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Reduction of the glass transition temperature in polymer films: A molecular-dynamics study
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We present results of molecular-dynamics simulations for a nonentangled polymer melt confined between
two completely smooth and repulsive walls, interacting with inner particles via the potentialUwall5(s/z)9,
wherez5uzparticle2zwall and s is ~roughly! the monomer diameter. The influence of this confinement on the
dynamic behavior of the melt is studied for various film thicknesses~wall-to-wall separations! D, ranging from
about 3 to about 14 times the bulk radius of gyration. A comparison of the mean-square displacements in the
film and in the bulk shows an acceleration of the dynamics due to the presence of the walls. This leads to a
reduction of the critical temperatureTc of the mode coupling theory with decreasing film thickness. Analyzing
the same data by the Vogel-Fulcher-Tammann~VFT! equation, we also estimate the VFT temperatureT0(D).
The ratio T0(D)/T0

bulk decreases for smallerD similarly to Tc(D)/Tc
bulk . These results are in qualitative

agreement with that of the glass transition temperature observed in some experiments on supported polymer
films.

DOI: 10.1103/PhysRevE.65.021507 PACS number~s!: 64.70.Pf, 61.20.Ja, 61.25.Hq
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I. INTRODUCTION

Polymer science has had a major impact on the way
live. Just 50 years ago, materials we now take for gran
were nonexistent. Due to their structural complexity, po
mers are generally not crystalline at low temperatur
Rather, they exhibit an amorphous, glassy structure. The
cept of the glass transition thus plays an important role
understanding the properties of polymer systems. Polym
are often used as protective coatings in microelectron
@1–3#. In such applications, the polymer is confined in a fi
geometry. An important information for materials design
therefore, how thermal properties of a polymer system
affected by the film geometry, in particular, whether and h
the glass transition temperatureTg is influenced by confine-
ment.

In addition to its technological importance, the investig
tion of the glass transition in thin polymer films is also of
great theoretical interest. This is closely related to the un
solved nature of the glass transition. Despite considera
experimental and theoretical efforts, there is still not a fu
satisfactory description of this phenomenon. Phenome
logical theories of the glass transition, such as the fr
volume theory@4–7#, are attractive as they give a simp
description of the basic observations but they contain adj
able parameters whose physical significance is unclear. T
modynamic approach, e.g., Gibbs-DiMarzio theory@8,9#,
treats the glass transition as an ordinary thermodyna
phase transition. The Gibbs-DiMarzio theory implies that
configurational entropy is strictly zero in the glassy pha
However, there are, e.g., two level systems present in
glassy phase, which also contribute to the configuratio
entropy and not to phonons. Thus, the assumption of van
ing configurational entropy at the glass transition point d
not hold for all classes of glassy systems.

*Corresponding author. Email address: varnik@mail.uni-mainz
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The so-called mode coupling theory~MCT! is perhaps the
most successful of all descriptions of the glass transiti
Within the idealized version of this theory, there is a critic
temperatureTc at which the~structural! relaxation times di-
verge while the static properties of the system remain liqu
like. The system freezes atTc keeping its amorphous struc
ture. Thus, from the point of view of the MCT, the glas
transition is a purely dynamic phenomenon@10–14#.

However, it must be stressed that neither MCT nor ot
descriptions of the glass transition have a definitive char
ter. One is, therefore, interested in finding ways to verify t
basic concepts of different approaches.

Let us assume that the slowing down of the dynam
when approachingTg can be interpreted in terms of the crit
cal slowing down of the dynamics near a second-order ph
transition @15#. A second-order phase transition is usua
characterized by the divergence of a length scale. The ide
a diverging length scale related to the glass transition
given rise to the concept of ‘‘cooperative motion’’ empir
cally introduced by Adam and Gibbs@16#. According to
Adam and Gibbs, near the glass transition, individual part
motion is frozen out. Thus, the only possibility for structur
relaxation is that of the collective motion of many particle
Note that, here, the focus is no longer on the static corr
tions, but on correlations, between thedynamicsof particles.
The associated length scale is thus a dynamic one. Letj(T)
denote the typical size of a cluster of cooperatively mov
particles. It is well known that close to a second-order ph
transition the relaxation time of such a cluster scales asjz,
wherez.0 is the so-called dynamic critical exponent@17#.
The sharp rise of the relaxation times nearTg is then ex-
plained by assuming the divergence ofj when lowering the
temperature towardsTg .

The above reasoning, however, is based on an empi
assumption thatj(T) increases with decreasing temperatu
A significant improvement was achieved by Edwards a
Vilgis @18#. These authors introduced an exactly solva
model system exhibiting glassy behavior at lowT ande
©2002 The American Physical Society07-1
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showed that the concept of cooperative motion alone
enough to give rise to a Vogel-Fulcher-Tammann~VFT! law.

Recent computer experiments also support the idea of
operative motion. For example, it was observed by Kob a
co-workers@19,20# that particles move mainly in stringlike
clusters. Bennemannet al. @21# report on a growing length
scale for the dynamics of a polymer melt. A strong hete
geneity in the dynamics has also been observed in molec
dynamics simulations of bond breakage processes@22# and
of binary mixture of soft spheres@23–25#. It is found that the
particles move preferably within mobile clusters thus lead
to a heterogeneity in the dynamics.

While easily detectable in a simulation, the regions
heterogeneous dynamics are unfortunately not as easily
cessible to real experiments. This results from the fact
dynamic heterogeneity is not necessarily strongly correla
to density fluctuations. The structures of these regions
therefore, more or less identical. Thus, one cannot use s
tering experiments to determine the length scalej(T) @26#.
Fortunately, there is a clue to this problem. Recall that
relaxation time of a cluster of strongly correlated particl
such as that observed in cooperative motion scales likejz,
where z.0. As the temperature decreases,j(T) becomes
larger and eventually reaches the system sizej(T)5L. If
this occurs, the relaxation timet of the system will scale as
t}Lz. In other words, the relaxation dynamics of the syst
will become size dependent. This size dependence is ind
observed in Monte Carlo studies of the so-called bo
fluctuation model~BFM! in two-dimensions@27#. In the
mentioned reference, the system size was varied while m
taining the periodic boundary conditions. An acceleration
the dynamics of the smaller systems has been observe
accordance witht}Lz.

A simple way of changing the system size in a real e
periment is, for example, to vary the thickness of a pla
film. Applying the same arguments as given above to a t
film of thicknessD we should expect finite-size effects o
the dynamics for temperatures at whichj(T)'D. Note that
boundary conditions are no longer periodic, but can cha
from an absorbing one to an approximately neutral or a
pulsive one.

In this context, experiments on~model! systems revea
mixed findings. If the interaction between the polymers a
the substrate is attractive, the glass transition temperaturTg
of the films becomes larger than the bulk value for small fi
thicknesses@28#. Intuitively, this effect can be attributed t
chains that are close enough to the substrate to ‘‘feel’’
attractive interaction. The motion of these chains should
slowed down with respect to the bulk. In a thin film almo
all chains touch the attractive substrate. So,Tg should in-
crease.

On the other hand, measurements~by ellipsometry! of Tg
for polystyrene films~of rather large molecular weights! on a
silicon substrate showed a significant decrease ofTg from
375 K down to 345 K for the smallest film thickness of 1
nm, i.e., a relative change of 10% inTg was observed@29#.
There have also been many experiments in recent year
freely standing polystyrene films~i.e., no solid substrate, bu
two polymer-air interfaces! @30–33# showing a dramatic de
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crease ofTg by up to 20% if the film thickness become
much smaller than the chain size. An interesting explana
of this observation in terms of an interplay between polym
specific properties and free-volume concepts has been
posed@34#. This decrease becomes much weaker if one
even both of the free interfaces are replaced by a wea
interacting solid substrate. Whereas the strong depressio
Tg in the freely standing film could possibly be attributed
the significant release of geometric constraints at the
polymer interface, the acceleration of the structural rel
ation of a polymer melt between two~almost! neutral solid
substrates is much harder to understand intuitively.

Recent simulation results emphasize the fact that the
crease or decrease of the glass transition temperature
strongly depend on the interaction between the polym
chains and the substrate@35#. For a model of square-wel
spherical interaction sites interconnected by fully flexib
strings, one observes a reduction ofTg in the case of a weak
attraction between the substrate and the chains, wherea
the case of strong attraction an increase ofTg is found@35#.

We study a continuum model where polymer chains
confined between two identical, ideally flat and purely rep
sive walls @36,37#, obtaining complete information in both
space and time in atomistic detail. Instead of focusing o
computation ofTg , we rather check some predictions of th
mode coupling theory and investigate the dependence of
mode coupling critical temperatureTc on film thicknessD.
We also examine theD dependence of the VFT temperatu
T0 with the result that the ratiosT0(D)/T0

bulk and
Tc(D)/Tc

bulk behave similarly.
After a presentation of the model in the following sectio

we discuss in Sec. III the reliability of the system dynam
obtained from molecular-dynamics~MD! simulations within
NVT andNpT ensembles. In Sec. IV we present MD resu
on the influence of the walls on the system mobility and
critical behavior at low temperatures for a variety of fil
thicknesses showing that the critical temperature is lowe
for stronger confinements~smaller film thicknesses!. Section
V is devoted to a brief analysis of the local dynamics whe
we address a subtle point concerning the proper definitio
local quantities in terms of particle positions and/or m
menta. A conclusion compiles the results.

II. MODEL

We study a Lennard-Jones~LJ! model for a dense poly-
mer melt @38,39# of short chains~each consisting of 10
monomers! embedded between two completely smooth, i
penetrable walls@36,37#. Two potentials are used for the in
teraction between particles. The first one is a truncated
shifted LJ potential, which acts between all pairs of partic
regardless of whether they are connected or not,

ULJ-ts~r !5H ULJ~r !2ULJ~r c! if r ,r c

0 otherwise

whereULJ(r )54e@(s/r )122(s/r )6# andr c52321/6s. The
connectivity between adjacent monomers of a chain is
sured by a FENE potential@38#
7-2
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REDUCTION OF THE GLASS TRANSITION . . . PHYSICAL REVIEW E65 021507
UFENE~r !52
k

2
R0

2 lnF12S r

R0
D 2G , ~1!

where k530e/s2 is the strength factor andR051.5s the
maximum allowed length of a bond. The wall potential w
chosen as

UW~z!5eS s

z D 9

. ~2!

wherez5uzparticle2zwallu (zwall56D/2). This corresponds to
an infinitely thick wall made of infinitely small particles tha
interact with inner particles via the potenti
45e(s/r )12/(4prwalls

3), whererwall denotes the density o
wall particles. The sum over the wall particles then yie
e(s/z)9. All simulation results are given in LJ units. Length
and energies are measured, respectively, in units ofs ande,
temperature in units ofe/kB (kB51), time in units of
(ms2/e)1/2 (m51) and pressure in units ofe/s3.

The upper panel of Fig. 1 compares the bond poten
i.e., the sum of LJ and FENE potentials, with the LJ pote
tial. It shows that the bonded monomers prefer shorter
tances than the nonbonded ones. Thus, our model con
two intrinsic length scales. Since these length scales are
sen to be incompatible with a~fcc or bcc! crystalline struc-
ture, one could expect that the system does not crystalliz
low temperatures, but remains amorphous. This expecta
is well borne out. The lower panel of Fig. 1 compares
structure factorS(q) of the bulk system with that of a film o
thicknessD510 at T50.46 ~note that the mode couplin
critical temperature of the present model in the bulk
Tc

bulk50.45@40#!. For the film, two structure factors are ch
sen, corresponding to two different regions: a layer of thi
ness 3s centered in the middle of the film~called ‘‘film cen-
ter’’ ! and the region between this layer and the walls~called
‘‘near walls’’!. In both cases,S(q) is calculated parallel to
the walls @i.e., q5uqu, q5(qx ,qy)# by averaging over all
monomers in the respective region.

The lower panel of Fig. 1 shows that the structure of
melt in the bulk and in the film is characteristic of an amo
phous material. At smallq, S(q) is small, reflecting the low
compressibility of the system. Then, it increases and de
ops a peak atqmax, which corresponds to the local packing
monomers (2p/qmax'1) before it decreases again and b
gins oscillating around 1, the large-q limit of S(q).

The most prominent differences between the bulk and
film are found for smallq and forqmax. The compressibility
of the film is higher, the value ofqmax is shifted to slightly
lower q and the magnitude ofS(qmax) is smaller than in the
bulk. In the bulk one can observe a similar shift ofqmax and
decrease ofS(qmax) as the temperature increases. Also t
compressibility of a bulk fluid increases with temperatur
Therefore, the local packing of the monomers in the fi
seems to resemble that of the bulk at a higher tempera
Since the local structure of the melt has an important in
ence on its dynamic behavior in the supercooled state@11#,
the lower panel of Fig. 1 suggests that the film relaxes m
easily than the bulk at the same temperature. Indeed, we
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see later that the dynamics of the system is much faster in
film than in the bulk when compared at the same tempe
ture.

All simulations have been carried out under constant n
mal pressurePN,ext5p51. However, to adjust the norma
pressure, we donot vary the wall-to-wall separationD, but
the surface area. For each temperature, the average su
area is calculated by an iterative approach@41#. The system
is then propagated until the instantaneous surface
reaches the computed average value. At this point the sur
area~and thus the volume! is fixed and a production run is
started inNVT ensemble, where the system temperature
adjusted using the Nose´-Hoover thermostat@42,43#. More
details about the applied simulation techniques can be fo
in @37,41,44#.

FIG. 1. Upper panel: Illustration of the potentials of the mod
The bond-potential results from a superposition of the Lenna
Jones~LJ! and the FENE potentials. The minimum position of th
bond potential is smaller than that of the LJ potential. This inco
patibility favors amorphous structure at lowT, which is confirmed
by the behavior ofS(q). Lower panel: Comparison of the stati
structure factorS(q) of the melt in the bulk and in the film (D
510) atT50.46 ~critical temperature of mode coupling theory
the bulk: Tc.0.45 @40#!. ‘‘Near walls’’ and ‘‘film center’’ mean
averages over the regions close to the walls (0<z<3.5) and the
inner portion of the film (3.5<z<5). z is the distance of a particle
from the ~left! wall. The vertical dashed line indicates theq value
corresponding to the bulk radius of gyration (Rg

2.2.09).
7-3
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F. VARNIK, J. BASCHNAGEL, AND K. BINDER PHYSICAL REVIEW E65 021507
III. NVT AND NpT VERSUS NVE: INFLUENCE ON THE
DYNAMICS

It was mentioned in Sec. II that the production runs we
performed at a constant volume and temperature using N´-
Hoover thermostat. This thermostat slows down or acce
ates all particles depending on the sign of the difference
tween the instantaneous kinetic energy of the system and
desired value given by the imposed temperature,
3NkBT/2 ~N is the number of particles! @42,43,45–48#. One
may therefore ask how reliable the resulting dynamics
when compared to pure Newtonian dynamics in the mic
canonical~NVE! ensemble. This question was already exa
ined for the bulk system in@39#. In this case, the result
obtained within constant energy~NVE! simulation and that
using the Nose´-Hoover thermostat are identical.

We are going to show that the presence of the walls d
not change this behavior. However, we go a step further
also investigate the influence of volume fluctuations on
system dynamics. This point is very important if one is
terested in constant pressure simulations. We will see t
contrary to the case of Nose´-Hoover thermostat, the system
dynamics is strongly perturbed when the system volum
allowed to fluctuate~therefore, for a given normal pressur
the corresponding average volume was first computed
eachT in a NpT simulation and then the dynamics was an
lyzed in production runs at a constant volume!. For this pur-
pose, we compare results obtained from MD simulatio
within the NVE ~microcanonical!. NVT ~canonical, using
Nosé-Hoover thermostat! andNpT ~Nosé-Hoover thermostat
plus the fluctuations of the surface area! ensembles.

Note that all results to be discussed in this section co
spond to a film of thicknessD55. Recall thatD stands for
the wall-to-wall separation. The distance of the closest
proach of a monomer to a wall is approximately its ow
diameter ~i.e., s51!. Therefore, a value ofD55 corre-
sponds to the extreme case of three monomer layers on

Let us first consider the velocity autocorrelation functi
defined as

Cv~ t !5K (
i

N

vi~0!•vi~ t !L Y K (
i 51

N

v i
2~0!L . ~3!

Figure 2 presents results forCv(t) obtained from simula-
tions in theNVE, NVT, and NpT ensembles. As seen from
this figure, no difference is observed forCv(t) within various
ensembles. The velocity autocorrelation function vanishe
rapidly that it can be equally well computed within all the
ensembles. However, quantities that evolve slowly in ti
exhibit a different behavior. An example is the mean-squ
displacement~MSD! of chain’s center of mass

g3,i~ t !5
1

M (
i 51

M

^@Rcm,i ,i~ t !2Rcm,i ,i#
2&. ~4!

Here,M is the number of chains andRcm,i ,i is the projection
of the center of mass vector of thei th chain onto a plane
parallel to the wall. Figure 3 shows that data forg3,i(t)
within NVE andNVT ensembles are identical. However, t
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result obtained from theNpT-ensemble differs strongly from
the referenceNVEcurve. This discrepancy is due to the rel
tive small box size of a typical MD simulation. Note that th
relative volume fluctuations scale as 1/AN. While fully neg-
ligible for real systems (N'1023), these fluctuations becom
important in a simulation where the particle number is
order of 1000.

IV. DEPENDENCE OF Tc ON FILM THICKNESS

We now focus on the influence of the walls on the slu
gish dynamics of the system. For this purpose, it is instr
tive to recall some important features of the present mode
the bulk at low temperatures. In Fig. 4 the mean-square
placements of the innermost monomer

FIG. 2. Velocity autocorrelation function~ACF! as computed
from simulation runs within theNVE, NVT, and NpT ensembles.
Neither the coupling to the heat bath nor the fluctuations of
volume seem to affect the behavior of this quantity. The inset sh
a magnification of the initial behavior of the velocity ACF (D
55, PN51, T50.55,N5500).

FIG. 3. The mean-square displacement~MSD! of chain’s center
of mass in the direction parallel to the walls,g3,i(t), obtained from
NVE, NVT, and NpT simulation runs (D55, PN51, T50.55,N
5500). Obviously, theNVT result is identical to that obtained
within the NVE-ensemble simulation. Contrary to that, the tim
evolution of g3,i(t) in the NpT-ensemble simulation is unphysica
for t>1.
7-4
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g1~ t !5
1

M (
i 51

M

^@r i , inner~ t !2r i , inner~0!#2&, ~5!

and of the chain’s center of massg3(t) are displayed versu
time for T50.48. For short times, the motion of the syste
can be described by assuming free particles~ballistic re-
gime!: g1(t)5^v2&t253Tt2 and g3(t)53Tt2/Np , where
^v2& is the mean-square monomer velocity andNp510 is the
number of the monomers of a chain. In agreement with
predictions of the MCT@10–14#, a plateau regime emerge
after the ballistic motion. The tagged particle ‘‘feels’’ th
presence of its neighbors and, as the temperature is low
mains temporarily in the cage formed by these neighb
However, contrary to simple~atomic! liquids, where a direct
crossover from the plateau into the diffusive regime occu
an intermediate subdiffusive regime emerges due to the
nectivity of the monomers@49#. In this regime, the center o
mass already crosses over to the asymptotic diffusive
tion, g3(t).t, whereas the motion of the innermost mon
mer is described by a power lawg1(t);tx with an effective
exponentx.0.63. The innermost monomers reach the dif
sive limit only if g1(t) is larger than the end-to-end distan
of a chain and thus outside of the time window shown in
figure.

In Fig. 5 we compare the mean-square displacemen
the innermost monomerg1(t) for films of various thick-
nesses with that of the bulk. The upper panel correspond
a high temperature ofT51 where the system properties a
liquidlike. At this temperature the influence of the walls

FIG. 4. Log-log plot of the mean-square displacements of
innermost monomerg1(t) and of the chain’s center of massg3(t)
versus time forT50.48. The initial ballistic behaviors forg1(t) and
g3(t), i.e.,g1(t)5^v2&t253Tt2 andg3(t)53Tt2/Np @^v2&: mean-
square monomer velocity,Np510: chain length#, and the late time
diffusive behavior are indicated as dashed lines. In addition
power law fit g1(t);tx with an effective exponentx.0.63 is
shown as another dashed line. The dashed horizontal lines repr
the radius of gyrationRg

2 ~.2.09; upper line! and the plateau value
6r sc

2 of a MCT analysis~.0.054; lower line!, respectively. The
dashed vertical line indicates the timetco of the intersection be-
tweeng1(t) and 6r sc

2 . Additionally, the mode coupling approxima
tion in the b-relaxation regime is shown as a thick solid lin
Adapted from reference@52#.
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rather small so thatg1(t) of the bulk almost overlaps with
that of the film for thicknessesD>10. However, the lower
panel of Fig. 5 shows that the effect of the walls on t
mobility becomes significant at all studied film thickne
with progressive supercooling. Outside the initial ballis
regime, the motion is faster, the smaller the film thicknes

To quantify this observation, we define relaxation times
the time needed by a given mean-square displacement~like
g3 , the MSD of chain’s center of mass org1 , the MSD of
the innermost monomer! to reach the monomer size

gi~ t5t!ª1 ~defining equation fort!. ~6!

e

a

ent

FIG. 5. Log-log plot of the mean-square displacement of
innermost monomerg1(t) for two different temperatures:T51
~high temperature, normal liquid state; upper panel! and T50.5
~supercooled state close toTc

bulk50.45; lower panel!. The figures
compare bulk data with the displacements measured parallel to
walls in films of different thickness:D55('3.5Rg), D510
('7Rg) andD520('14Rg). The film data were multiplied by32
to account for the different number of spatial directions used
calculateg1(t) ~i.e., three directions for the bulk, but only two fo
the films!. The bulk end-to-end distanceRc

2 and radius of gyration
Rg

2 are indicated as dashed horizontal lines. Furthermore, the lo
panel also shows the plateau value 6r sc

2 of a MCT analysis~.0.054;
lowest dashed line!. The solid lines represent the behavior ofg1(t)
expected in different time regimes: ballistic at short times@g1(t)
;t2#, diffusive at late times@g1(t);t#, and dominated by chain
connectivity for times whereg1(t).1 is the monomer diamete
@g1(t);tx; x50.63 is the effective exponent#.
7-5
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TABLE I. Survey of the VFT temperatureT0 , mode coupling critical temperatureTc , and the critical
exponentg for different film thicknessesD and for the bulk.T0 was determined via fits to Eq.~10! both for
the film and for the bulk. As toTc , we determinedTc(D) from fits to Eq.~9!. Tc

bulk andgbulk were known
from previous analyses@39,40,50,51#. This results forTc

bulk is also obtained applying Eq.~9! to the bulk data.

D 5 7 10 15 20 Bulk

T0 0.20460.007 0.25360.013 0.28860.006 0.29760.007 0.30860.004 0.32860.008
Tc 0.30560.006 0.36560.007 0.39060.005 0.40560.008 0.41560.005 0.45060.005
g 2.560.2 2.460.2 2.160.1 2.260.1 2.160.1 1.9560.1
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Note that, due to the film geometry, there are only two in
pendent directions~each of them parallel to the walls! for
diffusive motion compared with three in a homogeneo
melt. For the film, we thus computegi using these two di-
rections and then multiply the result by a factor of3

2. This
multiplication is necessary if the film data are to be co
pared with the corresponding bulk quantities.

Using Eq.~6!, we computedt(gi51) as a function of the
temperature for various film thicknesses, where, in addit
to g3 andg1 , the MSD of all monomers

g0~ t !
1

N (
i 51

N

^@r i~ t !2r i~0!#2&, ~7!

and that of the end monomers~chain ends!

g4~ t !5
1

M (
i 51

M

^@r i ,end~ t !2r ,end~0!#2&, ~8!

have also been used.
For each film thickness, this yields four different rela

ation times as a function of the temperature. As the m
coupling theory@10–14# has been rather successful in d
scribing the slow dynamics of the present model in b
@40,50,51#, we tried to fitt(T) via a power law

t~T!}@T2Tc~D !#2g~D !. ~9!

Such a power-law divergence of thea-relaxation time is pre-
dicted by the MCT for the bulk@11,12,14#.

The fit is done as follows: First, all~three! parameters of
Eq. ~9! were adjusted. The values ofg obtained fromt(g0
51), t(g151), t(g351), andt(g451) agreed well within
the error bars. Therefore, we fixedg at the average value fo
the given film thickness and repeated the fits.

Table I contains results forTc(D) andg(D) obtained in
this way. Figure 6 shows a representative example for
analysis. It depictst21/g versusT for a film of thicknessD
55 ~note thatD is the wall-to-wall distance, the thickness
the region with nonvanishing monomer density is appro
mately D22, see Fig. 19!. The intersection of the straigh
lines ~MCT -fit results! with the T axis yields the critical
temperature at this film thickness:Tc(D55)50.305
60.005. Note that, despite the highly nonlinear relations
between the MSD’s used to define the varioust’s all fits
yield the sameTc .

To test this analysis the resulting critical temperature
be used to linearize reduced plots of the relaxation tim
02150
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e
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versusT2Tc on a log-log scale. Figures 7 and 8 show th
the power law~9! motivated by the ideal MCT is a goo
approximation of the data at temperatures close~but not too
close! to Tc ~see, for example, Fig. 10 and also@40,50,52# for
comparable bulk data!.

However, as indicated by the solid line in the both figur
t(T) can also be described by a VFT fit in the studied te
perature range, i.e., by

t~T!}expS c~D !

T2T0~D ! D , ~10!

wherec is a constant, which can depend on film thickne
The possibility of describing the same data both by a pow
law ~MCT! and by a VFT fit has also been observed for bu
properties of the present model~see Fig. 10 in@39#!. We
therefore use the VFT formula as an independent appro
and determine the VFT temperatureT0 for various film
thicknesses. Table I contains the results forT0(D) thus ob-
tained. A plot ofTc(D)/Tc

bulk and T0(D)/T0
bulk is shown in

Fig. 9. Both the mode coupling critical temperature and
VFT temperature exhibit similarD dependences, thus sug
gesting that the presence of the smooth walls results

FIG. 6. Plot oft21/g versusT the relaxation timet @measured in
units of s(m/e)1/2# was determined by Eq.~6! using the mean-
square displacements of inner, end, and all monomers and o
chain’s center of mass. The mode coupling exponentg was first
determined from fits to Eq.~9! where all fit parameters were firs
treated as independent. As all values obtained forg agreed within
the error bars,g52.560.2, we repeated the fits withg52.5. The
MCT fits to the data are represented by the straight lines. From
intersection of these lines with theT axis the critical temperature is
determinedTc(D55)50.30560.005.
7-6
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REDUCTION OF THE GLASS TRANSITION . . . PHYSICAL REVIEW E65 021507
reduction of the glass transition temperatureTg . As already
mentioned in Sec. I a reduction of the glass transition tem
peratures has also been reported both from experiment
supported polymer films@29# and on free-standing polyme
films @26,31,53# and also from MD simulations of a model o
square-well spherical interaction sites interconnected
fully flexible strings in the case of a weak attraction betwe
the substrate and the chains@35#.

In Fig. 10, t(g151) is depicted versusT2Tc for the
homogeneous melt~bulk! and films of various thicknesses
The solid line indicates the power lawt;(T2Tc

bulk)2gbulk

FIG. 7. Relaxation timet(gi51) for an extremely thin film of
three monomer layers only~wall-to-wall distanceD55!. Different
mean-square displacements are used for the analysis:g0 is the MSD
of all monomers,g1 is the MSD of the innermost monomer,g3 is
the MSD of the chain’s center of mass, andg4 is the MSD of the
end monomers. The long-dashed line indicates the fit using Eq~9!
motivated by the ideal mode coupling theory. However, the so
line that corresponds to a fit using the VFT law describes equ
well the data@see Eq.~10!#. Both fits shown here were done fo
g1(t).

FIG. 8. Relaxation timet(gi51) for a film of thicknessD
510. Different mean-square displacements are used for the a
sis: g0 is MSD of all monomers,g1 is the MSD of the innermos
monomer,g3 is the MSD of the chain’s center of mass, andg4 is the
MSD of the end monomers. The long-dashed line indicates th
using Eq.~9! motivated by the ideal mode coupling theory. Th
solid line corresponds to a fit using the VFT law@see Eq.~10!#.
Both fits shown here were done forg1(t).
02150
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with Tc
bulk50.45 andgbulk51.95. The value ofgbulk used

here corresponds to that obtained from a similar power
fit to the ~bulk! self-diffusion coefficient@39#.

To show the~slight! D dependence of the exponentg, a fit
to D55 data is also depicted~see the long-dashed line wit
an slope of 2.5!. It is seen from this figure that both in th
film and in the bulk, for temperatures very close toTc , the
relaxation times increase more slowly than predicted by
ideal MCT. This discrepancy is an indication of slow rela
ation processes that are not taken into account within
ideal MCT. As temperature decreases, the contribution
these processes becomes important and the ideal MCT

d
ly

ly-

fit

FIG. 9. RatiosTc(D)/Tc
bulk and T0(D)/T0

bulk versus film thick-
nessD. The critical temperaturesTc(D) of the films were obtained
from fits to Eq. ~9!. Similarly, the Vogel-Fulcher-Tammann tem
peraturesT0(D) andT0

bulk are results of fits to Eq.~10!. The error
bars of T0(D) are larger than those ofTc(D), since T0(D)
!Tc(D) so that the difference between the lowest simulated te
perature and the extrapolated result is much larger for the V
temperature than for the critical temperature. Therefore, the res
for Tc(D) are more reliable.

FIG. 10. Relaxation timet determined fromg1(t) by requiring
g1(t)51 ~being monomer diameter!. The solid line indicates the
power law t;(T2Tc

bulk)2bulk suggested by MCT for the bulk a
temperatures aboveTc

bulk ~Tc
bulk50.45 andgbulk51.95 @39#!. The

long-dashed line represents a fit toD55 data with an exponent o
g(D55)52.5. Both in the film and in the bulk, for temperature
very close toTc , the relaxation times increase more slowly th
predicted by the ideal MCT.
7-7
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F. VARNIK, J. BASCHNAGEL, AND K. BINDER PHYSICAL REVIEW E65 021507
longer holds. A common picture in describing the slow d
namics of the system at these temperatures is that of an
ergy landscape withfinite potential barriers. Relaxation pro
cesses are then described as jumps~hoppings! between
neighboring energy minima. If one assumes a sharp distr
tion of the potential barriers around a given value,E0 , i.e., if
all such barriers are assumed to have more or less the s
height, the probability of a jump over a barrier is then eq
to the probability of having an energyE>E0 . Assuming that
the diffusion constantD is proportional to this probability,
one obtains

D}E
E0

`

expS 2
E

kBTDdE5expS 2
E0

kBTD . ~11!

Thus, due to the above picture, at low enough temperat
the diffusion constant obeys an Arrhenius law. Here, ‘‘lo
enough’’ means temperatures very close to or belowTc .
However, for higher~but not too high! temperatures one
again expects the validity of a power law also for the diff
sion constant

D}uT2Tc~D !ug~D !. ~12!

Using the mean-square displacements, we compute the
fusion constant from

D5 lim
t→`

gi~ t !

6t
. ~13!

Note that, in the diffusive limit (t→`), there is no differ-
ence betweeng0 , g1 , g3 or g4 @see, for example, the uppe

FIG. 11. Diffusion constant of a chain versusT2Tc for films of
thicknessD55, 10, 20, and for the bulk. The critical temperatur
Tc(D) of the films were obtained from fits to Eq.~9! @see Table I#.
Tc

bulk was known from the previous bulk analysis@40#. The straight
lines indicate fits using Eq.~12!. The mode coupling exponentg is
larger for stronger confinement~smaller film thickness!. Note that,
the lowest simulated temperature isT50.35 for D55 andT50.4
for D510. However, as the critical temperature of the thinner fi
is much lower@Tc(D55)50.305 compared toTc(D510)50.39#
the D510 data arecloser to the correspondingTc . This explains
why practically no deviation from a power law is observed forD
55.
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panel in Fig. 14, whereg0(t) andg3(t) coincide for larget#.
In the praxis, however, one has to evaluate Eq.~13! at large
but finite t. As the mean-square displacements of chain’s c
ter of mass reaches the diffusive limit faster than oth
MSD’s ~see Fig. 4!, one should useg3(t) in an evaluation of
Eq. ~13!.

The best results on the diffusion constant one obtains
numerical. A log-log plot of the diffusion constant versusT
2Tc is depicted in Fig. 11 for various film thicknesses a
for the bulk. Similar to the behavior of the relaxation tim
discussed above, at temperatures very close toTc , results for
the diffusion constant deviate from the power law given
Eq. ~12!. Motivated by the discussion that led to Eq.~11!, we
try to fit the diffusion constant at law temperatures by
Arrhenius law. This is demonstrated in Fig. 12 for the case
a film of thicknessD510, where Eq.~11! is applied to the
last few data points in low temperature regime. From this
we obtainE0'9.35. However, one should be careful with a
interpretation ofE0 . Recall that Eq.~11! was derived assum
ing that all potential barriers have the same height ofE0 .
Therefore, an interpretation ofE0 as the typical height of the
potential barriers in an energy landscape requires a stud
the inherent structure of the system.

It is also shown in Fig. 12 that the data at higher but n
too high temperatures are well described by a power law
expected from the MCT analysis of the relaxation times p
sented in this section.

Next we look at the temperature dependence of a cro
over timetco given by

FIG. 12. Diffusion constant of a chain versus inverse tempe
ture for films of thicknessD55, 10, 20, and for the bulk. The
critical temperaturesTc(D) of the films were obtained from fits to
Eq. ~9! @see Table I#. Tc

bulk was known from the previous bulk analy
sis @40#. The solid line indicates the fit results using Eq.~12! for
D55. The dashed line indicates a similar fit result forD510. A
short solid line indicates the result of an Arrhenius fit@see Eq.~11!#
to theD510 data in a low temperature range, where the ideal M
no longer holds@see also the text#. Note that, the lowest simulate
temperature isT50.35 forD55 andT50.4 for D510. However,
as the critical temperature of the thinner film is much low
@Tc(D55)50.305 compared toTc(D510)50.39#, theD55 data
are farther from the correspondingTc . This explains why a power
law fits well to D55 data at all temperatures.
7-8
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REDUCTION OF THE GLASS TRANSITION . . . PHYSICAL REVIEW E65 021507
g1~ t5tco!ª6r sc
2 50.054 ~definition of tco!. ~14!

This definition is motivated by an analysis of the bulk, whe
r sc ~' 0.1 monomer diameter! appears as a relevant leng
scale for the dynamics of a monomer in its local environm
~‘‘cage’’ ! @40,50#. The value 6r sc

2 ~roughly! coincides with
the inflection point ofg1(t) and thus marks the crossov
from the early time regime, whereg1(t) is almost flat, to the
late time regime, whereg1(t) gradually increases with time
and finally becomes diffusive~see Fig. 14!. Motivated by
ideal MCT, one expects thattco diverges atTc with a power
law

tco~T!}uT2Tcu21/2a, ~15!

with 0,a,0.5. The exponenta describes the initial deca
of the correlation functions from the ballistic regime to t
plateau@12–14#. The analysis of the bulk data showed th
a50.352@40#.

Figure 13 displaystco
22a versusT2Tc for the bulk and for

various film thicknesses:D55 ~'3.5Rg ; Rg is the bulk ra-
dius of gyration!, D57 ('5Rg), D510 ('7Rg), and D
520 ('14Rg). The critical temperatures are taken fro
Table I and for the exponenta we used the bulk valuea
50.352@40#. It is seen from Fig. 13 that this value yields
good linearization of the bulk data. Fortco obtained from the
film data, however, deviations occur indicating a~rather
slight! D dependence of the exponenta.

FIG. 13. Temperature dependence of the crossover timetco

@measured in units ofs(m/e)1/2# for the bulk and different film
thickness:D55 ~'3.5Rg ; Rg is the bulk radius of gyration!, D
57 ('5Rg), D510 ('7Rg), andD520 ('14Rg). The critical
temperatures were obtained from fits to Eq.~9! @see Table I#. The
crossover time was determined from the mean-square displace
of the innermost monomerg1(t) by the conditiong1(tco)56r sc

2

50.054. This choice as well as power laws of both panels
motivated by a MCT analysis of the bulk data@40,50,51#. The value
6r sc

2 ~roughly! coincides with the inflection point ofg1(t) and thus
marks the crossover from the early time regime, whereg1(t) is
almost flat, to the late time regime, whereg1(t) increases faste
with t and finally becomes diffusive@see Fig. 14#. The exponenta
used to linearize the data close toTc is that of the bulk~a50.352
@40#!.
02150
t

t

The previous analysis of theT dependence of the relax
ation timet and of the crossover timetco suggests that the
critical temperature depends strongly on film thickness,
the variation of the exponentsa or g is rather weak. Within
the framework of MCT the exponentsa andg are related to
one another and determined by the so-called exponent
rameterl, which controls the time evolution of the monom
mean-square displacement in the plateau regime~see Fig. 4!.
Thus, the weak variation of the exponentsa and g with D
should imply that the time dependence of the mean-squ
displacements in the film closely follows that of the bulk,
the plateau regime. It is, therefore, interesting to test whe
the mean-square displacements of the film and of the b
obey the same master curve when compared for the s
reduced temperature,T2Tc . This idea is first examined in
the upper panel of Fig. 14 where the MSD’s of the innerm
monomersg1(t) and of the chain’s center of massg3(t) are
compared atT2Tc50.07 for the bulk and for a film of
thicknessD510 ~as Tc

bulk50.45 andTc(D510)50.39, the
bulk data atT50.52 are compared to the corresponding fi
data atT50.46!. There is a good agreement between the fi
and bulk data over a long period of time, in particular, f
intermediate times. The lower panel of the figure extends
comparison to lower temperatures. Whereas the film d
still closely agree with each other for all times simulated, t
is no longer the case for the bulk data. By simply shifting t
T axis it is only possible to rescale the bulk and film da
onto a common master curve in the intermediate time w
dow of the plateau. At later times, however,g1(t) of the bulk
increases faster witht thang1(t) of the films. This difference
is more pronounced the closerT is to Tc(D).

A preliminary analysis of the incoherent scattering fun
tion also reveals the property that for intermediate times,
data corresponding to different film thicknesses follow t
same master curve when compared for the same red
temperatureT2Tc(D). A more detailed investigation an
comparison with the behavior of the mean-square displa
ments is under way.

V. LOCAL DYNAMICS

The discussion of the preceding section illustrated that
dynamics of the film is accelerated with respect to the bu
Obviously, this is a consequence of the walls. A natural qu
tion is, therefore, how the motion of the monomers depe
on their distance from the wall. To obtain a better insight in
this dependence we study the local displacements, i.e.,
mean-square displacements measured within layers o
small thickness~bin! at various distances from the wal
However, when trying to analyze local displacements
problem of how to assign particles to layers has to be
dressed. A possible definition is to associate a monome
beledi to that bin to which its initialz position,zi(t0), cor-
responds

g0~ t;z!5K (
i 51

N

d„z2zi~ t0!…

3@r i~ t !2r i~ t0!#2Y (
1

N

d„z2zi~ t0!…L . ~16!

ent
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F. VARNIK, J. BASCHNAGEL, AND K. BINDER PHYSICAL REVIEW E65 021507
The drawback of this definition is, however, that some p
ticles may leave this layer a later time. If one adds th
contribution to the MSD to that of those particles that alwa
remain in the initial region, a sort of averaging over oth
regions is introduced. Obviously, the larger the time diff
encet2t0 , the greater the probability that some tagged p
ticle has left its initial layer. As a consequence, the lo
character of the obtained information becomes question
for large times. An estimate of the time beyond which th
averaging over neighboring regions becomes appreciab
the time at which the mean-square displacements in tr
verse direction become comparable to the half of the
size. For larger times local information is gradually lost a
the MSD’s of different regions converge towards the aver
MSD of the whole system. This point is nicely demonstra

FIG. 14. Upper panel shows the mean-square displacemen
the innermost monomerg1(t) and of the chain’s center of mas
g3(t) between the bulk~symbolss and* ! and a film~solid lines!
of thicknessD510 ('7Rg). The panel compares the results for t
same distance to the critical temperatureTc ~i.e.,T2Tc50.07!. The
displacements of the film are calculated parallel to the wall. Th
were multiplied by3

2 to put them on the scale of the bulk data. T
two horizontal dashed lines show the bulk end-to-end distanceRe

2

and the radius of gyrationRg
2, respectively. The ballistic short-tim

behavior g1(t)53Tt2 is indicated for the bulk atT50.52. The
lower panel shows behavior ofg1(t) for D55, 10, 20, and for the
bulk when approachingTc @Tc(D55)50.305, Tc(D510)50.39,
Tc(D520)50.415,Tc

bulk50.45#. The dashed horizontal line show
the plateau value 6r sc

2 ~.0.054! of a MCT analysis performed on
the bulk data@40#. For intermediate times, the film and bulk da
corresponding to a givenT2Tc follow the same master curve.
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in Fig. 15 where the MSD of all monomers in the directio
parallel to the wallsg0,i(t), is shown for two regions of
different mobility in a film of thicknessD510 atT51 ~high
temperature liquid state!. As g0,i.1 ~half of the bin size!, the
MSD of both regions converge towards that of the who
system for large times.

To avoid this problem, a more stringent criterion must
used to compute local MSD’s from particle displacemen
The contribution of a tagged particle to the MSD of a giv
layer at a timet should be taken into account if and only
the tagged particle has been in the same layer forall times
t0<t8<t

of

y

FIG. 15. Illustration of the dependence of the local MSD up
the way the particle displacements are attributed to layers~local-
ized!. For this purpose, two regions of different mobilities are co
sidered: A region around the film center, 3<z<5, and the first layer
close to the walls, 1<z<3 (z5uzparticle2zwallu). Note that there is
practically no particle in the very proximity of the walls, i.e., in th
region with 0<z<1. If the displacement of a particle is alway
attributed to the layer, where the particle was observed att0 , the
obtained results for the local MSD’s are biased in the followi
sense: If a tagged particle leaves its initial layer at a later time
motion will partly represent the properties of the layers it has ‘‘v
ited’’ so far. Attributing the mobility of such a particle to the initia
layer thus represents an averaging over many layers. The erro
troduced in this way is negligible for short times. However, as
MSD in transverse directiong0,'(t) becomes comparable to the ha
of the layer thickness@see the intersection of the horizontal lin
with g0,'(t)# the error dominates and the local character of the d
is lost to a large extent. For very long times, no local informati
‘‘persists’’ this averaging and curves belonging to different regio
converge towards the system average@see long-time behavior of the
dotted lines#. The correct definition requires that only those pa
ticles are allowed to contribute to the mobility of a given regio
which stay in the same layer for all timest0<t8<t @see long-
dashed lines#. However, there is also a drawback to this corre
definition: As any particle that leaves its initial layer must be e
cluded by the computation of the MSD’s, the statistical uncertai
increases with the number of such particles and thus with time@see
long-dashed lines for larget#. Statistical accuracy at large times thu
requires more independent samples of the same system. The d
ence in the magnitude ofg0,'(t) andg0,i(t) arises from the fact tha
there is only one independent direction perpendicular to the w
compared to two independent parallel directions.
7-10
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g0~ t;z!5K (
i 51

N

)
t85t0

t

d„z2z8~ t8!…

3@r i~ t !2r i~ t0!#2Y (
1

N

)
t85t0

t

d„z2zi~ t8!…L .

~17!

This correct definition is, however, computationally more d
manding. The reason lies in the fact that the contribution
particles, which have left their initial layer at some lat
time, has to be ignored for all subsequent times. As the n
ber of such particles increases with time, the statistical ac
racy decreases at late times. To improve it, one needs m
independent samples of the same system.

In Fig. 16 we focus on another aspect of the same pr
lem. Figure 15 suggests that a good estimate of the tim
which the difference between Eqs.~16! and~17! is no longer
negligible isg1,i(t)5(bin width)/2. Here, we stress that th
inverse is not necessarily true, i.e., the error is not necess
negligible for shorter times. Already in Fig. 15 one can o
serve that, in the case of the layer close to the wall, de
tions from the correct curve occur at shorter times than
intersection point betweeng0,'(t) and the horizontal line in-
dicating half of the layer thickness. This point is more clea
demonstrated in Fig. 16 where the MSD’s of a film of thic
ness D520 at a low temperature ofT50.46 are used
@Tc(D520)50.415#. Here, for the layer in the inner part o
the system, the deviations are appreciable already at tim
which are about two orders of magnitude smaller than
‘‘intersection time.’’ One should, therefore, be aware of th
discrepancy when analyzing local quantities.

FIG. 16. Same as in Fig. 15 but for a film of thicknessD520 at
a low temperature ofT50.46 @Tc(D520)50.415#. The figure il-
lustrates that attributing the displacement of a particle to the la
where it was at the initial timet0 , can lead to errors that strongl
depend on the layer under consideration. Therefore, the results
tained using this definition are not reliable even at times for wh
the MSD in transverse directiong0,' is much smaller than the hal
of the layer thickness which, in turn, is the localization resolutio
The difference in the magnitude ofg0,'(t) and g0,i(t) arises from
the fact that there is only one independent direction perpendicul
the walls compared to two independent parallel directions.
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Figure 17 depicts the local MSD of the innermost mon
mer, g1(t;z), for a film of thicknessD520 at a low tem-
perature ofT50.46. The displacements are calculated pa
lel to the walls using Eq.~17!. We see from this figure tha
the mobility in film center is practically equal to that of th
bulk, whereas monomers in the proximity of the wall a
much more mobile. There is a gradual transition from t
two step relaxation characteristic of the bulk at this tempe
ture to a smooth crossover from microscopic to free diffus
motion as the layers are closer to the wall. Whereas the b
like dynamics for the film center is plausible—the monom
density profile is flat there and equal torbulk ~see Fig. 19!,
the continuous speeding up of the dynamics in spite of
pronounced oscillations of the monomer density is less in
tive. It could be related to the following points: An importa
factor is certainly the wall potential. This potential is soft
@see Eq.~2!# than theLJ potential that means that a monom
close to a wall can further penetrate the wall than a mono
can approach the center of mass of its nearest neighb
This should yield a higher mobility of the monomers at t
wall at lowT where the dense local packing of the monom
is responsible for the mutual blocking and slowing down
the bulk dynamics.

On the other hand, the static structure factor of Fig
shows that the first maximum is not as large in the film as
the bulk at the same low temperature. This implies that
overall arrangement of the monomers in the nearest neigh

r,

b-
h

.

to

FIG. 17. Layer-resolved mean-square displacement of the in
most monomerg1(z,t) versus time for a film of thicknessD520
('14Rg ; Rg is the bulk radius of gyration! at T50.46 ~Tc(D
520)50.415; see Table I!. z denotes the distance from the~left!
wall. The displacements are calculated parallel to the wall and m
tiplied by 3

2 ~to put them on the same scale as the bulk data~d!
which are averaged over three spatial dimensions instead of
only two for the film!. The g1(z,t) data ~indicated by lines! are
averages over all mononiers between somezmin<z<zmax which re-
main in the specifiedz interval for all times shown in the figure
Due to the loss of the statistical accuracy at late times, the data
some times cut off at times with large statistical noise. In the mid
of the film (9<z<10) g1(z,t) coincides withg1(t) of the bulk,
whereas it is much faster at the wall (0<z<2). The average be-
havior of the film~i.e., the average over all layers! is shown byh.
The dashed horizontal line indicates the plateau value 6r sc

2 ~.0.054!
of a MCT analysis performed in the bulk@40,50,51#.
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shells is not as pronounced in the direction parallel to
wall as it is in the bulk. Since this local packing is an impo
tant factor for the slowing down of the structural relaxati
~Hansen-Verlet freezing criterion!, the dynamics in the film
should be faster.

Using a local version of Eq.~6!, we define az-dependent
relaxation timet(z)

gi~ t5t~z!;z!ª1 @defining equation fort~z!#, ~18!

wherei 50, 1, 3, 4 denotes various types of displacements
a polymer system~see Sec. III and IV!.

For a film of thicknessD520, we applied Eq.~18! to the
local MSD of all monomers,g0(t;z), and computedt(z) at
various temperatures. The results thus obtained are displ
in Fig. 18. Not unexpectedly, the effect of the walls is qu
small at high temperatures. AtT51, for example, there is a
wide region ofz-independent relaxation time around the fil
center. This constant value agrees with the relaxation timt
obtained by applying Eq.~6! to the bulk data. As the tem
perature decreases the presence of the walls is ‘‘felt’’ also
the inner part of the film and the width of the region of t
constant relaxation time decreases.

This propagation of the wall effects into the inner part
the film is also observed in the density profile. Figure
shows that density oscillations become more pronounced
long ranged at lower temperatures. Since the normal pres
is kept constant during the simulations~as it was also the
case in preceeding simulations in the bulk@40#!, the average
value of the density in the film center increases with decre
ing temperature and coincides with that of the bulk at

FIG. 18. Relaxation timet(g051;z) versus distance from the
wall for a film of thicknessD520 ~'14Rg ; Rg is the bulk radius
of gyration!. Here,z stands for the distance of the center of a lay
~bin! from the ~left! wall. The thickness of a bin isDz51. In the
calculation of the local mean-square displacements of all mo
mers,g0(t,z), which underlies the definition oft, we consider the
contribution of only those monomers, which remain within t
specified layer for all timest8<t ~see also the text!. At high tem-
peratures, there is a wide region around the film center, wheret is
independent ofz. Contrary to that, at lowT, the presence of the
walls is ‘‘felt’’ also close to the film center@note that the lowest
temperature is close toTc(D520)50.415; see Table I#.
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same temperature. This increase of the density in the
gives rise to more pronounced oscillations of the monom
profile.

VI. CONCLUSION

We presented results on molecular-dynamics simulati
for a model of nonentangled short polymer chains confin
between two perfectly flat, nonadsorbing and impenetra
walls. The monomer-wall interaction is modeled by a pote
tial that diverges asz29 when a monomer approaches th
wall. This repulsion is weaker than the 12-6 Lennard-Jo
potential of the monomer-monomer interaction and also t
the soft-sphere potential (;z212) used in simulations of con
fined supercooled simple liquids@54,55#. This special choice
of the monomer-wall interaction has an influence on both
static and dynamic properties of the polymer films.

We find oscillations of the monomer density that st
from a large value close to the wall and decay towards
bulk density in the middle of the film for sufficiently larg
film thickness. The amplitude of these oscillations becom
more pronounced with the decreasing temperature, since
bulk density increases in our constant-pressure simulati
However, the height of the largest maximum at the wall do
not exceed 1.5 times the bulk density in the temperat
range studied. This is much smaller than the difference fo
in simulations where the particle-wall interaction is model
by a soft-sphere potential. There, the density can be m
than four times larger than the bulk density at lowT, which
leads to a vanishing of the density in the subsequent m
mum. In this case it is conceivable that the smoothness of
walls, which could promote fast particle motion~slip bound-
ary condition!, is completely outweighed by the high densi
in the first layer, and one can speculate that the subseq
layers are also slowed down with respect to the bulk. T

r

o-

FIG. 19. Temperature dependence of the monomer density
file r(z) for D520'14Rg ~Rg is the bulk radius of gyration!. z
denotes the position of a monomer from the~left! wall. Since the
profiles are symmetric with respect to the middle of the film, on
one half is shown. The temperatures are characteristic of the h
temperature state (T51) and the supercooled state~T50.46
.Tc(20)50.415; see Table I! of the melt. The horizontal filled
circles ~d! indicate the bulk densitiesrbulk50.91 andrbulk51.038
at T51 andT50.46, respectively.
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could explain why the studies@54,55# found an increase o
the glass transition temperature rather than a decreas
though the confinement was realized by completely smo
walls as in our work.

In our work the repulsive monomer-wall interaction
much softer, even than that between the monomers in
bulk. Therefore, a monomer can come closer to the wall t
to anyone of its nearest neighbors. This should give a mo
mer at the wall more freedom to move. Since the slow
down of the structural relaxation of our model in the bu
mainly results from the blocking of a particle by its neare
neighbors@40,50,51#, one can expect this difference in repu
sive interaction to become particularly important at low te
peratures close toTc . This expectation is borne out by th
simulation data. Whereas the monomers in the film cen
exhibit very sluggish motion in an intermediate time interv
a signature of the ‘‘cage effect,’’ this intermittence of th
displacements is not at all visible for the monomers in c
tact with the wall. They behave as if they were at a high
temperature~see Fig. 17!. Their higher mobility also triggers
faster motion of adjacent monomers, leading to an ove
acceleration of the dynamics in the film.

We have tried to quantify this acceleration by fitting va
ous relaxation times and the diffusion coefficient of a ch
to both a power law, motivated by mode coupling theo
~MCT!, and by the Vogel-Fulcher-Tammann~VFT! equation.
The power law yields an estimate of the critical temperat
Tc and the VFT equation of the Vogel-Fulcher temperat
T0 as a function of film thicknessD. In accord with the
qualitative observations described above bothTc(D) and
T0(D) decrease with decreasing film thickness. Furtherm
a comparison of the rescaled quantities, i.e., ofTc(D)/Tc

bulk

andT0(D)/T0
bulk , shows that the variation withD of Tc(D)

agrees with that ofT0(D). Although the extrapolation toT0
m

oo
J

nd
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is less reliable than that toTc , since it has to cover a large
T range, this result suggests that the glass transition temp
ture of our model should follow the same behavior.

The reduction of the critical temperature seems to be
dominant influence of the walls on the dynamics in the tim
window of the MCT-b process. For these intermediate time
the mean-square displacements of the films of various th
nesses and of the bulk exhibit the same time depende
when compared for a fixed reduced temperatureT2Tc . This
shifting property of the temperature axis suggests that sim
processes cause the intermittence of monomer motion
these intermediate time scales in the bulk and in the film
However, deviations between film and bulk dynamics a
found as soon as the monomers escape from their local
vironment and thea relaxation sets in. In order to understan
these differences better we want to investigate the incohe
intermediate scattering function and related quantities
provide information on the dynamics on different leng
scales. Work in this direction is under way.
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