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1. INTRODUCTION

With development of new experimental methods and power-
ful computers, huge attention is given to the physicochemical
properties of polymers on the nanoscale and under strong
confinement, as in thin films. With decreasing sizes of polymer
films, it proves important to explore the influence of the
confinement on the polymer glass-transition temperature Tg.
In the literature it is shown that the presence of a supporting
surface and a free interface may drastically change both the static
and dynamic behavior of polymer chains in these films. Experi-
mental studies have attempted to determine the Tg in films with
different thicknesses,1-28 using ellipsometry,3-11 Brillouin light
scattering,10-12 X-ray reflectivity,13-17 positron annihilation lifetime
spectroscopy,18 neutron reflectivity,19,20 dielectric spectroscopy,21-26

and calorimetric27,28 methods.
Using ellipsometry, Keddie et al. have measured the tempera-

ture-dependent thickness of a polystyrene (PS) film supported
by a hydrogen-passivated silicon surface up to ∼10 nm.3 They
found that the value of Tg deviates from that in bulk PS and
decreases maximally ca. 25 K. This effect does not strongly
depend on the PS molecular weight (PSMw values were ranging
in their study from 1.2 � 105 to 2.9 � 106, meaning that the PS

samples are well entangled), but rather on the thickness of a film:
the thinner the film, the larger the observed reduction of Tg.
Lately Keddie reported that the reduction of Tg was also
observed for poly(methyl methacrylate) (PMMA) films sup-
ported by different substrates, with different strengths of the
polymer attraction to the substrate.4 As substrates, either native
oxide of silicon (strong attraction) or Au (weak attraction) was
used. It was found that for weak attraction to the substrate the
value ofTg for PMMAdecreases by 10 Kwith the decrease of film
thickness from ∼400 nm down to ∼40 nm, while for strong
attraction the Tg value slightly increases. A similar conclusion has
been made by Fryer using thermal analysis and ellipsometry for
PS and PMMA supported by polar (SiOx, strong attraction for
PMMA) and nonpolar (SiOx-hexamethyldisilizane (HMDS),
weak attraction for PMMA) substrates.29 Note that for PS the
attractions to these two substrates are the same and that no
dependence of Tg on the nature of the substrate has been found.
For PS the Tg decreases by ∼25 K for both substrates, but for
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ABSTRACT:We have performed molecular dynamics simula-
tions to explore the influence of confinement on the glass-
transition temperature Tg for supported atactic-polystyrene
(aPS) thin films of different thickness (1-10 nm) and different
strengths of attraction to the substrate (0.1-3.0 kcal/mol). The
aPS films have been equilibrated in a melt at 540 K and further
cooled down with a constant cooling velocity of 0.01 K/ps
below Tg to room temperature, 300 K. On the basis of the
density measurements, we have defined three different
(substrate, middle, and surface) layers for each film. We found
that themonomers close to the surface and in the substrate layer
are partially oriented, which leads to more effective monomer
packing. For the whole film the average density-based Tg value remains almost constant for films down to 2 nm thickness, where the
middle layer vanishes. For the middle layer itself Tg does not depend on the total film thickness, while an increase up to 70 K is
measured for the substrate layer depending on the strength of attraction to the actual substrate. The surface layer remains liquidlike
in the whole temperature range (300-540 K). We claim that the redistribution of mass in the three film layers may explain the
change with film thickness of the average Tg, if the latter is determined from linear fits of the average glass and melt densities.
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PMMA theTg decreases by∼10K for the nonpolar substrate and
increases by ∼7 K for the polar substrate.

The reduction of Tg for ultrathin (6-489 nm) aPS films
supported by an Al-deposited slide glass was also observed
by Fukao et al.,21 using dielectric measurements, with four
different aPS molecular weights, ranging from Mw = 3.6 � 103

to Mw = 1.8 � 106 (i.e., below and above the entanglement
molecular weight for aPS Me = 1.3 � 104).21 These results are
comparable with the recent observations of Lupas-cu et al., who
studied PS with capacitive dilatometry (CD).26 However, it is
interesting to note that in the early publication of Lupas-cu the Tg

value measured using the same method slightly increases with
decreasing film thickness.25 This completely different film-thick-
ness behavior of Tg may be explained by some differences in
experimental conditions. For example, the differences in the
annealing protocol, 12 h in both cases but at different tempera-
tures, T = 373 K and T = 393 K,25,26 can be important. However,
no thickness dependence of Tg was observed by Lupas-cu and
others when ac-calorimetry (AC)was used instead.25 No changes
in the position of Tg have been detected either by Efremov
et al.,27,28 or more recently by Serghei et al.,24 for supported PS
and PMMA films down to ∼3 and ∼8 nm, using ultrasensitive
differential scanning calorimetry and dielectric spectroscopy
together with ac-calorimetry, respectively.

In addition to the extensive studies of supported films many
experiments with free-standing films of the same or comparable
thickness have been made, which show an even larger reduction
of Tg. The first measurements of Tg values in free-standing PS
films have been done by Forrest et al. using Brillouin light
scattering for films of 29-70 nm.12 It was found that the glass-
transition temperature decreases linearly with film thickness,
maximally ca. 70 K for the thinnest films as compared to the bulk.

We have already mentioned the possible effects of annealing
on Tg reduction in thin films.25,26 Kanaya et al. have performed
neutron-reflectivity measurements on thin PS films supported by
a silicon substrate to see the effect of annealing on the thickness
and Tg of the films.20 They considered two films that were
annealed in vacuum both above and below Tg, with the same
annealing time for both samples. The films were named strongly
and weakly annealed, respectively. It was shown thatTg decreases
with decreasing film thickness and that the value of Tg is almost
independent of thermal history, i.e., whether it is strongly or
weakly annealed. Experiments about the influence of annealing
time on Tg have also been performed by Efremov for films from
400 nm down to 3 nm.28 The measurements of Tg were made for
series of samples with different thermal history, and no appreci-
able dependence of Tg on film thickness was found.

So the available experimental data still cannot produce a clear
picture of the variation of Tg in thin polymer films, neither can
they suggest a physical mechanism for such a phenomenon. The
effects of the substrate, free interface, and specific polymer-
substrate interactions are very difficult to separate in experi-
mental practice, and therefore their individual influences cannot
be fully recognized either. Such a separation can, in principle, be
carried out in a dynamic computer simulation. The existing
computer simulations for model polymers report significant
deviations of Tg from the bulk values if the macromolecules are
spatially confined.30-35 However, it should be noticed that the
most common experimental techniques tomeasure theTg of thin
polymer films are those that probe the thermal expansion of the
sample (ellipsometry) or those that study the slowing down of
polymer segmental dynamics (dielectric spectroscopy, for example)

that is connected to the significant increase of the viscosity of the
system. Both the temperature dependence of the film thickness and
the temperature dependence of the segmental dynamics strongly
depend on the cooling rate, which in experiment is orders of
magnitude slower than in any molecular dynamics simulation. As
a consequence, Tg is also strongly cooling rate dependent and is in
computer simulations always shifted to larger values. Baschnagel
et al. have used two temperatures to characterize the glass transition:
the Vogel-Fulcher-Tammann (VFT) temperature, T0, and the
critical temperature Tc of the mode-coupling theory (MCT).32,36

The simulated Tg is not equal to either of them but lays somewhere
in between, T0e Tge Tc. A decrease of T0 and Tc for smaller film
thicknesses has been observed in these simulations, and it has been
suggested that hence the Tg value should decrease for stronger
confinements.

Computer simulations of freely standing atactic-polypropy-
lene films at a fixed temperature well below their experimental Tg

have been performed by Mansfield and Theodorou.37 Their
results suggest that the role of a free interface is to increase the
segmental mobility there and, as a consequence, to reduce the
average Tg value for the whole film. The free interface behaves as
a melt (i.e., it has a lower Tg) in contrast to the frozen glassy
middle (bulklike) layer of the film.

As mentioned before, the value of Tg also depends on the
type of polymer-substrate interaction. Because of the pre-
sence of specific interactions between a substrate and a
polymer chain some ordering of chain segments or mono-
mers is induced near the substrate. An attempt to measure
this ordering has been made in experimental studies as well as
computer simulations.37-42 Using an oblique-polarized-ray
method, Grishchenko et al. have recently found that the
segmental orientational order parameter decreases with in-
creasing distance from the polymer-air interface.41 The
observed ordering effects have not been connected to devia-
tions of the film Tg value from that of the bulk.

In the studies discussed above the glass-transition temperature
of the polymer film has been measured as an average property,
meaning that the very different (both from the point of view of
monomer packing and dynamics) internal film regions, with
different densities and segmental mobilities (and, probably,
different values of the corresponding local Tg) are taken into
account in an average way. The explanation of the Tg deviation
from the bulk value could be contained in a two- or three-layer
model,18,21 where the presence of two (in free-standing films) or
three (in supported films) kinds of internal layers are considered.
According to this model, a thin polymer film on a substrate
consists of a dead layer,18 which is in a contact with the substrate
(and which is of course absent in a free-standing film) and has
almost no segmental mobility, a bulklike layer, which has the
same mobility as a bulk polymer, and a surface layer, which has a
higher mobility. This difference in the mobility may lead to
different values of Tg: the Tg for a substrate layer, with almost
immobile polymer segments, can be higher than theTg value for a
bulklike middle layer, while for a surface layer, with enhanced
mobility, it can be lower.

The first experimental measurements of Tg in different layers
of PS films were made by Bliznyuk et al. (supported films) and
Ellison and Torkelson (both free-standing and supported films),
using scanning force microscopy and a fluorescence/multilayer
method, respectively.43,44 Bliznyuk et al. show that for films down
to∼25 nm and PS chains ofMn = 116 kg/mol the glass-transition
temperature in the surface region decreases by ∼33 K with
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decreasing film thickness.43 Ellison and Torkelson have found that
when the thicknesses of all three layers are comparable (∼12nm),Tg
decreases by 14, 5, and 4 K for surface, middle, and substrate layers,
respectively.44 These observations (a decrease of Tg values in all
separate film layers) obviously cannot be used to explain a possible
increase of the average value of Tg as, for example, suggested by the
three-layer model. Recently, Mukhopadnayay et al. reported that
structural changes in PS (e.g., density variations) occur for film
thicknesses H e 4Rg, with Rg the radius of gyration. An increase in
excluded volume that is connected with these changes has been used
to explain the reduction of Tg in PS films thinner than 4Rg.

45

The aim of the present study is to perform molecular dynamics
(MD) simulations of the glass-transition temperature of supported
atactic polystyrene (aPS) films, both averaged over each film and in
different layers of these films. The main purpose is to study the
possible variation with film thickness of the average Tg as well as the
variation ofTg in three different layers: substrate,middle, and surface.
The simulations have been performed for films of four different
thicknesses, spanning a factor 8, and for three different strengths of
the attraction to the substrate, spanning a factor 30.

The paper is organized as follows. In section 2 we give the
description of themodel of the supported aPS film together with the
description of the whole simulation procedure. In section 3 we
discuss the conformational features of aPS chains in thin supported
films, including the ordering of chain monomers. In that section we
also present the simulation results forTg, for both the whole film and
the separate layers. These results are based on determination of the
film or layer thickness vs temperature, similar to what is done
experimentally with ellipsometry, and on the calculated densities vs
temperature. In theDiscussion sectionwe analyze the possible trends
in Tg behavior for the separate layers and try to rationalize our
findings. Our conclusions are given in the last section of the paper.

2. MODEL AND SIMULATION DETAILS

2.1. Model and Algorithm. The chosen model is the same as
the united-atom model used in our recent paper.46 In a united-
atom representation of aPS there are no explicit hydrogen atoms
present, but instead, they are collapsed onto the carbon atoms
and the combined atoms are treated as effective particles. The
motivation of using this model for aPS is that computations are
much faster for the united-atom model than for the all-atom
model.47

We have performed simulations for supported aPS films of
different thickness. Each film consists of 4, 8, 16, or 32 chains,
with 80 monomers per chain (molecular weightMw = 8.4� 103,
below the entanglement molecular weight of Mw = 1.3 � 104),
and 2564, 5128, 10 256, 20 512 united atoms, respectively. The
average gyration radius of these chains is found to be about
2.0 nm. Periodic boundary conditions are implemented in the x
and y directions only (the box size is fixed to 7.0 nm � 7.0 nm).
The four aPS films of different thickness are shown in Figure 1.
Themonomer unit consists of two backbone (-CH-CH2-)

atoms and the phenyl ring—the aromatic side group attached to
the backbone. The stereochemic configurations of the aromatic
groups were generated at random so that the ratio of the number
of meso to the number of racemic dyads was near unity.
All the interactions between aPS united atoms are given by the

following potential:

UPS ¼ ∑
i, j
εij

σij

rij

 !12

- 2
σij

rij

 !6
2
4

3
5þ ∑

i, j
kl, ijðrij - lijÞ2

þ ∑
i, j, k

kθ, ijkðθijk - θ0, ijkÞ2þ ∑
i, j, k, l

kφ, ijkl cosðnφijklÞ ð1Þ

The potential UPS includes the following contributions: non-
bonded interactions (∼εij) between united atoms that are on
different chains or are separated by more than three covalent
bonds (εij∼ 0.1 kcal/mol); a stretching potential (∼kl) between
two neighboring atoms i and j sharing their valence electrons; a
bending potential (∼kθ) for all bond angles, including those in
the phenyl rings; proper-torsion and improper-torsion potentials
(∼kφ). Coulomb interactions are not taken into account. For
more details of the potential contributions and the values of all
the potential constants, we refer to ref 48.
In order to simulate supported aPS films, a completely smooth,

structureless substrate is introduced at z = 0 in the xy-plane of the
simulation box. To simulate the monomer-substrate interac-
tions, a truncated 9-3 Lennard-Jones (LJ) potential is chosen:

UsubðzÞ ¼ UsubðzÞ- UsubðzcutÞ, z < zcut
0, z > zcut

(

UsubðzÞ ¼ 1
2
ε

zmin
z

� �9

- 3
zmin
z

� �3
( )

ð2Þ

Figure 1. Typical snapshots of the supported thin aPS films of increasing thickness (from 4 chains (left) to 32 chains (right), thickness about 1.5, 2.5, 5,
and 9.5 nm, respectively) at T = 540 K.
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Here, z denotes the distance from the monomer to the substrate
and ε is the strength of the attraction to the substrate. zmin = 0.3 nm
is the distance at the minimum of the potential, and zcut = 0.9 nm is
the cutoff distance. This potential is similar to that used by M€uller
et al. in simulations for a bead-spring model film, except that in
their case the potential was not truncated or shifted.49 For a bead-
spring model the wetting transition occurs at ε = 0.4 kcal/mol at
T = 300 K,49 while in the present MD simulations the potential
strength ε varies from 0.1 kcal/mol (nonwetting) to 3.0 kcal/mol
(complete wetting). This potential mimics the van der Waals
interactions between the atoms of the substrate and polymer
segments and can be obtained by integrating the 12-6 LJ potential
over a half space.50

The leapfrog variant of the velocity Verlet algorithm has been
used to integrate Newton’s equations of motion with an integra-
tion time step Δt = 4 fs.51 The equilibration has been performed
in NVT and NPT ensembles with the help of the collisional
thermostat and Berendsen barostat.51,52

2.2. Equilibration and Annealing. At the beginning of the
simulations all aPS chains for each film were stretched along the
z-axis and were located inside a large simulation box (polymer
“gas phase”) of typically (20-40)3 nm3 to avoid possible close
contacts of nonbonded atoms. The box was allowed to relax for a
sufficiently long time (10-20 ns, depending on the size of the
modeled film), under a fixed external pressure (1-700 MPa).
Each film is equilibrated at an initial high temperature of T = 540
K in a high-mobility melt state. The first half of the equilibration
process has been performed with a purely repulsive substrate in
order to avoid immediate adsorption of the chain ends to the
substrate. In a later stage the full 9-3 LJ potential, eq 2, has been
used. For each film the last 5 ns of the trajectory have been used
to calculate the density profile and the film thickness at the fixed
initial temperature (T = 540 K). The quality of the equilibration
was controlled bymeasuring various statistical properties, such as
the individual-chain radius of gyration, the chain end-to-end
distance, and the characteristic ratio for different intermediate
distances within each aPS chain. The equilibration has also been
checked by performing additional simulations for 16 indepen-
dent samples of the 8-chain aPS film with ε = 1.0 kcal/mol,
equilibrated initially at T = 540 K. These samples were further
heated up to T = 600 K, and an additional equilibration was
performed for 10 ns at this temperature. For these samples we

calculated the same statistical properties that are listed above and
found no difference in their conformational properties at two
different temperatures. For all films, depending on their size, the
external pressure at T = 540 K was adjusted in order to reach a
density in the middle of the film as close as possible to the
experimental bulk density of 0.914 g/cm3.53 Finding the correct
pressure for each separate case proved computationally demand-
ing. As a result, the densities in the middle of the simulated films
at T = 540 K approach the experimental bulk value with a
deviation of at most 2%. For the purpose of the Discussion
section we have performed additional simulations of a 32-chain
film with a strong attraction to the substrate and at different
external pressures. In this case the experimental density in the
middle of the film was reproduced well within 1%.
The pressure correction was kept constant for each film at all

simulated temperatures, implying that any density deviation
would probably be nearly constant across the temperature range;
however, the pressure correction was different for films of
different thicknesses and different strengths of adsorption.
After the equilibration was finished continuous cooling was

performed with a constant cooling velocity of 0.01 K/ps down to
room temperature,T = 300 K. Our previous studies show that such a
cooling rate corresponds to computationally well-aged united-atom
polymer samples.54 During the cooling process the trajectories have
been saved every 20 K for a further analysis. Moreover, for each
intermediate temperature 1 ns MD production runs in NPT
ensemble have been performed as well. In order to increase statistics,
the simulations have beendone for four independent samples for each
film of the specific composition and specific strength of attraction to
the substrate.

3. RESULTS

3.1. Characteristic Ratio. In order to verify the quality of the
equilibration of the simulated aPS films, the characteristic ratio

CN ¼ R2ðNÞ
Nlb

2

� �
ð3Þ

has been calculated first, where R2(N) is the squared distance
between two segments separated by N backbone bonds and lb is
the equilibrium length of the chemical bond in the aPS backbone,
lb = 0.153 nm.55

Figure 2. Characteristic ratioCN atT = 300 K as a function of the inverse of the number of backbone bonds for aPS in (a) thin supported film with eight
chains and different strengths of attraction to the substrate and (b) in a bulk polymer.56 The open symbols (squares and circles) connected by lines
correspond to the MD simulations results, and connected crosses are fits with eq 4.
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The simulation results for the characteristic ratio at room
temperature in thin supported films and in a bulk sample are
shown in Figure 2. The results for the bulk simulations are taken
from our previous studies.55 The values of C¥ have been
calculated by fitting CN vs 1/N as suggested in57,59

CN ¼ C¥ð1-RN-1=2Þ ð4Þ
Note that the long-chain limit (C¥) proves independent of the

strength of attraction to the substrate; C¥ = 8.2( 0.1 for a weak
attraction (ε = 0.1 kcal/mol), and C¥ = 8.1 ( 0.3 for a strong
attraction (ε = 3.0 kcal/mol). These results are hardly influenced
by the confinement effects: for bulk aPS at T = 300 K we earlier
produced the value of C¥ = 8.3 ( 0.1.58

For both weak and strong attractions the fitting parameterR in
eq 4 is very close to 1.5. Comparing with the parameter R
obtained analytically in eq 16 of ref 59, we note that in ref 59 the
number of Kuhn segments was used instead of number of
chemical bonds in eq 4. To match the simulations with the
notation of ref 59, we recalculate the value of R in eq 4 using
Kuhn segments and introducing new prefactorR*.We found that
the analytically calculated value ofR* is equal to 0.48, while in the
present simulations R* = 0.43. The small difference is probably
connected to rather moderate chain length in the present
simulations.
To check the equilibration, we have also performed additional

simulations of the 8-chain aPS film for the wetting case (ε = 1.0
kcal/mol), equilibrated subsequently at two different tempera-
tures, T = 540 K and T = 600 K, as explained above. We found, as
for the values of C¥, that within statistical error the temperature
dependences of the melt density are the same for both films; in
the glassy region some deviation occurs.
3.2. Monomer Orientation and Ordering. To measure the

possible local ordering of monomers in the supported polymer
films, the segmental orientation of chains has been calculated. To
do so, we defined two vectors, vBph, which connects two united
atoms, o-CH-o-CH, inside the phenyl side group, and vBbb,
directed along the backbone (H2C-CH2), for all monomers in a
film, as shown in Figure 3. The order in the orientations of
different segments is then expressed for each vector in terms of
the second-rank tensor:

ÆSRβæ ¼ 1
Nmon

3
2
∑
Nmon

k¼ 1
ðX̂k

R 3 X̂
k
βÞ-

1
2
δRβ

0
@

1
A

ðR, β ¼ x, y, zÞ ð5Þ
where X̂R,β = vBph(bb),R(β)/|vBph(bb),R(β)|; the summation is made

over all monomers, and δRβ is the Kronecker delta. Angular
brackets Æ...æ denote an average over all segments as well as a time
average. SRβ is a real symmetric matrix and can be diagonalized to
find the eigenvalues and eigenvectors.
The order parameter P2 was defined as the ensemble average

of the largest eigenvalue of the diagonalized order tensor ~SRβ.
The average direction of alignment is defined by its correspond-
ing eigenvector. In Figure 4, the order parameter P2 for the
backbone vector vBbb (a) and for the phenyl-ring vector vBph (b) is
calculated inside subsequent layers of 0.35 nm thickness.
We found that the order parameter of both the backbone and

the phenyl vector is rather small, P2∼ 0.1, except for thin regions
close to the substrate and free interface.
Close to the substrate and free interface, the order parameter

of the backbone vectors (Figure 4a) is in the range of P2∼ 0.21-
0.24 for both the nonwetting and strong-wetting substrates. For
the phenyl vectors close to the free interface we observe slight
increase of P2 both for nonwetting and strong-wetting substrates
while close to the substrate highly oriented phenyl vectors for the
strong-wetting substrate are observed (Figure 4b). This region of
enhanced ordering spans about ∼1 nm. Analyzing the eigenvec-
tors we found that at both sides the backbone vectors (H2C-
CH2, see Figure 3) are oriented in a plane parallel to the interface
while the phenyl-ring vectors (o-CH-o-CH, see Figure 3) are
preferably oriented along the normal to both the plane of the free
surface and plane of the substrate. These results at least qualita-
tively support the experimental findings of Grishchenko et al.,
who found that the order parameter decreases exponentially with
the distance from the interface boundary.41 They also found that
the PS chain segments are oriented mainly parallel to the surface
of a film, in agreement with the present simulations.
3.3. Density Profiles. The density profiles at T = 540 K of the

supported thin aPS films with different thicknesses and different
strengths of the attraction to the substrate are shown in Figure 6.
The overall shape of the density profile for supported films is
qualitatively different from that for free-standing films and quite
similar to that observed in previous simulations for model
supported polymer films.31,60,61 For a free-standing film the
density profile has an almost symmetric shape, since the film
has two identical free surfaces. For a supported film the density
profile has a nonsymmetric shape, since one side of the film is
confined by a substrate.
By considering the density profile for supported films, we are

able to recognize three stratified regions (see Figure 5, left panel)
with different density behavior. These layered regions are the
region near the polymer/substrate interface (substrate layer) with
sharp density variations, the plateau (middle layer) with almost
constant density, and the polymer/vacuum interface (surface
layer) with a monotonically decreasing density.
The density profile for a 4-chain film is not depicted in Figure 5

and is the exception, since this film is so thin that themiddle layer
does not exist. At rather high temperatures the density in the
middle of a film is almost constant (at T = 540 K its value has
been fitted to the bulk value) and does not depend on the strength
of attraction to the substrate. As can be also seen from the figure,
the substrate only weakly influences the thickness of a film. The
difference in film thickness for a weak (ε = 0.1 kcal/mol) and a
strong (ε = 1.0, 3.0 kcal/mol) attraction to the substrate is for all
simulated films about 0.3 nm.
The density profile near the polymer/substrate interface is

enlarged in the inset of Figure 5 (left panel). With increasing
strength of attraction the density near the substrate increases and

Figure 3. Left: typical snapshot of one aPS chain in a many-chain
supported film close to the substrate at T = 540 K and ε = 3.0 kcal/mol.
Right: the aPS monomer with the naming convention of the united
atoms, shown together with two vectors, vBph for the phenyl ring and vBbb

for the backbone orientation, that are chosen to measure the order
parameter P2. Here o = ortho, m = meta, and p = para.
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starts to fluctuate. For a strong attraction the shape of the density
profile is almost identical for all simulated films. We also checked
the influence of the cutoff radius zcut of the attractive substrate, by
decreasing it to 0.45 nm and by increasing it to 1.8 nm. These
changes do not noticeably influence the density profile, meaning
that the stratified pattern in a first approximation does not
depend on this cutoff distance zcut.
In Figure 5 (right panel) it is also shown how the density

profile (16-chain film, ε = 1.0 kcal/mol) changes with decreasing
temperature, from T = 540 K to T = 300 K. We observe that the
thickness of the film decreases, leading to a density increase both
in the middle of the film and in the substrate layer. In the middle
of the film the density increases uniformly while close to the
substrate the density fluctuations are strongly enhanced. These
fluctuations probably reflect the ordering of the monomers and
their more close packing near the wetted substrate.
3.4. Glass Transition Temperature. To calculate the glass-

transition temperatures in different film regions, we must define
the three different film layers quantitatively (see Figure 6). To
start with, we define in the density profile two peaks in themiddle
layer (two vertical arrows in Figure 6). One peak is chosen as the
first maximum that appears after the monotonic increase of the

density from the free interface toward the middle of the film. The
other peak is chosen as the first one that appears after the cutting
distance zcut from the substrate. In practice, there is only one
maximum after that distance, so it is the only reasonable choice.

Figure 4. Order parameter P2 for the aPS backbone vector vBbb (a), and for the phenyl-ring vector vBph (b), for a 16-chains film at T = 540 K and for
different strengths of the attraction to the substrate.

Figure 5. Left: density profiles atT= 540K for supported thin aPS films of 8, 16, and 32 chains with different strengths of attraction to the substrate. The
solid lines correspond to weak (ε = 0.1 kcal/mol) attraction while the dashed and dotted lines correspond to strong (ε = 1.0 and 3.0 kcal/mol) attraction
to the substrate. Right: density profiles for the film of 16 chains with strong attraction to the substrate at three different temperatures. The arrow indicates
the direction of the temperature decrease.

Figure 6. Density profile for a supported aPS film with 16 chains at T =
540 K and the definition of three layers with different density behavior:
substrate (sb), middle (md), and surface (sf) (see the explanation in the
text).



2305 dx.doi.org/10.1021/ma102567s |Macromolecules 2011, 44, 2299–2310

Macromolecules ARTICLE

Then the average density (horizontal dashed line in Figure 6)
between these two peaks has been calculated. As mentioned
before, the external pressure was at T = 540 K adjusted to obtain
this average density in the middle layer as close to the PS bulk
density as possible.
Points of intersection of the horizontal dashed line with the

density profile near the peak positions, zsb and zmd, are used
to define themiddle layer; the thickness of the polymer/substrate
interphase and the thickness of the middle layer follow as
Hsb = zsb and Hmd = zmd - zsb, respectively. To define the
thickness Hsf of the free surface and the thickness of the whole
film (Hf = Hsb þ Hmd þ Hsf) as well, we construct the Gibbs
dividing surface (GDS) which is depicted at zG = zsf by a vertical
dashed line; it has been defined such that the areas of the colored
regions in Figure 6 taken with different signs sum to zero. Then
Hsf = zsf- zmd. We also defineHmax as the maximal value of the z
coordinate for the PS united atoms in a film. To derive Tg, two
numerical methods have been followed. First the thickness Hf of
the whole film has been measured during the cooling process
(Figure 7a). Second, the temperature variation of the average film
density has been measured; the latter has been calculated in two
different ways (Figure 7b).
The first way is to calculate the average density (red line,

Figure 7b) as the total mass divided by the film volume V = Lx�
Ly � Lz with Lx = Ly = 7 nm and Lz = Hmax. This quantity is
directly computed during the cooling process. The second way

(squares, Figure 7b) is similar except that the film thickness
is taken using the GDS, so Lz = Hf. In both cases the glass-
transition temperature is measured by selecting two linear
regions of the data corresponding to high and low temperatures,
fitting them by straight lines, and finding the intersection point
(Figure 7) (note that this eliminates any constant density
deviation as discussed above). We should also note here that
the determination of Tg from the double-tangent construction is
subject to statistical errors, and the value of Tg could depend
on the length of the chosen interval. Nevertheless, our calcula-
tions show that the average values of the glass-transition tem-
perature calculated using data intervals of different length
coincide within error bars.
The average-density method with the thickness of a film

calculated as the distance from the substrate to the maximal
value Hmax of the z coordinates is not used for further
analysis; in this case we have not found any thickness
dependence of Tg because of rather large fluctuations of
the results. The accuracy is decreased here in particular
because much fluctuating empty space is taken into account
when calculating a film volume. The method based on the
film density defined with the help of the GDS gives essen-
tially the same results as that based directly on the film
thickness Hf.

Figure 7. Film thickness (a) and average film density (b) as a function of temperature for aPS film with 16 chains in the case of a weak attraction (ε = 0.1
kcal/mol) to the substrate. The circles represent the thickness Hf of the whole film using the GDS. The squares represent the average density over the
whole film, where the thickness of the film is measured as the distance from the substrate to the GDS. The red solid line represents the average density
over the whole film, where the thickness of a film is calculated as the distance from the substrate to the maximal value Hmax of all z coordinates.

Table 1. Slopes -(dG/dT)melt,glass for Simulated Thin aPS
Films and Their Substrate and Middle Layersa

nonwetting wetting

�10-4 [g cm-3 K-1] (dF/dT)melt (dF/dT)glass (dF/dT)melt (dF/dT)glass

whole film 4.7( 0.2 2.3( 0.2 4.5 ( 0.3 2.1( 0.2

middle 4.8( 0.3 2.5( 0.4 4.8 ( 0.6 2.4( 0.4

substrate 5.4( 0.8 1.9( 0.5 4.3 ( 0.7 1.7( 0.2
aData are averaged over films with 8, 16, and 32 chains; in the wetting
case data are also averaged over substrate attraction strengths ε = 1.0 and
3.0 kcal/mol.

Table 2. Expansion Coefficients r and Glass-Transition
Points (Tg, Gg) for Simulated aPS Films and for Bulk aPSa

whole film

(nonwetting)

whole film

(wetting)

bulk

(exp)b
bulk

(simul)c

Rmelt,
d 10-4 [K-1] 5.3 ( 0.3 4.8 ( 0.4 6.8 ( 0.1 5.7 ( 0.1

Rglass,
d 10-4 [K-1] 2.4 ( 0.2 2.0 ( 0.2 2.2 ( 0.2 2.3 ( 0.1

Tg [K] 393 ( 30 384 ( 22 363 ( 2 380 ( 10

Fg [g/cm3] 0.95 1.00 1.02 1.00
aData are averaged over films with 8, 16, and 32 chains; in the wetting
case data are also averaged over substrate attraction strengths ε = 1.0 and
3.0 kcal/mol. bData are calculated from ref 53. cData are calculated from
ref 62. dThe thermal expansion coefficients in the melt and glassy states
are calculated at T = 540 K and T = 300 K, respectively.
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3.5. Thermal Expansion in Melt and Glassy State. On the
basis of the simulated film density, we have calculated the non-
normalized slopes -(dF/dT) (Table 1) and the thermal expan-
sion coefficients

R ¼ -
1
F

dF
dT

� �
ð6Þ

(Table 2) for films of different thicknesses and for different layers
within the film; here F is the density of a whole film or
corresponding layer. Note that the thermal expansion coeffi-
cients depend on the chosen temperature or density while the
slopes are assumed piecewise constant for glass and melt.
Obviously, the simulated slopes are higher for the melt states
as compared to the glassy states (Table 1).
We found that for all simulated films the thermal expansion

coefficients in the melt and in the glassy state practically do not
show a trend with film thickness. Therefore, in Table 2, we
present the values for the expansion coefficients averaged over all
film thicknesses.
The bulk thermal expansion coefficients in Table 2 are taken

from the PVTmeasurements for atactic PS withMw = 9� 103 at
atmospheric pressure53 and from earlier simulations by one
of us.62

We can compare our results onRwith some literature data. On
the basis of the data from ref 15, Forrest et al.2 observed that the
thermal expansivity of PS in the glassy state is indeed the same for
all film thicknesses while for the liquid (melt) state the thermal
expansivity decreases with decreasing film thickness. Our simu-
lated average value of the thermal expansivity for a PS film in the
melt is smaller than the corresponding bulk value from experi-
ment and is within error bars comparable with the bulk value
from simulations (see Table 2). The expansion coefficients for
the simulated films are also comparable with the experimental
values for PS films of ∼9 nm, Rmelt = 5.1 � 10-4 K-1 15 and of
∼300 nm, Rmelt = 5.9 � 10-4 K-1.62

3.6. Thickness Dependence of Tg. Figure 8a depicts the
thickness dependence of the glass-transition temperature for the
middle layer for different strengths of attraction to the substrate,
as derived from the simulated average density. The glass-transi-
tion temperature in this layer practically does not depend on the
thickness of the total film. It also depends only weakly on the

strength of attraction. Its average value (for different films and
different degrees of attraction)

Tmd
g ¼ 407 ( 8 K ð7Þ

is shown in Figure 8a by the dashed line. This temperature can
serve as an indication of the glass-transition temperature in bulk
aPS. Figure 8b shows the thickness dependence of Tg for the
whole film using the simulated average density. In this case, some
decrease of Tg with decreasing film thickness is observed, but
only for very thin films, Hf e 2 nm. We note that this is in the
range of the average radius of gyration (∼2.0 nm), at least
qualitatively in line with the observation in ref 45 that Tg should
change at film thickness of the order 4Rg.
We fitted the simulation data in Figure 8b by the empirical formula4

TgðHf Þ ¼ Tbulk
g 1-

A
Hf

� �δ
 !

ð8Þ

where Tg
bulk is taken equal to Tg in the middle layer andHf is the film

thickness. For all data points the fit result A = 0.26 nm for the
characteristic length is quite different from the value obtained by
Keddie from ellipsometry experiments (A = 3.2 ( 0.6 nm) but is
rather close to that from dielectric studies by Fukao (A = 0.39 (
0.10 nm); the fitted exponent δ = 1.5 is in between compared
to those studies (δ=1.8( 0.2 andδ=0.96( 0.08, respectively).3,21

The fit results A = 0.06 nm and δ = 0.9 ( 0.3 for the wetting
(ε = 3.0 kcal/mol) substrate will be used for the further analysis in
the Discussion section. Lattice MC simulations results for a model
PS give A = 6.2 nm and δ = 1.71.59

While the glass-transition temperature of themiddle layer only
weakly depends on the strength of attraction to the substrate,
Tg for the whole film fluctuates considerably with ε; however,
no regular trend with the strength of attraction is observed.
Obviously, the overall decrease of the glass-transition tempera-
ture with the film thickness for the whole film cannot be
explained by the thickness dependence of the Tg values of the
middle layer. Therefore, we have tried to study the thickness
dependences of the Tg values in the substrate and surface layers.
For the majority of the simulated films the Tg values of the

substrate layer increase above the bulk value (by ∼20-50 K,
depending on the strength of attraction to the substrate)

Figure 8. Thickness dependence of Tg of the middle layer (a) and of the whole film (b) for the case of weak (ε = 0.1 kcal/mol) and strong (ε = 1.0, 3.0
kcal/mol) attraction to the substrate. The dashed lines represent the averageTg value for themiddle layer. The solid and dotted lines denote the best fit of
all data points and of the data for strong (ε = 3.0 kcal/mol) attraction to the substrate, respectively, using eq 8.
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(Figure 9). For the thicker (Hf ∼ 10 nm) simulated film with a
strong (ε = 1.0-3.0 kcal/mol) adsorption to the substrate the
largest increase is observed, about 50 K.
Some saturation of this increase can be anticipated for thicker films,

and the saturated value forTg of the substrate layer ismuch larger than
the value for Tg in bulk. The increase in substrate Tg is much smaller
for thinnerfilms. For a very thinfilmof∼1.5 nm the substrateTg even
decreases by about 35 K compared to the bulk value.
In Figure 10, the results for the temperature dependence of the

surface-layer density (a) and thickness (b) are shown, for 16-chain
films with different strengths of attraction to the substrate. Both the
density and the thickness remain almost constant with decreasing
temperature; therefore, wewere not able to identify a glass transition
in this layer.We can only speculate that either the surfaceTg is below
the simulated temperature window or the fluctuations in the results
are so big that the surface Tg cannot be defined with reasonable
precision.
In summary, somedecrease ofTg with total film thickness has been

observed both for the average film and for the substrate layer, in
particular for the thinnestfilms.No suchdecrease is seen in themiddle
layer, and no glass transition is seen at all in the surface layer.
Qualitatively, these results hold both for weak and strong attraction,
but systematic quantitative trends are not clear and error bars are
rather large.

4. DISCUSSION

In many experiments and in the present simulations the glass
transition both for the bulk and for a film is determined from the
density by fitting two linear regions of data, at high and low
temperatures, by straight lines:

F ¼ F0 þ dF
dT

� �
T ð9Þ

and finding their intersection point. In this equation F0 is the
extrapolated density at T = 0. Solving the equations for the melt
and glass regions, we produce the following expression for the
glass-transition temperature:

Tg ¼ -
F0g - F0m

dF
dT

� �
g

-
dF
dT

� �
m

ð10Þ

Here we have m =melt and g = glass. The same expression can be
obtained both for the bulk (notation Tg, F) and for a film
(notation T

_
g, ). Combining these two expressions, we get an

exact relation between the glass-transition temperature Tg for the
bulk and T

_
g for a (density-averaged) thin film:

T
_
g

Tg
¼

1þ δF0g - δF0m
F0g - F0m

1þ
d
dT

δFg -
d
dT

δFm
dFg
dT

-
dFm
dT

ð11Þ

Here δF � F-F is the change in average density due to the
confinement. From eq 11 it is clear that the confinement may
have an effect on Tg, in particular through the effect on
density via the presence of a free or attracting surface. That
the confinement and attracting surface have an effect on
density is evident from Figure 11: with decreasing film
thickness the average density decreases or increases for weak
or strong substrate attraction, respectively, as might be
expected. However, the resulting effect on Tg is much more
subtle for two reasons. First, there are effects both in the
numerator and denominator of eq 11 which may compete.
Second, due to the influence of the substrate, the density itself
changes through the film in such a way that the film becomes
stratified, with different densities and glass transitions in
different layers.

To incorporate the effect of stratification into eq 11, the total
film, with thickness H (we henceforth drop the subscript f) and
density F, can be split up in layers with thicknesses hsb (substrate),
hmd (middle), and hsf (surface) and corresponding densities:

F ¼ 1
H

∑
i¼ sb, md, sf

hiFi ð12Þ

If we assume that Fmd is equal to the bulk density, as discussed
before, the excess density is

δF � F - F ¼ hsbδFsb þ hsfδFsf
H

� δm
H

ð13Þ

By writing the excess density as in eq 13, the dominant
dependence on thickness H is factored out, and the excess mass
per unit area δm has a clear physical meaning: it is the amount of
mass per unit area that redistributes itself (compared to the bulk)
under the influence of the wetting/nonwetting substrate and the
free surface (see Figure 6). In general, δm will depend on
temperature and film thickness. If δm is independent of T, we
can further simplify eq 11 via

δF0g - δF0m ¼ δm
1
H

� �0

g

-
1
H

� �0

m

" #
ð14Þ

d
dT

δFg -
d
dT

δFm ¼ δm -
1
Hg

2

dHg

dT
þ 1
Hm

2

dHm

dT

" #
ð15Þ

Note that in eq 14 we use that 1/H and notH is fitted linear in T.
In eq 15, the left-hand has been fitted as a constant, so we can
evaluate right-hand side at T

_
g:

d
dT

δFg -
d
dT

δFm ¼ -
δm

HðT
_
gÞ
½RgðT

_
gÞ-RmðT

_
gÞ� ð16Þ

Figure 9. Thickness dependence of the Tg values for the substrate layer
in aPS films with different strengths of attraction to the substrate.
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When we substitute eqs 14 and 16 into eq 11, we get as a result

T
_
g

Tg
¼ 1þ C1δm=HðT

_
gÞ

1þ C2δm=HðT
_
gÞ

ð17Þ

with

C1 ¼ ½ð1=HÞ0g - ð1=HÞ0m�HðT
_
gÞ

F0g - F0m
ð18Þ

C2 ¼ 1
FðTgÞ

RgðT
_
gÞ-RmðT

_
gÞ

RgðTgÞ-RmðTgÞ

2
4

3
5 ð19Þ

While δm may still depend on film thickness, the coefficients C1

and C2 are true constants in the sense that they do not scale with
H. Inserting order-of-magnitude estimates for all quantities at the
right-hand sides of eqs 18 and eq 19, we see that both C1 and C2

will be of the order of 1 cm3/g. So, whether Tg will actually
increase or decrease with decreasing thickness H depends not
only on the sign of δm (positive for a wetting surface, negative for
a nonwetting surface; see Figure 11 and eq 13) but also on the
sign of ΔC = C1 - C2, i.e., on a subtle balance between the
numerator and denominator of eq 17. The typical length scale
over which Tg then varies with H is of the order Ciδm.

We still have to check whether the above analysis, with
δm independent of T, applies to our simulated data. To that
end we performed more detailed simulations of 32-chains films
(N = 20 256 particles) for a strongly wetting substrate (ε = 3.0
kcal/mol), at four fixed different external pressures: 36, 37, 38,
and 39 MPa. In this pressure range the density in the middle of
the films and at T = 540 K centers around the experimental value
(0.914 g/cm3), with a maximum deviation of 1%. For these films
the excess mass δm is presented in Figure 12 as a function of
temperature. We observe that δm, first of all, is positive (in line
with Figure 11 and eq 13) and, second, independent of T. By

averaging δm over these four pressures and temperatures, we find
δm = (1.20 ( 0.02) � 10-8 g/cm2.

That, in turn, gives δN ∼ 300 particles that redistribute
themselves between substrate and surface layers compared to a
homogeneous film. On the basis of this, we calculate a character-
istic length scale of the order of 0.1 nm, consistent with the fit
value of A = 0.06 nm in Figure 8b and eq 8. Calculating C1 andC2

for these 32-chain strongly adsorbed films, we find that within rel-
evant digits the coefficients are equal: C1 = C2 = 1.1( 0.2 cm3/g.
Hence, any difference in C1 and C2, which will determine
deviation of T

_
g from Tg, is in this case within the numerical

error. So, given the subtle balance between the numerator and
denominator in eq 17, our numerical data are too inaccurate to
predict thatTg actually decreases for film thicknesses below 2 nm,
as suggested by Figure 8b. We note that our observations are

Figure 10. Temperature dependence of the density (a) and thickness (b) of the surface layer for the 16-chain films with different strengths of attraction
to the substrate.

Figure 11. Average total film density versus total film thickness at T =
540 K for weak (ε = 0.1 kcal/mol, squares) and strong (ε = 3.0 kcal/mol,
triangles) attraction to the substrate. The lines are fits to eq 13, with F
fixed to the experimental value of 0.914 g/cm3 in the middle of the film
and δm as a free fitting parameter (δm =-0.9� 10-8 g/cm2 for ε = 0.1
kcal/mol and δm = 1.2 � 10-8 g/cm2 for ε = 3.0 kcal/mol).
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nicely in line with a very recent experimental study by Tress
et al.63 on nanometric PS films, which shows by a range of
techniques that Tg for films above 5 nm remains within a margin
of (3 K around the bulk value.

5. CONCLUSIONS

In the present study we have performed molecular dynamics
simulations in order to investigate the possible influence of
confinement on glass transition temperature Tg for supported
atactic polystyrene films of different thicknessHf, from extremely
thin (Hf = 1 nm) up to a thickness (10 nm) in the range where
confinement effects have been reported experimentally.

We found some small orientation of both main-chain mono-
mers and phenyl groups at the film surface and close to the
substrate. This orientation disappears toward the middle of the
film. Density profiles show that apart from this anisotropy the
films are also heterogeneous in density, with a clearly stratified
structure. On the basis of the analysis of the density profiles, we
have defined three different layers (substrate, middle, and
surface) for each film. The Tg value for the whole film as well
as separate Tg values for the different layers have been extracted
from the temperature dependence of the density or correspond-
ing thickness. For the whole film the Tg value shows almost no
thickness dependence for films down to 2 nm thickness, where
the middle layer is completely absent; this is in line with very
recent experimental data.63 Some decrease of the Tg values is
observed for thinner films, but statistical errors of these results
are rather high. The Tg for the middle layer does not depend on
the total film thickness either, and its density is close to the bulk
density. For the substrate layer an increase in Tg up to 50 K is
measured depending on the strength of attraction to the sub-
strate. The surface layer remains liquid-like in the whole tem-
perature range (300-540 K).

Dynamic heterogeneity of supported thin polymer films was
shown by Baljon et al. by means of molecular dynamics simula-
tions of bead-spring chains.64 It was already observed that on
average immobile clusters more frequently occur near a strongly
attracting surface. At temperatures around the glass-transition
temperature the clusters of immobile beads start to percolate in
the direction perpendicular to the substrate. However, no
quantitative study was made yet of the average density or the
precise value of Tg. In this respect our approach is more detailed

since in the present article we have determined an effective Tg by
measuring the average film density. Moreover, we have shown
that the density in such films is stratified, with different glass-
transition temperatures in different film layers. It should be also
noticed that in the present study we do not calculate the
segmental mobility in these three film layers. Instead, only the
statistical equilibrium properties of thin PS films have been
investigated. From the viewpoint of polymer segmental dynamics
these layers are different, and the free interface and the substrate
layer definitely might compete when calculating the average glass
transition temperature. The goal of the present study was to
investigate another competition between these three layers,
mainly in terms of the redistribution of mass between substrate,
surface, and the middle of films. As we show, such a mass
redistribution influences the average Tg dependence on the film
thickness but in very subtle way.

In view of the reported stratification of the internal film
structure, a glass-transition temperature Tg that is based on the
temperature dependence of the average density has actually
limited physical meaning for what happens near the substrate,
a fact often ignored in experiment. Through a more detailed
analysis of the effect of stratification we have been able to express
the change in this effective Tg in terms of the film thickness and
average density and in the extent of mass redistribution with
respect to the homogeneous bulk polymer. The expression
shows that an increase or decrease of the density-based effective
Tg with decreasing film thickness depends on a subtle balance of
detailed effects and has no straightforward relation with average
density or with strength of substrate attraction. Our numerical
data are consistent with the derived expression but too inaccurate
tomake predictions on the change of the effective glass-transition
temperature.
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