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ABSTRACT: The glass transition temperature at the surface of polymer film is studied by the coarse-grained
molecular dynamics simulation. By the analysis of the segmental motion, the glass transition temperatures at the
surface region and that in the bulk region are determined separately. The glass transition at the surface region is
found to be lower than that in the bulk region. The molecular weight dependence of the glass transition temperature
obtained by the simulation agrees well with that obtained by the scanning force microscopic measurements.

1. Introduction

The glass transition of polymer film is an important problem
in many microprocesses of polymers such as coating and
printing.1 Experimental studies1-12 indicate that the glass
transition temperatureTg of ultrathin polymer films is different
from that of the bulk, and depends on the film thickness:Tg

increases or decreases depending on the interaction between the
film and the materials sandwiching the film (the air or the base
substrate). This change inTg has been considered to be caused
by the interaction between the polymer phase and the outer
phase. Kajiyama et al.2-4 confirmed this directly. They measured
the friction force of a probe tip on the polymer surface as a
function of the temperature and showed that it changes
drastically at a certain temperature which they called the surface
glass transition temperature (T g

s). They showed thatT g
s is

considerably (40-80 K) lower than that in the bulk.
In the previous paper,13 we have shown that the result of the

frictional force measurement of a probe tip done by Kajiyama
et al. can be reproduced by molecular dynamics simulation.
However, the comparison was limited to qualitative aspects. In
this paper, we will make quantitative comparison with the
experiment.

Many molecular dynamics studies have been done for the
glass transition of the film of polymer melts14-17 or grafted
polymer.17,18Most of the previous studies were focused on the
problem of how the glass transition temperature depends on
the film thickness. Few studies have been done for the problem
how the glass transition at the surface differs from that in the
bulk. An exception is the recent work of Yoshimoto et al.19

They calculated the dynamic modulus of polymer film as a
function of the distance from the surface and discussed the glass
transition temperature.

In this paper, we shall use a simple method to determineTg.
We shall calculate the mean-square displacement of polymer
segment (in a certain fixed time interval) as a function of the
temperature and determineTg from the plot. Although it is

simple, the method gives a good agreement forTg with that
obtained from the analysis of the free volume in the bulk. It
also gives a good agreement with that obtained by scanning
force microscopy.

2. Simulation Method

2.1. Polymer.We used the bead-spring model of Grest and
Kremer.20 The polymer consists ofN beads connected by the
following potentialUB(r)

wherer is the distance between the beads.UFENE(r) andULJ(r)
are given by

wherek is the spring constant,R0 is the maximum extension of
the spring,ε is the unit of the energy, andσ is the unit of length.
The nonbonding interaction between the polymer segments
separated with the distancer is also given by the Lennard-Jones
potentialULJ(r).

The time evolution of beads at positionrn is calculated by
the Langevin equation

wherem is the mass of beads,U is the total potential energy of
the system,Γ is the friction constant, andWn(t) is a Gaussian
white noise which is generated according to the following
equation:
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We used the following parameter set:k ) 30.0ε/σ2, R0 )
3.0σ, rcut ) 2.0σ, andΓ ) 0.5τ-1, whereτ is the unit of time
given by σ(m/ε)1/2. These parameters are the same as that of
Grest and Kremer except forrcut. The interval of one time step
is 0.01τ. The unit of temperature isT0 ) kB/ε.

2.2. Polymer Film.We consider a free-standing polymer film
placed normal to thez axis (see Figure 1) extending infinitely
in x andy directions. We conducted the simulation in a box of
sizeL × L × L. We used the periodic boundary condition for
the boundary normal to thex andy axes; i.e., if a bead exists at
(x, y,z), image beads are assumed to exist at (x ( L, y ( L, z).
For the boundary atz ) 0, we used the staggered reflective
boundary condition;21 i.e., image beads are assumed to exist at
(x ( L/2, y ( L/2, -z).

In conducting the simulation, we first constructed the equi-
librium polymer configuration at high temperature (T ) 1.0T0)
using the density-biased Monte Carlo method (DBMC) proposed
by Aoyagi et al.21 In this method, the probability of findingnth
segment at positionz is calculated by solving the one-
dimensional self-consistent-field equation,18,21and the polymer
chains are generated using this probability. Starting from the
system, we obtained the equilibrium configuration by compu-
tational annealing, i.e., conducting the MD calculation at fixed
temperature for an extended period of time. Polymer configu-
ration at lower temperature was obtained by decreasing the
temperature and equilibrating the system.

All simulation was done for fixed number of beads of 10 000.
The number of chains was varied when the molecular weight
N (i.e., the number of beads per chain) is changed. The
simulation was done in the box of fixed size 32σ × 32σ ×
32σ. When the temperature was changed, we performed the
simulation for 1 500 000 time steps to relax the system and then
continued the simulation for another 1 500 000 time steps to
get the data for analysis.

Figure 1 shows an example of the configuration for the
simulation. The figure shows twice of the actual simulation box
since the staggered reflective boundary condition is used: the
chain in the bottom box is a mirror image of that in the top box
with half-periodicity shifted. The thickness of the film is about
30σ, which is sufficiently larger than the root-mean-square of
the polymer in the bulk region even for the largest polymer of
N ) 200.

Figure 2 shows the density distribution across the film for
the polymer ofN ) 100. The figure indicates that the width of
the surface region is about 3-4σ. layers. This value agrees

reasonably well with the previous works.17,19 Notice that the
density is flat nearz) 0, indicating that the staggered reflective
boundary condition is a natural boundary condition for the bulk.

3. Results and Discussion

3.1. Analysis of Segment Motion at the Surface.To study
the segment mobility near the surface, we divided the film into
layers normal to thez axis and calculated the mean-square
displacement of the segment in each layer in a time intervalt.
The thickness of the layer isσ, and a segmentn is regarded to
be in the layerl for the time interval betweent′ andt′ + t if the
averagez coordinate [zn(t′) + zn(t′ + t)]/2 is betweenσl andσ(l
+ 1). The mean-square displacement of the segment in the layer
l is defined by

It must be mentioned thatφl(t) become inappropriate to
characterize the surface mobility ift is taken to be very large:
for larget, the diffusion of segments blurs the layer dependence
of φl(t). For smallt, however,φl(t) is a convenient to quantity
to characterize the surface mobility. In the following we will
choose a specific timet* ) 50τ: the reason for this choice will
be discussed later.

Figure 1. Model of polymer film used in the present work. The system
consists of 100 chains each consisting of 100 beads. The size of the
simulation box is 32σ × 32σ × 32σ.

Figure 2. Density profile across the film is plotted for various
temperatures. The vertical axis stands for the density averaged over
the layer of thickness 0.5σ.

Figure 3. Mean-square displacement of a polymer segment in a time
interval t* is plotted against the meanz position of the segment for
various temperatures (N ) 100). The average is taken for each layer
of thickness 1σ.
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Figure 3 showsφl(t* ) as a function ofz ) σl for various
temperatures. It is seen that the segmental mobility near the
surface differs significantly from that in the inner region and
that this surface region is limited to the thickness of about 3σ,
which is about the same as that determined by the density
profile. In the following, we will analyze the segment mobility
for the first three layers near the surface separately from that in
the bulk region.

Figure 4 shows the mean-square displacement of segment in
the entire time region (t ) 50τ to 10000τ) at various temperature
and chain length. Here the mean-square displacement of the
surfaceφs(t) is the average ofφl(t) for the three layers near the
surface, and that for the bulkφb(t) is the average for the three
layers near the center.

It is seen thatφs(t) is larger thanφb(t) in the entire time region,
indicating that the segmental mobility near the surface is higher
than that in the bulk and that both functions have the scaling
form

for the time regiont < 3000τ, whereτs and τb are the times
characterizing the local segment in the surface and the bulk
region. The exponentR is about 1/2 for both the bulk and the
surface region. According to the tube model, this corresponds
to the unconstrained Rouse-like motion within a tube.25

The temperature dependence of the segmental mobility
should, in principle, be characterized by the temperature
dependence ofτs and τb. However, sinceφs(t)and φb(t) have
the scaling form neart* ) 50τ, we usedφs(t* ;T) ) σ2(t* /τs-
(T))R to characterize the temperature dependence of the seg-

mental mobility. As far as the scaling relation holds, the result
is independent of the choice oft* .

3.2. Determination of the Glass Transition Temperature.
Figure 5 shows the mean-square displacement at the surface
(φs(t* ;T)) and that in the bulk (φb(t* ;T)) plotted against
temperature for the chain ofN ) 100. It is seen that the mean-
square displacement starts to increase sharply at certain tem-
perature which can be associated with the glass transition
temperature. The characteristic temperature can be obtained by
the intersection of the two lines characterizing the behavior at
low and high temperatures.

To check whether the temperature obtained by this method
corresponds to the glass transition temperature obtained by the
conventional method, we performed a series of simulation for
bulk system using the periodic boundary condition for all the
walls and the constant-pressure condition of Andersen,26 where
the pressure is chosen to be zero. We calculated the density as
a function of temperature, and the result is shown in Figure 6.

The density has a break point atT ) 0.4T0, indicating the
glass transition. This temperature is in good agreement with
the bulk glass transition temperature shown in Figure 5. This
validates the procedure of determining the glass transition
temperature of the polymer film in the bulk and the surface
region. The surfaceTg is lower than the bulkTg. This result is
similar to the experimental results of Tanaka et al.2

Figure 4. Mean-square displacement of a polymer segment in the bulk
region (φb(t)) and that in the surface region (φs(t)) are plotted against
time t: (top) result of the chain ofN ) 100; (bottom) that ofN ) 20.
Temperatures are indicated in the figure.

φs(t) ) σ2( t
τs

)R
φb(t) ) σ2( t

τb
)R

(7)

Figure 5. Mean-square displacement of a polymer segment in the bulk
region and that in the surface region are plotted against temperature.
The arrows indicate the glass transition temperature determined by the
present method.

Figure 6. Segment density of the bulk polymer obtained by the MD
simulation of constant pressure (P ) 0) is plotted as a function of
temperature.
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3.3. Comparison with Experiments.Figure 7 shows the
temperature dependence of the mean-square displacement at the
surface and in the bulk region for the chain ofN ) 20, 50, and
200. In all cases, the transition temperatures are obtained clearly.

To compare theTg obtained by the simulation with the
experimentalTg of Tanaka et al.,2 we mappedN andTg of the
simulation to the experimental value as follows:

(i) First, the experimental result of the bulkTg is fitted to the
Flory-Fox equation

whereMn is the molecular weight,Tg∞ is the glass transition
temperature of the polymer with infinite molecular weight, and
K is the material constant. The parametersTg∞ and K are
obtained by the least-squares method asTg∞ ) 379.57 [K] and
K ) 1.52× 104 [K]. These values are not so far from those in
the literature.27

(ii) Next, the simulation result forTg in the bulk is also fitted
by eq 8 assuming that the number of beadsN and the glass
transition temperatureT g

sim of the simulation are converted to
the actual molecular weightM of PS and the actualTg as
follows:

This procedure givesR ) 463.8 andâ ) 927.74. The mapping
betweenN and Mn is not very much different from that of
Kremer and Grest.20 They report that the entanglement molecular
weight of PS isN ) 35 andMn ) 18 000, which corresponds
to RKG ) 514.28. Considering that our simulation was done

with the parameterrcut slightly different from theirs, the
agreement is reasonable.

(iii) Using same value ofR andâ, the simulation resultT g
sim

of the surface is converted to actual values.
Figure 8 shows the comparison between the experimental

glass transition temperature obtained by Tanaka et al.2 and that
obtained by the simulation using the above conversion. The
agreement between the experiment and simulation is very good.
Notice that the same conversion factorsR andâ are used for
the bulk and the surface. This indicates that the change of the
glass transition temperature near the surface is well represented
by the simulation.

4. Conclusion

In this paper, we determined the glass transition temperature
at the surface and in the bulk region from the temperature
dependence of the mean-square displacement function of
polymer segmentφs(t* ;T) andφb(t* ;T). We have shown thatt*
needs not be very long (t* has been chosen to be 50τ) and that
the glass transition temperature obtained by the method agrees
well with that obtained by the free volume analysis. We have
also shown that the method gives a good agreement with the
results by scanning force microscopy.

The method proposed here does not require very long
computation time and may be used to study the effect of
molecular weight distribution or the effect of additives of small
molecular weight, etc. We shall report these studies in the future.
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