw ) 212 kg/mol. Annealing was performed
with a heating step of 5 K/min, and the temperature
was then held at the final temperature. The intensity
ratio was normalized with its value at RT. The intensity
ratio seems to be constant as a function of temperature
from RT to 358 K (333 K is not plotted for clarity in the
graph). The series at 368 K shows only a slight decrease
of the intensity ratio. The samples annealed at 378 and
393 K show a much stronger and faster decrease in
intensity. The onset Tg(bulk) was 374 K for this Mw
determined with DSC and a heating rate of 1 K/min.
This is the same value determined for even thinner films
of the same Mw with X-ray reflectivity.25 First-order
exponential decays were fitted through all series. The
fitted saturation is plotted vs temperature in the inset
of Figure 4. The vertical line marks the Tg(bulk)
determined with DSC. T* has been determined from
these saturation values with 361 ( 4 K.

From these isothermal embedding experiments, we
derive the viscosity using the embedding model of
Kovacs and Vincett:28,29

with viscosity η, Hamaker constant ACu,PS ) 13.5 × 10-20

J,25 cluster radius a, and x ) z/a with embedding depth
z. t is the embedding time when r/r(RT) reached the
plateau. The embedding depth was determined using

XPS. The XPS intensity follows I ) I0 exp(-z/λ) with
the average depth z and the inelastic mean free path λ
) 1.75 nm in PS for the Cu 2P electrons.30 The
embedding process at 368 K yields a viscosity of 2 ×
1012 Pa s. This viscosity decreases to 5 × 109 Pa s at
393 K. The logarithm of the viscosity is plotted vs
temperature in Figure 5. For comparison, bulk viscosi-
ties from the literature31 are included. Viscosities in the
undercooled melt can be described with the WLF
equation. A least-squares fit of the WLF equation
through the bulk values was performed. One notes that
the derived surface viscosities are well below the bulk
WLF fit.

Teichroeb and Forrest20 recently published a work
where large gold clusters (d ) 10 and 20 nm) were
embedded isothermally. They also observed an embed-
ding process which occurs well below the bulk Tg for
both cluster sizes. They determined a melt like surface
layer with at least 3-4 nm thickness at a temperature
at least 7 K below the bulk Tg, which is quite compa-
rable with the isothermal experiments presented in this
paper. The main difference to this work is that they used
colloidal gold out of a wet process. Our cluster were
chosen much smaller of the size of the polymer per-
sistence length to minimize possible effects on the
polymer dynamics.

In our previous paper,15 we embedded Cu cluster into
different polymers. In the present study, both Au and
Cu clusters are used to examine any possible differ-
ences in the embedding process of both metals. There-
fore, an experiment was performed, where first Au
clusters were embedded. Cu was then evaporated onto
the same sample after cooling it down to the room
temperature. Afterward, the copper clusters were em-
bedded with the same conditions as for the Au clusters.
The intensity ratio is plotted in Figure 6 for an experi-
ment where first the PS were covered with 0.2 nm Au.
After heating (0.5 K/min) and cooling (1 K/min) the
sample was covered with 0.2 nm Cu. The onset embed-
ding temperature was determined for the Au clusters
as T* ) 372.5 ( 1.9 K and for Cu as T* ) 370.9 ( 2.1
K. Therefore, the onset embedding temperature T* is
the same for both metals within the range of error.
Hence, it can be concluded that the embedding process

Figure 4. Normalized intensity ratio r(T)/r(RT) with r ) I(Cu
2p)/I(C 1s) is plotted vs time for different temperatures. The
curves are fitted with first-order exponential decays. The
saturation values are plotted in the inset. The clusters are
embedded well below the bulk Tg, marked by the vertical line.

η )
ACu,PSt

a34π (43 x3 + x4 + 1
5

x5)-1
(2)

Figure 5. Viscosity derived from the isothermal embedding
(Figure 4) is plotted vs temperature. Bulk visocsities are also
plotted (from ref 31). A least-squares fit of the WLF equation
for the bulk values was performed. The surface values are well
below the bulk WLF fit.
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is the same for Au and Cu clusters with comparable
sizes because also the Hamaker constants are in the
same range.25 Further, small embedded clusters do not
change mobilities of chains at the surface significantly.
We have shown that the cluster probe does not influence
the polymer dynamics.

As mentioned above, the depth resolution of the
applied method may also have a strong influence on the
determined chain mobility in a near surface region.
Therefore, we investigated the influence of the nominal
metal thickness and cluster size on the embedding
process.

First, similar samples were prepared for a low (Mw )
3.5 kg/mol) and a high molecular weight (Mw ) 1000
kg/mol) PS covered with different amounts of Au. These
samples were analyzed with TEM. Cluster size distribu-
tion and density were determined from such TEM
images. The average cluster radius is plotted vs nominal
Au thickness for both molecular weights (Figure 7). The
average cluster radius increases with nominal thickness
from t ) 0.05 nm and rc ) 1.4 ( 0.2 nm to t ) 1 nm and

rc ) 5.5 ( 2.0 nm. The widths of the radius distribution
are so large for 1 nm nominal thickness because of
started cluster coalescence. Therefore, theses particles
are not spherical anymore. The average cluster radius
depends on the nominal Au thickness in the same way
for both molecular weights. Furthermore, the density
of particles on the surfaces is also the same for both
Mw. Deposition of the same amount of gold yields for
both molecular weights the same coverage. Therefore,
the growth of Au onto polystyrene seems to be inde-
pendent of the molecular weight although the surface
tension of the polymer depends on the molecular weight.
However, this dependence is very small for the used
molecular weights. Moreira et al.32 observed surface
tensions of monodisperse polystyrene with γ(3.4K)/
γ(200K) > 0.96.

The fact that the clusters sizes and distributions are
independent of the molecular weight is crucial for the
characterization of the surface glass transition in the
way used in this study. It ensures that our measuring
probe, the nanosized clusters, is the same for all
molecular weights.

The embedding process was analyzed with different
nominal gold thickness. In Figure 8, T* is plotted vs the
nominal gold thickness on a PS with Mw ) 1000 kg/mol
with a constant heating rate of 0.5 K/min. The upper
x-axis was determined from the average cluster radii
measured with TEM (see Figure 7). The onset of the
embedding process depends strongly on the Au coverage,
which also affects the cluster sizes. T* increases with
nominal Au thickness. For thickness below 0.1 nm well
it is well below the bulk Tg. The experiment performed
with a nominal thickness of 0.01 nm has an increased
error due to the increased statistical noise. For larger
nominal thickness and larger average cluster sizes, T*
is around Tg(bulk) or even above this value. This effect
has been also observed with small-angle X-ray reflec-
tivity33 parallel to this study.

Generally, a cluster will not embed if no long-
range chain mobility occur beneath the cluster. This
is a necessary condition for the embedding process.
This holds for all cluster sizes. The observed increase
in T* with cluster size can be accredited to several
reasons:

Figure 6. Normalized intensity ratio plotted vs temperature
for an experiment where first a nominal coverage of 0.2 nm
Au was evaporated onto the PS surface (Mw ) 200 kg/mol).
After a heating ramp and cooling the same amount of Cu was
evaporated onto the surface. The onset embedding tempera-
tures are equal within the error margins.

Figure 7. Cluster diameter plotted vs the nominal Au
thickness determined by TEM for on PS of Mw ) 3.5 kg/mol
and Mw ) 1000 kg/mol. The cluster sizes increases with
nominal coverage. This increase is independent of Mw.

Figure 8. Onset embedding temperature T* is plotted for
different Au coverage on PS (Mw ) 1000 kg/mol). T* increases
with nominal thickness. At lowest coverage T* is determined
with a large error because of the low XPS intensity.
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1. For 0.05 nm nominal thickness of Au the resulting
cluster radius is approximately rc ) 1 nm; this is of the
same order of magnitude as the persistence length of
PS, which is 1.54 nm.34 Therefore, these small cluster
would affect the mobility of the polymer chain much less
than larger ones.

2. Not only cluster sizes increase with nominal
thickness but also the relative area of coverage. For 1
nm nominal thickness the coverage is above 0.8. There-
fore, the embedding process does not reflect anymore
mobilities of the free polymer surface.

3. As mentioned before, the driving force for the
embedding is due to the difference of surfaces ten-
sion.28,29 The surface tension of the cluster depends
reciprocally on cluster radius. Therefore, smaller cluster
have an increased driving force to embed into the
polymer surface.

4. Furthermore, the embedding process was observed
by XPS under normal emission in this study. Therefor,
the clusters must be covered partially with the polymer
to detect a decrease in the intensity ratio. Then the
metal electrons will be scattered, and therefore the
intensity will decrease. This will be the case if the
clusters are embedded deeper than their equators.
Otherwise, the ratio between metal and carbon line
would not change significantly. However, this argument
seems to play only a minor rule because such depend-
ence of the embedding process on metal coverage was
observed also with another technique.33

5. In addition, a surface layer with increased chain
mobility was predicted of a few nanometers thickness
from measurements on thin films.2 Direct measure-
ments result in values between 3 and 4 nm thickness
of such a layer for Mw ) 214 kg/mol.20 If the cluster
radius is in this size, only a partial embedding below
Tg(bulk) will occur. This would be not detectable with
XPS as has been observed even for smaller cluster at
nominal thickness of 2 and 3.5 nm. For these coverages
the average cluster radius is approximately 1.8 and 2.3
nm, respectively. These cluster radii are below the
estimated thickness of a surfaces layer with enhanced
chain mobility. For the cluster embedding, enhanced
long distance chain mobility is necessary. If a gradient
in viscosity exists from the surface to bulk, larger
clusters need chain mobility from regions deeper below
the surface for the embedding. Therefore, the effective
radius, which takes the region into account where
enhanced chain mobility is necessary for the embedding,
is larger than the cluster radius.

Recapitulating, long-range chain mobility under and
beneath a cluster occurs at the onset embedding tem-
perature T*. By definition, long-range chain mobility
sets in Tg . Therefor, T* marks an upper limit for the
glass transition temperature in a near surface region,
where enhanced chain mobility is necessary for the
embedding process.

In the present light the use of clusters as large as 10-
20 nm by Teichroeb and Forrest20 appears to be disad-
vantageous because the clusters size is much larger
than the polymer persistence length. Hence, the clusters
affect the polymer dynamics.

Finally, the influence of molecular weight on the
mobility in a near surface region was investigated. T*
is plotted for different molecular weights in Figure 9.
For all samples a heating rate of 0.5 K/min and a
nominal Au thickness of 0.05 nm were chosen. For
comparison, the onset Tg(bulk) measured with DSC is

also plotted. The DSC values are linearly extrapolated
onset values from series with different heating rates to
the low rate used in this experiment. The T* and the
bulk values can be fitted with the Fox-Flory relation35

Tg ) Tg
∞ - A/Mw, with Tg

∞ ) 375 K and A ) 105 (mol
K)/kg with ø2 ) 0.7 for the bulk onset and with Tg

∞ )
367 K and A ) 85.5 (mol K)/kg with ø2 ) 2.01 for the
onset embedding values. Not only the saturation tem-
perature Tg

∞ but also the Mw dependence A are signifi-
cantly smaller for the surface than for the bulk.

The difference between the surface and the bulk
values is plotted in Figure 10 as a function of Mw. The
∆Tg ) Tg(bulk) - T* increases with Mw and seems to
come to a saturation above Mw ) 44 kg/mol. This
functional behavior reflects to ∆Tg ) ∆Tg

∞ - ∆A/Mw.
Mayes8 developed a model for the enhanced chain

mobility in a near surface region. In this model, the
enrichment of chain ends is discussed as dominant for
a surface zone with enhanced chain mobility. Such an
enrichment implicates a strong dependency of ∆Tg on

Figure 9. Onset embedding temperature T* plotted as a
function of molecular weight for monodisperse PS films. The
heating rate was 0.5 K/min and the nominal thickness 0.05
nm Au. For comparison, Tg(bulk) values are included, which
were extrapolated to the heating rate used in the embedding
experiments. The Fox-Flory equation was fitted to the data
points.

Figure 10. Difference between embedding temperature and
Tg(bulk) is plotted vs the molecular weight.
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the molecular weight such that the depression is much
more pronounced for lower Mw. Chain end enrichment
at the surface will also give rise to an adjacent depletion
region below the surface, where the glass transition
temperature should be increased compared to that of
the bulk.8 Therefore, a gradient field of chain mobility
should exist between both regions. In contrast to the
predictions of the chain end enrichment model we
observed only a small ∆Tg for low Mw, which increases
with Mw and reaches a saturation (see Figure 10). This
Mw dependence could still be explained in the chain end
enrichment model in two ways: The observed behavior
would result if the measuring probe detects different
regions in the mobility gradient for different molecular
weights. First, this could be the case if the measuring
depth was higher for low Mw than for high Mw under
the assumption that the mobility gradient is the same
for all Mw. It was shown (Figure 8) that larger cluster
would effect in an increased T* and therefore in a
decreased chain mobility. Hence, the observed Mw
dependence could be explained if the clusters for the low
Mw were larger than for the higher Mw’s. But it was
shown in the TEM investigations that no difference in
cluster size occurs between Mw ) 3.5 and Mw ) 1000
kg/mol (Figure 7). Therefor, the measuring depth should
be constant for all molecular weights, and we can rule
out this possibility. Arguing in the chain end enrichment
model, a further explanation for the observed Mw
dependence could be that the mobility gradient field is
not the same for all molecular weights. The extension
of the enrichment and the depletion zones below the
surface, in which the chain mobility is at most the bulk
mobility, are expected to scale with must be in a region
with the end-to-end distance Ree. Ree ranges from 7 to
over 100 nm for the present polymers. Therefore, an
increased mobility gradient is expected for low Mw.
However, for our cluster probe radius of only about 1
nm we do not expect any effects from a chain end
depression zone below the enrichment zone. Moreover,
the postulated magnitude of a Tg depression in the chain
end segregation model would implicates a Tg(surface),
which is below RT for Mw < 20 kg/mol.8 We would expect
a different metal morphology on the polymer surface
depending on whether the surface is in the glassy or
the rubbery state. In the rubbery state single metal
atoms and even small clusters will be embedded into
the polymer matrix immediately. These atoms will not
be anymore possible centers for cluster nucleation. This
would result in different metal cluster morphologies
after evaporation for both states. However, the TEM
investigations on the metal growth on PS of Mw ) 3.5
kg/mol and Mw ) 1000 kg/mol did not show any
difference in cluster size and density. Therefor, it can
be excluded that the surface of the used low-Mw poly-
styrene was in the rubbery state during evaporation.

We can conclude that our results are difficult to
explain in terms of the chain end enrichment model.

In contrast, the weak Mw dependence observed in this
study fits quite well to other models explaining the
origin of a surface zone of enhanced chain mobility.
Simulations that take into account that chain segments
or atoms at the surface are in a different potential than
in the bulk yield a higher mobility at the surface both
for polymers10 and for metallic glasses.11 This intrinsic
reason for Tg depression on the surface should have a
weaker Mw dependence or vanishing Mw dependence.3
Furthermore, a comparative study between linear and

cyclic polymer chains came to the conclusion that a
segregation of chain ends is only a weak contributor to
increased chain mobility at free surfaces.9

A further origin for the observed increased ∆Tg at
higher Mw could be an enrichment of shorter chains at
a surface near region. The used polymers are nearly
monodisperse, but nevertheless even few shorter chains
could affect the Tg at the surface drastically. Therefore,
we performed a series of experiments with bimodal
mixtures between the lowest and the highest used Mw.36

These experiments yielded no significant increase of ∆Tg
of such mixtures. Therefore, an enrichment of shorter
chains in a surface near region can be excluded as a
reason for the ∆Tg dependence observed in this study.

Summary

We have studied the embedding of noble metal
nanocluster into the surface of monodisperse polysty-
renes as a probe for the glass transition in a surface
near region. The embedding process was investigated
in situ with XPS. First, methodic aspects where ana-
lyzed. An onset embedding temperature T* was defined,
which characterizes the beginning of the embedding
process. We found that T* increases with nominal metal
coverage and which is accompanied by an increase of
the average cluster radius. The cluster sizes were
determined with TEM. Furthermore, T* increases with
heating rate similar to the Tg(bulk) does. It was also
shown that T* is the same for Au and Cu clusters of
the same size. The onset embedding temperature T*
was shown to be an upper limit for the glass transition
in a surface near region.

Also, isothermal embedding was studied to obtain
information about the kinetic of the embedding process.
Therefrom, viscosity values were calculated and com-
pared with bulk values from literature. The surface
viscosity values are well below the WLF fit of the bulk
values.

With the optimal cluster size and heating rate,
investigations on different monodisperse polystyrenes
were performed. T* can be fitted with the Fox-Flory
equation Tg ) Tg

∞ - A/Mw. Both the Tg
∞ and A are

decreased compared with onset bulk values. ∆Tg )
Tg(bulk) - T* increases with molecular weight and
saturates above Mw ) 44 kg/mol with ∆Tg ≈ 8 K. The
observed Mw dependence can be explained with intrinsic
models for a surface region with enhanced chain mobil-
ity. Segregation of shorter chains in a surface near
region can be neglected to be the origin for the observed
Mw dependence.
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