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Abstract. The dynamic and static properties of a supercooled (non-entangled) polymer melt are investi-
gated via molecular-dynamics (MD) simulations. The system is confined between two completely smooth
and purely repulsive walls. The wall-to-wall separation (film thickness), D, is varied from about 3 to about
14 times the bulk radius of gyration. Despite the geometric confinement, the supercooled films exhibit
many qualitative features which were also observed in the bulk and could be analyzed in terms of mode-
coupling theory (MCT). Examples are the two-step relaxation of the incoherent intermediate scattering
function, the time-temperature superposition property of the late time a-process and the space-time fac-
torization of the scattering function on the intermediate time scale of the MCT [(-process. An analysis of
the temperature dependence of the a-relaxation time suggests that the critical temperature, Tt, of MCT
decreases with D. If the confinement is not too strong (D > 10 monomer diameter), the static structure
factor of the film coincides with that of the bulk when compared for the same distance, T'— Tc(D), to the
critical temperature. This suggests that T — Tc(D) is an important temperature scale of our model both
in the bulk and in the films.

PACS. 61.20.Ja Computer simulation of liquid structure — 61.25.Hq Macromolecular and polymer solu-

tions; polymer melts; swelling — 64.70.Pf Glass transitions

1 Introduction

Glass-forming materials have been used by mankind since
the very early days of civilization. An example are early
ceramics from the neolithic period dating back to 5000
B.C. In addition to conventional glasses like those used
for windows, bottles, etc., polymers represent a new class
of glassy systems with a large variety of thermal and elas-
tic properties. Due to their (in general) low thermal con-
ductivity, polymers are utilized as protective coatings in
(micro-) electronic devices, optical fibres and other ther-
mally fragile materials [1-3]. Furthermore, the high dielec-
tric constant of some polymeric compounds suggests their
application as porter of electric circuits, a new field under
evolution [4,5]. In all these applications, the polymer is in
contact with another material. This gives rise to an inter-
face. It is therefore important to know whether and how
the interface alters the properties of the system. In par-
ticular, one would like to understand to what extent the
glass transition temperature is influenced by the polymer-
substrate interactions. Hence, the study of the glass tran-
sition in thin polymer films finds a strong motivation from
the technological side.
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In addition to the technological importance, the study
of the glass transition in thin polymer films is also of fun-
damental interest. It could help to elucidate the nature
of this phenomenon. According to Adam and Gibbs [6],
structural relaxation near the glass transition can take
place only if many particles move in a correlated way
to allow a collective rearrangement. The average size of
such a “cooperatively rearranging region” defines a dy-
namic correlation length &. The larger is &, the smaller
the probability of a cooperative motion and thus the
longer the structural relaxation time are supposed to be. If
one assumes that £ diverges at some temperature (Vogel-
Fulcher-Tammann temperature) below Ty, the glass tran-
sition can be considered as a thermodynamic second-order
phase transition.

However, the cooperatively rearranging regions are not
directly correlated with static density fluctuations. The
structure of a glass former changes only slightly upon cool-
ing, contrary to the hypothesized strong increase of £. As
a consequence, scattering experiments cannot be used to
determine £(7T') [7]. One has to resort to indirect investiga-
tions. A possibility consists in studying confined systems.
If the system size, L, is finite, one could expect that the
cooperatively rearranging region cannot grow beyond any
bound, its largest extension being £ = L < oo. Therefore,



176

the glass transition temperature should depend on L and
decrease with system size.

In thin polymer films it is the film thickness, D, which
is finite and thus one expects Ty = Tg(D). Indeed, one
finds a dependence of Ty on D in both experiments [8-
13] and computer simulations [14]. However, the observed
change of T, with D strongly depends on the system un-
der consideration. If the interaction between the polymers
and the substrate is attractive, the glass transition tem-
perature of the films becomes larger than the bulk value
for small film thicknesses [10]. Intuitively, this effect can
be attributed to chains which are close enough to the sub-
strate to “feel” the attractive interaction. The motion of
these chains should be slowed down with respect to the
bulk. In a thin film almost all chains touch the attractive
substrate. So, T, should increase.

On the other hand, measurements (by ellipsometry) of
polystyrene (PS) films (of rather large molecular weights)
on a silicon substrate showed a significant decrease of Ty
from 375 K down to 345 K for the smallest film thickness of
10 nm, i.e. a relative change of 10% in T, was observed [9].
There have also been many experiments in recent years on
freely standing polystyrene films (i.e., no solid substrate,
but two polymer-air interfaces) [8,11-13] exhibiting a dra-
matic decrease of T, by up to 20% if the film thickness
becomes much smaller than the chain size. An interesting
explanation of this observation in terms of an interplay
between polymer-specific properties and free-volume con-
cepts has been proposed [15].

This sensitive dependence of 7, on the polymer-
substrate interaction was also observed in computer simu-
lations [14]. One finds that a strongly attractive wall leads
to an increase of T, whereas a weaker attraction has the
opposite effect. Therefore, for repulsive walls, a decrease of
T, can be expected, provided that other parameters of the
system, in particular the average density, are unaffected
by the confinement. As the simulations of our system in
the bulk were done at constant external pressure [16,17],
we also carried out the simulations of the films at con-
stant normal pressure in order to obtain an average den-
sity that lies as close as possible to the bulk density at
the same temperature. This allows to separate the effect
of confinement from that of the density.

Note however that the glass transition temperature is
an empirical quantity. It is usually defined as the tem-
perature at which the viscosity reaches a value of 10'3
poise. So, the choice of another number would give a dif-
ferent value of T. Furthermore, T, depends on the cooling
rate so that it is not a temperature in a strict thermo-
dynamic sense. Therefore, other temperatures have been
introduced to characterize the glass transition. One exam-
ple is the so-called Vogel-Fulcher-Tammann (VFT) tem-
perature, Ty, at which the system viscosity is supposed to
diverge. This quantity is obtained by fitting the viscosity,
n(T), to the empirical function, n(T) =ng exp[E/(T —Tp)].
An attempt to rationalize the VFT law is the free-volume
theory [18-21]. The main idea of this approach is that
a tagged particle can leave its initial position only if it
finds a “free volume” of size vf > v, in its neighborhood
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(ve being some critical volume of the order of the size of
a molecule). It is further supposed that the average free
volume vanishes at Tj. Assuming statistical independence
of the free volumes and using a Taylor expansion of the
average free volume around Tj, one obtains the VFT law
for transport coefficients like the viscosity or the (inverse)
diffusion coefficient. This brief description illustrates that
the free-volume theory has a phenomenological character.
The precise meaning of the free volume is unclear and
the existence of T, where v¢ is supposed to vanish, is not
derived, but postulated.

Contrary to the VFT temperature, the critical tem-
perature of the so-called mode-coupling theory (MCT)
results from a microscopic approach to the dynamics of
supercooled (simple) liquids [22-24]. Within the idealized
version of the theory, the structural relaxation time di-
verges at a critical temperature T, while the static prop-
erties of the system remain liquid-like. This implies that
the system vitrifies at T.. Thus, from the point of view
of MCT, the glass transition is a purely dynamic phe-
nomenon. However, comparisons between the theory and
experiments [24,25] reveal that T, lies in the region of the
supercooled liquid, where the glass former is only moder-
ately viscous and no absolute freezing occurs. In reality,
there are additional relaxation mechanisms which are not
incorporated in the idealized MCT and begin to domi-
nate close to and especially below T.. An attempt was
made to approximately include these relaxation processes
in an extended version of MCT [23], but the validity of this
extension is currently unclear [26]. Nevertheless, the ideal-
ized MCT derives several empirically known phenomena,
such as the stretching of the a-relaxation, which is often
described by the Kohlrausch-Williams-Watts (KWW) law
(o exp[—(t/7)"], where 3 < 1), or the time-temperature
superposition principle. Furthermore, it also makes new
predictions, such as the space-time factorization property,
which have been tested both in experiments [24,25] and
computer simulations [27].

An application of MCT to our polymer model in the
bulk [17,28-31] revealed that the theory represents a suit-
able framework to analyze the dynamics of the super-
cooled melt. Therefore, we attempt to test whether MCT
can also be applied to the supercooled polymer films. We
find that even for an extremely thin film of three monomer
layers, some features of the dynamics at low tempera-
tures can be successfully described by MCT. This anal-
ysis yields T, as a function of film thickness and shows
that 7, decreases with D. Within the error bars the
Vogel-Fulcher-Tammann temperature exhibits the same
D-dependence so that we also expect the glass transition
temperature of our model to behave analogously due to
To(D) < Ty(D) < T.(D).

The paper is organized as follows: After a presentation
of the model in Section 2, Section 3 focuses on the influ-
ence of the confinement on static properties of the system.
A discussion of the dynamics is the subject of Section 4.
In Section 5 we determine the dependence of T and T on
film thickness and the last section summarizes our conclu-
sions.
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2 Model

We study a Lennard-Jones (LJ) model for a dense poly-
mer melt [16,32] of short chains (each consisting of 10
monomers) embedded between two completely smooth,
impenetrable walls [33,34]. Two potentials are used for the
interaction between particles. The first one is a truncated
and shifted LJ potential which acts between all pairs of
particles regardless of whether they are connected or not,

ifr<re,
otherwise ,

ULi-ts (T) = { ([)],LJ (T) —Upj (Tc) 5

where Upj(7) :46{(0/7‘)12 — (0/7‘)6} and 7. =2 x 2'/%¢.
The connectivity between adjacent monomers of a chain
is ensured by a FENE potential [32],

k 2
UFENE(T) = —§R(2) In [1 — (RLO) :| s

(1)

where k=30¢/0? is the strength factor and Ry=1.50 the
maximum allowed length of a bond. The wall potential

was chosen as 0
o
twz) =<(7) 2

where 2z = |Zparticle — Zwail| (2wan = £D/2). This corre-
sponds to an infinitely thick wall made of infinitely small
particles which interact with inner particles via the poten-
tial 45¢(0/r)12 /(47 pwanc®) where pyan denotes the den-
sity of wall particles. The sum over the wall particles then
yields e(o/2)?. All simulation results are given in Lennard-
Jones (LJ) units. All lengths and energies are measured,
respectively, in units of ¢ and €, temperature in units of
¢/kp (kg=1) and time in units of (mo?/e)'/2.

The bottom panel of Figure 1 compares the bond po-
tential, i.e. the sum of LJ and FENE potentials, with the
LJ potential. It shows that the bonded monomers prefer
shorter distances than the non-bonded ones. Thus, our
model contains two intrinsic length scales (see top panel
of Fig. 1 for a schematic illustration). Since these length
scales are chosen to be incompatible with a (fcc or bec)
crystalline structure and since our chains are flexible (no
bond angle or torsion potentials), one could expect that
the system does not crystallize at low temperatures, but
remains amorphous [35].

This expectation is well borne out, as Figure 2 illus-
trates. The upper part of the figure shows a snapshot of
a film of thickness D =20 and at temperature T = 0.44
which corresponds to the supercooled state. The visual in-
spection of this configuration suggests that the structure
is disordered. This is corroborated by an analysis of the
static structure factor S(gq).

The lower part of Figure 2 shows S(q) for a film of
thickness D = 10 at temperatures corresponding to the
normal liquid state and to the supercooled state. S(q) is
calculated parallel to the walls (i.e. ¢=|q|, ¢=(¢z,qy))
by averaging over all monomers in the system. Figure 2
shows that the maximum value of the S(g) increases at
lower temperature and that its position is slightly shifted
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Fig. 1. Bottom panel: Lennard-Jones potential (LJ) versus
the bond potential, the sum of the LJ and FENE potentials.
The bond potential is shifted by 20 to lower values for the sake
of comparison with the LJ potential. The minimum position
of the bond potential is smaller than that of the LJ potential:
The bond potential has its minimum at r ~ 0.960, whereas
that of a pure LJ potential lies at 7= v/20. Due to the incom-
patibility of these length scales and the flexibility of our model
(no bond angle or torsion potentials), one expects that cooling
the system would not lead to crystallization, but the system
maintains the amorphous structure typical of the liquid phase.
This expectation is confirmed by the behavior of static struc-
ture factor (see lower panel of Fig. 2). Top panel: schematic
visualization of the local distortion of the structure due to the
two intrinsic length scales of the model.

towards larger ¢-values. Thus, the average interparticle
distance decreases with decreasing temperature, since the
density of the film increases in our simulations at constant
pressure [34]. However, these structural changes are rather
small. Even at a very low temperature of T'=0.42 which
is quite close to the critical temperature of the system at
this film thickness (T.(D=10) = 0.39), no qualitative dif-
ference is observed between the structure factors at low
and high temperatures. The packing of the system thus
remains liquid-like (i.e. amorphous) at all studied tem-
peratures.
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Fig. 2. Upper panel: a snapshot of the simulation box for a
film of thickness D = 20 at T' = 0.44. Note that the mode-
coupling critical temperature of the system at this film thick-
ness is Te(D =20)=0.415 (see text and also [43]). A tempera-
ture of T'=0.44 thus corresponds to the supercooled regime at
this film thickness. Lower panel: structure factor S(q) versus
the modulus, g, of the wave vector for a film of thickness D=10
at three temperatures: T =0.42, 0.5, and T =1 (the critical
temperature of mode-coupling theory for this film thickness is
To(D=10) = 0.39 £ 0.005, see Tab. 1). At low temperatures,
the peak of the structure factor is more pronounced and its
position is slightly shifted towards larger ¢. This is consistent
with the fact that, at lower temperatures, the average inter-
particle distance decreases. Otherwise, S(g) does not develop
sharp peaks for larger ¢ at lower temperatures, thus indicating
that the film remains amorphous.

All simulations have been carried out at constant nor-
mal pressure Pyext =p =1 [34]. However, to adjust the
normal pressure, we do not vary the wall-to-wall sepa-
ration, D, but the surface area. For each temperature,
the average surface area is calculated by an iterative ap-
proach [36]. The system is then propagated until the in-
stantaneous surface area reaches the computed average
value. At this point the surface area (and thus the volume)
is fixed and a production run is started in NV T-ensemble,
where the temperature is adjusted using the Nosé-Hoover
thermostat [37,38]. This thermostat slows down or accel-
erates all particles depending on the sign of the difference
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between the instantaneous kinetic energy of the system
and the desired value imposed, i.e. 3NkgT/2 (N is the
number of particles) [37-42].

One may therefore ask how reliable the resulting dy-
namics is when compared to pure Newtonian dynamics in
the microcanonical (NV E) ensemble. This question was
already examined for the bulk system in reference [16] and
for our confined model in references [43,44]. In both cases,
the results obtained from constant energy (NV E) simula-
tions and from the Nosé-Hoover thermostat are identical.
More details about the applied simulation techniques can
be found in [34,36,44].

3 Static properties

In this section, we are going to discuss the influence of con-
finement on both the chain conformation and the static
properties of the melt. When computed within thin layers
parallel to the wall, the structure of a chain varies with
the distance from the wall. On the other hand, the chain
structure averaged over the whole film does not depend
much on film thickness. Contrary to this insensitivity of
the average chain conformation to the confinement, the
dense packing of the melt exhibits a pronounced depen-
dence on D.

3.1 Effects of the confinement on the structure of a
chain

Let us first look at the T-dependence of the single chain
structure factor S¢(gq). Similarly to S(q), S¢(q) is also cal-
culated for g-vectors in direction parallel to the walls and
by averaging over all chains in the system.

The left panel of Figure 3 shows S¢(¢q) for a film of
thickness D = 20 at two representative temperatures: a
relative high temperature corresponding to the normal lig-
uid state (T'=1) and a low temperature representative of
the supercooled state (T'=0.44). Contrary to the struc-
ture factor of the melt (see Fig. 2), S¢(q) is practically
independent of the temperature, not only on scales larger
than the radius of gyration, but also on the local scale of
the intermonomer distance. This may be rationalized as
follows: The interactions of the monomers along the back-
bone of a chain do not include specific potentials for the
bond or torsional angles, which could make the chain ex-
pand with decreasing temperature. This would lead to a
much stronger temperature dependence than that result-
ing from potentials used. Since the bond potential is very
steep around the minimum, the bond length is essentially
independent of T' (b=+/(b-b)=0.966 at T'=1 and 0.961
at T'=0.46. Here, b is the bond vector). The main effect
is that the overall size of a chain slightly shrinks with de-
creasing temperature because the density increases. This
also leads to a weak increase of the peak of S°(¢q) at ¢=7.6,
which is, however, not visible on the scale of Figure 3 and
negligible compared to that of S(¢) in Figure 2.
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Fig. 3. Left panel: chain structure factor, S(q), for a film of thickness D =20 averaged over the whole system. Two representative
temperatures are shown: 7'=1 (normal liquid state) and 7' = 0.44 (supercooled state) showing that S°(q) is insensitive to a
temperature variation. S°(¢) in the film is computed in the direction parallel to the walls, i.e. ¢ = (¢z,qy), ¢ = |g|, whereas
q= (4, gy, g-) in the bulk. The solid line indicates the Debye function with R2 "¢ = RZ "I (see Eq. (3)). The vertical dashed
lines mark the g-values 27/b (b= bond length) and 27/R."™*. The horizontal dashed line indicates the large g-limit of S°(q).
Right panel: same as in the left panel, but now evaluated for the bulk and for films of various thicknesses at 7'=1 (normal
liquid state). Apparently, S°(q) is hardly affected by the confinement.

Furthermore, Figure 3 shows that, for ¢ < 27/ Rgulk,
the g-dependence of S°(q) can be described well by a
Debye-function,

2N,
SDbeC(q) _ p
(qQRé Debye)Z
% (exp(—qZRﬁ chyc) — 14+ q2R§ chyc) , (3)

with Ré Debye :Ré bulk ywhere Ré bulk was calculated in-
dependently and inserted in equation (3) (NN, is the num-
ber of the monomers of a chain (degree of polymeriza-
tion)). The same observation has already been made for
the model in the bulk [16]. This agreement may be ex-
pected because the scattering for ¢ < 2r/RY™* is deter-
mined by the overall size of a chain. On this scale, the
difference between the freely jointed chain model used to
derive the Debye function and the actual model of the
simulation does not matter.

The right panel of Figure 3 shows S¢(¢q) for films of
various thicknesses D at T'=1. Obviously, the chain con-
formation averaged over the whole film does not depend
much on D. Contrary to the small effect of temperature on
S¢(q), the independence of film thickness is less intuitive.
Figure 4 illustrates this point. In the left panel we compare
the parallel and perpendicular components of the radius
of gyration and of the end-to-end distance, R;”, Ré | and

Rge’”, R?gc,p for D=20 and T'=1 (normal liquid phase).
The components are plotted versus the distance, z, from
the (left) wall, where z denotes the position of chain’s
center of mass. So, R;”(z), for instance, is the radius of

gyration parallel to the wall, which is averaged over all

chains whose centers of mass are located at z. The figure
shows that both the radius of gyration and the end-to-end
distance agree with the bulk value if z > z,+2R"*. Here,
zw ~ 1 denotes the physical position of the wall, i.e., the
smallest distance between a monomer and zy,n=D/2. As
the chain’s center of mass approaches the wall, R;” and

Rge I first develop a shallow minimum and then increase

to about twice the bulk value followed by a sharp decrease
to zero in the very vicinity of the wall where practically
no chain is present. On the other hand, the perpendicular
components, R? | and RZ, |, first pass through a maxi-
mum before decreasing to almost 0 at the wall. This be-
havior has been observed in several other simulations (see
[45] and references therein), also for larger chain length
than that used here [46,47].

These results suggest that a spatially resolved version
of the chain structure factor, S°(q, z), should depend upon
the position of the chain with respect to the wall. To test
this idea we divide the system into layers of thickness 1/4
(in units of o which roughly corresponds to the monomer
diameter) and evaluate S¢(g,z) by taking into account
all monomer pairs within the layer which belong to the
same chain. Here, z is the distance of the middle of such
a layer from the wall. The right panel of Figure 4 shows
S¢(q, z) for an extremely thin film of thickness D =5 at
T = 0.35 and for two typical layers: a layer in the film
center (z=2.375) and a layer close to the wall (z=1.125)
(note that all layers with a distance smaller than z=1.125
to the wall are practically empty. Note also that there
is no layer whose middle lies exactly in the film center
z=2.5. Only the boundary of the central layer “touches”
the film center so that its middle is closer to the wall than
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Fig. 4. Left panel: components of the radius of gyration and of the end-to-end distance in directions parallel (R;H and Rge"l)

and perpendicular (R | and R, ) to the wall versus the distance, z, from the wall. R;” () and R;,H () behave qualitatively
similar. They develop a maximum close to the wall and then converge towards a constant (bulk) value in the film center indicated
by horizontal dashed lines. (Note that R;H and R; 1 are shifted upwards by an amount of unity in order to avoid crossing with
the end-to-end curves). Both the bulk radius of gyration and the end-to-end distance are known from previous simulations:
Ré bulk —9 14, and R%P"%=12.6 at T=1 and pressure p=1 [16]. The parallel component is multiplied by a factor of 3/2 and
the perpendicular one by 3. These factors take into account that compared to three independent directions in the bulk, there
are only two independent coordinates in the parallel and one in the perpendicular directions in a planar system. Right panel:
chain structure factor, S°(¢q), evaluated within layers of thickness of 1/4 monomer diameter for a film of thickness D =5 and
at the low temperature T'=0.35 (supercooled state). Note that the mode-coupling critical temperature for this film thickness
is Te(D =5) =0.305 + 0.005 (see Tab. 1). A layer close to the wall (o) and the layer at the film center (O) are compared to
the average of S°(q) over the whole system (x). The chain structure in the film center coincides with the average behavior of
the film. Thus, the deviations of the chain structure in the vicinity of the walls compared to the film center do not crucially
influence the average over the whole system. The solid line gives the Debye function with Ré Debye — 1,93, whereas the long
dashed line corresponds to Rz P°™°=2.4 (see Eq. (3)). The values of R; P°™° are the average radii of gyration calculated over
all chains whose center of mass lies in the interval of thickness 1/4 around z =1.125 and z = 2.375, respectively. The vertical
dashed lines mark the g-values 27/b (b=bond length). The horizontal dashed line indicates the large-q behavior of S°(q) (i.e.,
S°(q — oc0)=1).

D/2=2.5). In the center of the film S°(g,z) can be de-
scribed by a Debye function with Ré Debye — 1 93, whereas

a larger radius (R? P®*Y¢=2.4) must be chosen close to the

walls. These values for R? Peb¥e are taken from the pro-

file of the radius of gyration for D=5 at T'=0.35, which
yields Ré = 2.4 and Ré = 1.93 when averaging over the
intervals 1 < z < 1.25 and 2.25 < z < 2.5, respectively.
Furthermore, Figure 4 shows that S¢(q, z) for the film cen-
ter coincides with S°(q) obtained by averaging over the
whole system. Thus, the local variations of S¢(q, z) close
to the wall disappear when the whole system is considered.
Qualitatively, this point can be understood by noting that
there are only few chains close to the wall, where R;H(z)
is larger than the bulk value, while most of the chains
are in the inner part of the film, where Rg’u(z) is close to

R2 bulk - Averaging over the whole system thus tends to
cancel the effects of the walls on the chain conformation.

This point is further examined in Figure 5. The left
panel of the figure shows 1.5R? SRE, |, averaged over

s
the whole film, and Ré = Rz |+ Ré) | versus tempera-

ture for two film thicknesses D =5 and D = 20. For all
temperatures the parallel component is larger than the
bulk value, whereas the perpendicular one is smaller. The
disparity between the two components becomes more pro-
nounced for small film thickness. Nevertheless, the sum of
these quantities, R;, is fairly close to the bulk value for
both film thicknesses. It slightly shrinks with decreasing
temperature, since the density of the films increases. As to
the effect of the confinement, similar trends are observed
if D is varied and T is kept constant. The individual quan-
tities R;H and R; | vary much more strongly with D than
their sum, R, (see the right panel of Fig. 5). Moreover, R,
changes by about 7% in the whole D range. This value is
slightly larger than the 5% decrease observed in the case
of the D =5 when cooling from T'=1 down to T'=0.35.
Note, however, that the D-dependence of R, is enhanced
for smaller film thicknesses. This suggests that the chain
conformation would strongly change when going over to
still thinner films, i.e. for D <5.
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Fig. 5. Left panel: parallel and perpendicular components of the radius of gyration (1.5 R;” and 3R§, 1) and their sum,

Ré = R;“ + RZA7 versus temperature. R;H and R;L have been computed as (time) averages over all chains in the system. Data

are shown for two film thicknesses: D =20 (open symbols) and D=5 (the corresponding filled symbols). The factors 1.5 and 3
are introduced to simplify the comparison with the bulk value. They account for the different number of spatial components in
the film for directions parallel (2) and perpendicular (1) to the walls compared to the bulk where there are 3 such components.

Both in the case of D =20 and of D=5 chains prefer an alignment parallel to the walls. Due to the opposite changes of Rz’”

and R;L with respect to the bulk value, the effect of the confinement on the chain’s radius of gyration, R; = R;H + R;L, is
less strong and practically vanishes for D =20. The horizontal dashed line indicates the bulk radius of gyration, Ré bulk — 9 09
(at T'=0.5). Right panel: same quantities as in the left panel, now versus film thickness, D, at a temperature of T'=0.5. (Ré:
connected circles, Rz,”: connected squares and Réy | : connected triangles). Again, the parallel orientation is favored by the walls.

The overall radius of gyration, however, depends only slightly on film thickness.

3.2 The packing structure of the melt

Figure 6 compares the structure factor of the melt, S(q),
in the bulk with that of films of various thicknesses at
T =1 (normal liquid state; left panel of the figure) and
at T=0.46 (supercooled state; right panel of the figure).
Qualitatively, the behavior of the films and the bulk is
identical. The structure factor is small at small g-values,
reflecting the low compressibility of the system. Then, it
increases and develops a peak at gmax which corresponds
to the local packing of monomers (27 /gmax = 1) before it
decreases again and begins oscillating around 1, the large-
¢ limit of S(q). This behavior is characteristic of dense
amorphous packing.

However, there are quantitative differences which be-
come more pronounced at low temperature: While S(q)
of the film of thickness D = 20 (almost) coincides with
the bulk data at T'= 1, deviations are clearly visible at
T =0.46. Quite generally, the most prominent differences
between the bulk and the film are found for small ¢ and for
(max- The compressibility of the film is higher, the value
of qmax is shifted to slightly lower ¢ and the magnitude
of S(gmax) is smaller than in the bulk. Keeping the film
thickness fixed, one can observe similar changes of S(q) as
the temperature increases (see Fig. 2). Therefore, the local
packing of the monomers in the films seems to resemble
that of the bulk at some higher temperature. Since the lo-
cal structure of the melt has an important influence on its
dynamic behavior in the supercooled state [22], Figure 6

suggests that the film relaxes more easily than the bulk at
the same temperature. Indeed, we will see later that the
dynamics of the system is much faster in the film than in
the bulk when compared at the same temperature.

4 Dynamics

This section discusses the dynamics of the films at low
temperatures and for various thicknesses, D, ranging from
about 3 to about 14 times the bulk radius of gyration. To
this end, the incoherent intermediate scattering function
and various mean-square displacements were calculated.
We will see that, despite the geometric confinement, the
films exhibit several dynamic features which are in agree-
ment with predictions of the mode-coupling theory (MCT)
[22-25]. In this respect, the films behave as the bulk [17,
28-31]. However, the onset of MCT effects is shifted to
lower temperatures compared to the bulk. The presence
of the smooth walls accelerates the dynamics and this in-
fluence of confinement is the stronger, the smaller D.

4.1 Confinement leads to faster dynamics

An interesting dynamic correlation function is the inco-
herent intermediate scattering function ¢ (¢). It measures
density fluctuations on various length scales, which are
caused by the displacement of individual particles. For a
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Fig. 6. Left panel: structure factor, S(q), of the melt for the bulk and films of various thicknesses ranging from D=5 (= 3.5R;)
to D =20 ( 14R,) at a temperature of T'=1 (normal liquid state). Note that the mode-coupling critical temperature of the
system in the bulk is TP"%=0.45 [16,17] (see also Tab. 1). S(g) in the film is computed by taking into account the coordinates
parallel to the walls only, i.e. ¢=1(gz,qy), ¢=|q|. At T =1, the structure factor of the thickest film (D =20) coincides with that
of the bulk. For film thicknesses D < 10, the influence of the walls on S(q) is visible even at this high temperature. The peak
value of S(q) decreases with stronger confinement (smaller D) and the position of the peak is slightly shifted towards smaller
q, reflecting an increase of the (average) interparticle distance. Instead of decreasing the film thickness, these changes in S(q)
can also be achieved by increasing the temperature only. So, the inverse film thickness plays a qualitatively similar role to that
of the temperature. For the largest film thickness shown here, however, the structure factor of the film is identical to that of
the bulk over a large g-range. Right panel: the same as in the left panel, now for a lower temperature of T=0.46 (supercooled
state). Contrary to T'=1, the structure factor of the film with D =20 no longer coincides with S(q) of the bulk. Thus, at lower
temperatures, the confinement has a stronger impact on the packing structure of the melt.

planar system, we define ¢ (t) for g-vectors parallel to the 1.0 f— ' S ' '
wall, i.e.
N 0.8
s 1 :
50 = (5 oo (iq) [rig® =i O1)) - (@)
i=1 0.6
Here, N is the total number of monomers in the system, ":\;_/U
9=z 9y), a=lq|=1/a3 + g} and r; | = (24, ;). 04
Figure 7 compares the relaxation of ¢ (t) at the maxi-
mum of the static structure factor (¢ = 6.9) in the bulk 0.2
with that in films of various thicknesses ranging from
D=5%3.5R; to D=20~14R,. The temperature studied, 0.0

T = 0.46, is slightly above TP (= 0.45) [17,28-31]. In
the bulk, a two-step relaxation is observed: At very short
times, ¢%(t) can be described by ¢ (t)=1— (£2t)*/2 with t
the microscopic frequency (25 = gv/kgT [22]. This corre-
sponds to free particle motion. At later times, the relax-
ation of ¢3(t) is strongly protracted. There is an inter-
mediate time window (-relaxation regime of MCT [22]),
where the correlator changes rather slowly with time be-

Fig. 7. Comparison of the incoherent intermediate scattering
function, ¢§(t), at T = 0.46 (T = 0.45) for the bulk and
films of various thicknesses ranging from D = 5 =~ 3.5R, to
D =20~14R;. Pnext =1 denotes the pressure of the simula-
tion. The scattering functions are calculated at ¢ =6.9 (max-

fore the final structural relaxation (a-relaxation) sets in
at long times. This two-step decay is a characteristic fea-
ture of ¢ (t) for temperatures close to 7Tr. and reflects the
temporary “arrest” of a monomer in its local environment
(“cage effect” [22]). It has been analyzed in detail in ref-
erences [16,17,48,49].

imum of S(q), see Fig. 2). The initial decay of ¢5(t) is deter-
mined by free ballistic motion, i.e., ¢3(t) =1 — (£2t)?/2 with
£2s = ¢vksT. The dashed horizontal line at ¢3(t) = 0.1 and
the vertical arrow on the curve for D =5 indicate how the a-
relaxation time, 74, is defined. It is the time value when the
scattering function has decayed to 0.1.
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Fig. 8. Left panel: log-log plot of the mean-square displacement of innermost monomers, gi(t), at T=1 (normal liquid state
far above TPUK = 0.45). The figure compares the bulk data with the displacements measured parallel to the walls in films of
different thicknesses ranging from D =5 (~3.5Rs) to D =20 (= 14R;). The film data were multiplied by 3/2 to account for
the different number of spatial directions used to calculate g1 () (i.e., 3 directions for the bulk, but only 2 for the films). The
bulk end-to-end distance RZ, (=12.3) and the average bond length b =0.922 are indicated as horizontal dashed lines. The solid
lines represent the behavior of g1(t) expected in different time regimes: ballistic at short times (gi(t) ~ t?), diffusive at late
times (g1(t) ~ t), and dominated by chain connectivity for times where g1(t) > b* (g1(t) ~ t*; x = 0.63 = effective exponent
in the bulk). For comparison, the MSD of chain’s center of mass, g3(t), is also depicted: At short times, g3(t) = 3kpTt*/Np,
where N, =10 is the degree of polymerization (number of the monomers of a chain). Contrary to the innermost monomers, the
motion of the chain’s center of mass is not affected by chain connectivity. Therefore, gs(t) does not show a t%-%3_behavior, but
continuously crosses over to the diffusive regime which is reached for gs(t) > R (=2.14 at T'=1). The effects of confinement
are rather weak at this high temperature: g1(t) for D =10 and D =20 are practically indistinguishable from that of the bulk.
For strong confinement (D =5 and D =T7T), however, a dependence on film thickness is observed. Right panel: same as in the
left panel, now at a low temperature of T'=0.46 (supercooled state close to T2"* =0.45). The lowest horizontal line shows the
plateau value 672, of a MCT-analysis (~ 0.054). Again, the solid lines represent the behavior of g;(t) expected in different time
regimes: ballistic at short times (g1(t) ~ t?), diffusive at late times (g1(¢) ~ t), and dominated by chain connectivity for times
where g1(t) > b? (g1(t) ~ t°; =0.63=effective exponent in the bulk). At this low temperatuure, the effect of the walls is much
more pronounced compared to T'=1 (see the left panel). In both panels Py,ext =1 denotes the pressure of the simulation.

Compared to the bulk, the film data relax faster. If
the film thickness decreases, this acceleration is enhanced
and the two-step decay gradually disappears. At D=5, no
intermediate (-relaxation is observed. The same changes
also occur in the bulk if the temperature increases [17,29,
48]. This suggests that the inverse film thickness qualita-
tively plays a similar role as the temperature.

The acceleration of the dynamics in the film compared
to the bulk is not limited to the main peak of S(q). It is
also found for other g-values, for instance, for very small
wave vectors. Since the time dependence of ¢j(t) is di-
rectly related to the monomer mean-square displacement
(MSD) in the low-¢ limit, it is instructive to illustrate the
acceleration of the dynamics by an investigation of the
MSD. For a polymer system, various kinds of MSDs may
be defined. An important example is the mean-square dis-
placement of the innermost monomer,

3 M ; ; 2
0 = 57> (PO -reo) . 6

i=1

Here, M is the total number of chains in the melt and

T = (afpmer - ymnery js the projection of the position

vector of the innermost monomer of the i-th chain onto
the zy plane (which is parallel to the walls). The factor
3/2 is introduced to simplify the comparison with bulk
results. It takes into account that only two independent
directions (z and y) contribute to the MSD in the film,
whereas all three directions are considered in the bulk®.
Similarly, one defines the mean-square displacements of
the chain’s center of mass,

M

= o S (IR0 - B

i=1

g3(t) (6)

where RJ'|' is the projection of vector to the i-th chain’s
center of mass onto a plane parallel to the wall. Again,
the factor 3/2 accounts for the difference in the number
of independent components, as above.

Figure 8 depicts g;(t) for two typical temperatures:
T=1 (left panel), which corresponds to the normal liquid

1 As most of the comparisons with bulk results are done using
the film data in parallel direction, we drop the index “||” to
simplify the notation. To avoid ambiguities, when film data in
perpendicular direction are discussed, an index “1” will then
be used.
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Fig. 9. Left panel: log-log plot of the mean-square displacement of all monomers, go(t), at T'=0.46 (supercooled state). The
figure compares the bulk data with the displacements measured parallel (]|) and perpendicular (L) to the walls in films of
different thicknesses: D =5 (|| thick solid line, L thin solid line), D =7 (|| thick dashed line, L thin dashed line) and D =20
(|| thick dotted line, L thin dotted line). The film data were multiplied by 3/2 for the parallel direction and by 3 for the
perpendicular one to account for the different number of spatial directions used to calculate go(t) (i.e., 3 directions for the bulk,
2 for the parallel direction and 1 for the perpendicular direction in the film). The dashed horizontal line indicates the large-t
limit of go,1 (t) expected from equation (9) for a film of thickness D =5. Right panel: test of equation (9) for go,1 (t=00) and
g1,1.(t=00) at T=1 and T'=0.46 (go, . (¢t ;T =0.46) = connected circles, g1, (¢ ; T'=0.46) = connected squares, go, 1 (t ;T=1)=
connected diamonds and g1, (¢t ;7 = 1) = connected triangles). The film thickness is again D = 5. The density profiles of all
monomers and of the innermost monomer are depicted in the inset. At the lower temperature of T'=0.46, both density profiles
develop pronounced peaks close to the walls, whereas the density in the film center is rather decreased compared to T'=1. Larger
transversal distances thus contribute more to the MSD in the z-direction. Therefore, we expect an increase of go,1 (t=00) and
g1,1 (t=00) at lower T (see also the text). As seen in this panel, this expectation is indeed observed in the long time part of

go,1 (t) and g1,1 (t), respectively.

state, and T' = 0.46 (right panel), which belongs to the
supercooled state in the bulk. Both panels compare g;(t)
for the bulk and for films of various thicknesses. The in-
fluence of the walls is rather small at T =1 so that g;(t)
of the bulk almost overlaps with that of the film if D >10.
However, the right panel of Figure 8 shows that the ef-
fect of the walls on the mobility becomes significant at all
studied thicknesses with progressive supercooling. Qutside
the initial ballistic regime (g1 (t) = 3Tt?), the motion re-
sembles that of the bulk, but is the faster, the smaller
the film thickness. For the bulk and D 2 7, g;(¢) exhibits
several regimes. In agreement with the predictions of the
mode-coupling theory [22-24], a plateau regime emerges
after the ballistic motion. At low temperature, the tagged
particle remains temporarily in the “cage” formed by its
neighbors. However, contrary to simple (atomic) liquids,
where a direct crossover from the plateau to the diffu-
sive regime occurs, an intermediate subdiffusive regime
emerges due to the connectivity of the monomers [50]. In
this regime, which is present for all D, the center of mass
already crosses over to the asymptotic diffusive motion,
g3(t) =~ t, whereas the motion of the innermost monomer
is described by a power law g¢1(t) ~ t* with an effective
exponent z ~ 0.63. The innermost monomer reaches the
center of mass only if g;(¢) is larger than the end-to-end
distance of a chain. In this limit, the diffusive motion is

dominated by the motion of the chain’s center of mass and
g1(t) coincides with gs(¢).

In addition to the parallel displacements the analysis
of the motion perpendicular to the wall is also interesting
because the oscillations of the monomer density profile,
which can propagate through the whole film for small D
and low T, could possibly suppress perpendicular motion
substantially. To check that, Figure 9 shows the MSD of all
monomers, go(t), computed in direction parallel to wall,

(1) = 35 3 (raa® =raal) | 7)

and perpendicular to it

N
w010 = 5 3 ([a:0) - 5(0))°) ®

Here, N is again the total number of monomers and
73| = (@i, y;). Furthermore, z; denotes the z position of
the i-th monomer. The factors 3/2 for go(t) and 3 for
go, 1 (t) account for the difference of independent compo-
nents: two in parallel and one in perpendicular direction
compared to 3 in a bulk system.

The left panel of Figure 9 depicts go(t) at T'=0.46 (su-
percooled state). It compares the bulk data with the dis-
placements, parallel and perpendicular to the walls in films
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of thicknesses D=5, 7 and 20. The comparison of go, 1 (t)
for the films and of go(t) for the bulk reveals that the con-
finement does not only accelerate the dynamics in paral-
lel, but also in perpendicular direction if go, 1 (¢, D) is suffi-
ciently smaller than the film thickness. For all D, one then
finds go, 1 (t, D) > g5"'™*(t) and go, 1 (t, D1) > go,1(t, D) if
D; < Dy. However, this increase of the mobility is less pro-
nounced than that of the dynamics in parallel direction,
so that, for a given film thickness, go (¢, D) > go L (t, D).

Of course, the perpendicular displacement cannot grow
infinitely. It must be limited by the film thickness. This
is illustrated by go,1(t,D = 5) which crosses over to a
constant of approximately 5 at late times. In fact, using
the density profile, p(z), one can compute the large time
limit of go, 1 (t) by

[ 0 [ apepptents - 2y

—-D/2 —-D/2

([ )
)

Equation (9) can be understood as follows: The contri-
bution of two points z and z’ to the long-time limit of
go,.(t) is equal to (z — 2’)? multiplied by the probabil-
ity p®(z,t; 2/,t')dzdz’ of finding a tagged particle at a
given time, t’, in the interval [2’, 2’ + d2’] provided that it
was at a previous time, t in [z,z 4+ dz]. As [t — t/| grows,
this probability becomes independent of the initial posi-
tion of the particle, i.e. p®(z,t; 2/,t') = p(z,t) p(<,t),
where p(z,t) dz is the probability of finding a particle at
time ¢ in [z, z + dz]. Obviously, this probability does not
depend on the choice of the time origin, i.e. p(z,t) =p(z) =
p(z)/ [ p(z')dz’. Putting all this together and adding a
factor of 3 for the sake of comparison with bulk results, we
obtain 3(z — 2")2p(z) p(2') dzd2’/([ p(z)dz)? for the con-
tribution of the pair (z,2) to lim; . go, 1 (¢). Integration
over both variables z and 2’ yields equation (9).

For a film of thickness D = 5 at a temperature of
T'=0.46, insertion of the density profile (obtained from the
simulation) in equation (9) yields lim; o go,1 (t) =4.667.
This is the value to which go 1 (¢,D = 5) converges for
large ¢ (Fig. 9). Note that replacing the monomer density
profile p(z) in equation (9) by the density profile of the
innermost monomer, one can obtain the long-time limit of
g1,1(t), i.e. g1,1 (t=00). In a similar way, equation (9) can
be adapted to compute g4 | (t=00) by using the density
profile of end monomers and/or g3 | (t=00) replacing p(z)
by the profile of the density of the chain’s center of mass,
Pcm(z)'

The general validity of equation (9) is demonstrated
in the right panel of Figure 9. Here, go 1 (t) and g1, ()
are plotted for two temperatures, T'=0.46 and T'=1. The
corresponding long-time limits have been computed as dis-
cussed above. At both temperatures the results obtained
by equation (9) are in good agreement with long-time be-
havior of go, 1 (t) and g1,1 (t). The inset of the right panel
of Figure 9 depicts the density profiles of all monomers
and of the innermost monomer at both investigated tem-
peratures. As seen from this inset, the density close to the

lim go, 1 (t) =3

t—oo

185

walls increases appreciably at lower temperatures. Fur-
thermore, the formation of strong density peaks close to
the walls is accompanied by a slight decrease of the den-
sity in the center of the film. As a consequence, the rela-
tive weight of larger transversal distances in equation (9)
increases compared to that of smaller (z — 2z’). One can
therefore expect an increase of go | (f=00) at lower T'. As
the density of the innermost monomer changes in a sim-
ilar way with temperature, we also expect an increase of
91,1 (t=00) when decreasing T'. This expectation is nicely
borne out in the right panel of Figure 9.

4.2 Incoherent intermediate scattering function

The discussion of the previous sections suggested that
mode-coupling theory (MCT) could also be a relevant the-
oretical framework to describe the dynamics of the super-
cooled polymer films. In this section we want to test this
suggestion by an analysis of the incoherent intermediate
scattering function ¢f (t).

A quantitative application of MCT to the simulation
data requires an intricate fit procedure which must simul-
taneously optimize several parameters subject to various
theoretical constraints (some of them have to be indepen-
dent of temperature, others independent of the wave vec-
tor). Before attempting this analysis, simple tests should
be carried out to check whether the approach is worth-
while at all. Two such tests can be performed.

Mode-coupling theory predicts that there is an inter-
mediate time window in which the scattering function
remains close to the time- and temperature-independent
non-ergodicity parameter f;¢. This time window is called
[-relaxation regime [22,25]. In this regime the scattering
function can be written as

P3(t) = 3+ heG(1)

where G(t) and hj are the (-correlator and the critical
amplitude, respectively [22,25]. Equation (10) shows that
the time-dependent corrections to f;¢ have an important
property. The space and the time dependences factorize
from one another.

This “factorization theorem” [22,25] suggests a simple
test [48,49,51,52] which uses the simulation data directly
without invoking any fit procedure. If ' and ¢ denote two
times belonging to the f-regime, then the ratio

L HBO g G -G
T o) —eyt) G - G

should only depend on temperature and time, but not on
g, provided equation (10) holds.

Note that ¢(t) varies slowly for times around the
plateau. Therefore, the denominator of equation (11) is
fairly small and the accuracy of the test is predicated upon
an appropriate choice of the parameters ¢/ and ¢'. To ob-
tain a satisfactory signal-to-noise ratio, one would like to
make t' — t” as large as possible. However, one has to
be careful not to take t” and ¢’ outside the 3-relaxation

(10)

= k(1)

Ry (1) (11)
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Fig. 10. Test of the space-time factorization theorem

(Eq. (10)) for the incoherent intermediate scattering function
¢5(t) via the ratio R(t) defined by equation (11). The three
panels show the results for different film thicknesses and tem-
peratures: D=20, T=0.46 &T —T,=0.045), D=10, T=0.42
ET-T1T.=0.03), D=5, T=0.35 (&ET — Tc = 0.045). The
smallest (¢ = 1) and the largest (¢ = 18.5) wave vectors are
highlighted by a thick dashed line and a thick solid line, re-
spectively. The thin solid lines in between refer to the follow-
ing g-values (from bottom to top): ¢ = 1.8, 3, 4.3, 6.9, 7.1,
9.5, 12.5, 16. The vertical dashed lines indicate the choices for
" (left line) and ¢’ (right line). By definition, R5(t"”)=1 and
R (t")=0.

regime, where equation (11) is no longer valid. We find
that #/ =1 and t' =50 is a reasonable compromise for all
studied film thicknesses D=5, 10 and D =20.

With this choice two observations can be made from
Figure 10: First, there is indeed an intermediate time win-
dow for all D where the correlators, measured at different
q, collapse, whereas they splay out at both shorter and
longer times. This is a qualitative evidence for the factor-
ization theorem. However, the best agreement with equa-
tion (11) is obtained for D=10. In the other two cases the
superposition of the scattering functions for t” < ¢ < ¢’ is
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not as good. A possible reason for this difference could be
that, for D =10, equation (11) is tested at a distance of
T-T.(D=10)=0.42—0.39=0.03 from the critical temper-
ature of this film thickness. The tests for D =20 and D=5,
however, correspond to T — T.(D =20) =0.46 — 0.415 =
0.045 and T — T.(D =5) = 0.35 — 0.305 = 0.045, respec-
tively. As equation (11) is an asymptotic relation which
is expected to hold the better, the closer T is to T, Fig-
ure 10 still suggests that the factorization theorem is not
only satisfied in the bulk [17,48], but also in the polymer
films.

The second observation concerns the order of the
g-values before and after the B-regime. This order is pre-
served. The top curve, ¢5_;(t), at short times is also the
top curve in the a-regime. Similarly, the bottom curve,

s—18.5(t), before the B-regime also remains below all
other g-values when leaving the (-regime again. This be-
havior reflects the theoretical prediction that the short-
and long-time corrections to equation (10) exhibit the
same g-dependence. It was reported from simulations of
a binary Lennard-Jones mixture [52] and also found for
our model in the bulk [48].

The second test of the applicability of MCT deals with
the late-time relaxation of ¢7(¢). An important prediction
of the theory for the a-process is the time-temperature
superposition principle (TTSP) [22,25]. This means that
o (t) is not a function of time and temperature separately,
but only of the scaled time ¢/7,(T), where 7,(T) is the a-
relaxation time. So, we have

CbZ(t) = Fy(t/7q) -

The function F,(t/7,) can often be well approximated by
a Kohlrausch-Williams-Watts (KWW) function

(12)

K

Ft/ri) = flexp | = (/%] . (1)
For time-temperature superposition to hold, the ampli-
tude f;{ and the stretching exponent ﬁff must be indepen-
dent of temperature. Only the Kohlrausch relaxation time
T;{ is a function of T. MCT predicts that T;{ is propor-
tional to the a-relaxation time and increases upon cooling
as [22,25]

K x Ty~ (T —T0)77.

4 (14)

Equation (14) also implies that any time from the window
of the a-process should exhibit the same temperature de-
pendence and can thus be used to test the TTSP. This
means that it should be possible to collapse the late-time
decay of the scattering functions, measured at different T',
onto a common 7T-independent master curve by plotting
¢5(t) versus t/7;. A convenient definition of 7, is to sim-
ply read off the time when ¢ (t) has decayed to a certain
value. Again, such a test has the advantage that no com-
plicated fit procedure is involved. It works directly with
the simulation data. A possible choice is ¢ (7,)=0.1 [49].
This low value warrants that the scattering function has
decayed sufficiently so that possible perturbations from
the J-relaxation are completely negligible.
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Fig. 11. Test of the time-temperature superposition prin-
ciple (Eq. (12)) for three different film thicknesses. Top
panel: D=20. Temperatures shown are from left to right:
T=0.46 T — T. = 0.045), 0.47, 0.48, 0.48, 0.5, 0.55 . Mid-
dle panel: D =10. Temperatures shown are from left to right:
T=04 T —-1T.=0.01), 042, 0.43, 0.44, 0.45, 0.46, 0.47,
0.5. Bottom panel: D =5. Temperatures shown are from left
to right: T=0.35 T — T, =0.045), 0.37, 0.38, 0.39, 0.4, 0.41,
0.42. In all three panels the time axis is rescaled by the a-
relaxation time, 74, defined by ¢5(t=7,)=0.1, and the lowest
temperature is depicted by a dashed line.
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Fig. 12. Incoherent intermediate scattering function ¢j(¢), cal-
culated at the maximum of S(q) (¢=6.9), versus rescaled time
t/7q for D=5,20 and the bulk. 74 is defined by ¢ (t=7,)=0.1.
The temperatures shown roughly correspond to the same dis-
tance to T, i.e., to T'— T, ~ 0.045, for both the films and the
bulk. In addition, the results of KWW-fits (Eq. (13)) to the
long-time behavior of ¢j(t) are depicted (D = 5: dashed line,
D = 20: solid line, bulk: dot-dashed line). The corresponding
stretching exponents are indicated in the figure. In all three
cases, only data with ¢/7,>0.05 were used for the KWW fit.

The resulting master curves are shown in Figure 11
for D=5,10,20. For all film thicknesses, even for the ex-
treme case of D =5, which corresponds to three atomic
layers only, the TTSP is borne out by the simulation data
and extends to shorter rescaled times with decreasing tem-
perature, as predicted by MCT for homogeneous systems.
In this respect, the films behave identically to the bulk
[17,49]. However, the results for D =10 suggest that there
could also be a qualitative difference. They include T'=0.4,
which is very close to the estimated T, i.e. T — T.=0.01.
Contrary to the bulk [17,49], the film data at this T — T,
exhibit no apparent violation of the TTSP. Whether this
is a general property of the confined systems or just a
special feature of D =10 is not clear at present.

While the scattering functions exhibit time-
temperature superposition for all thicknesses studied,
they do not superimpose if different thicknesses are
compared. This is illustrated in Figure 12. The figure
shows ¢; wersus t/7, for D = 5,20 and the bulk at
comparable distances to the corresponding critical tem-
perature (i.e., T — T, =~ 0.045). Obviously, the shape
of the late-time relaxation depends on D. Note that,
compared to BE(D = 20), the stretching exponent of

the thinner film, i.e., ﬂ(II((D =5) is closer to that of the
bulk. A possible explanation could be as follows: Due to
the presence of the walls, there is a distribution of the
relaxation times along the transversal direction. Regions
closer to the wall decay faster and thus exhibit a smaller
relaxation time. On the other hand, as the temperature
decreases, the influence of the walls is “felt” throughout
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representation of the same data. Now, 7 is plotted versus T — T (Tc(D =5) =0.305). The dashed line indicates the MCT fit
(Eq. (14)) using y=2.5, whereas the solid line represents a fit to the VFT equation (Eq. (17)) with To(D =5)=0.204 + 0.026.

Both fits shown here were done for gi(t).

the film for all thicknesses studied. There is practically
no region of (bulk-like) constant relaxation time in the
inner part of the film. Now, if we divide a film into layers
in which the relaxation time is calculated, the number
of layers is smaller in a thin than in a thick film. The
simplest assumption then is that the larger number of
layers in the thick film leads to a broader distribution of
relaxation times. Of course, if D increases further, there
will be a region of bulk-like behavior which grows in the
middle of the film and starts to dominate properties of
the system for very large D. The film thicknesses studied
here, however, are far from this limit.

5 Determination of T.(D)

The analysis of the preceeding section showed that the re-
laxation of the films is qualitatively compatible with pre-
dictions of mode-coupling theory and that it speeds up
with increasing confinement. To some extent, the dynam-
ics of the films corresponds to the behavior of the bulk
at a higher temperature. This suggests that confinement
reduces the characteristic temperatures of the film com-
pared to those of the bulk. In this section, we want to
quantify this reduction by determining the critical tem-
perature T.(D) and the Vogel-Fulcher-Tammann temper-
ature Tp(D).

Mode-coupling theory [22-24] predicts that the relax-
ation times of any correlation function, which couples to
density fluctuations, should exhibit the power law tem-
perature dependence of equation (14) if T is close to Tg.
Indeed, the a-relaxation times of the incoherent and co-
herent scattering functions in the bulk may be described

by equation (14) in some g-dependent temperature inter-
val [17,49]. Deviations are found both for temperatures
too close and too far away from 7P"%. These deviations are
theoretically expected. Since equation (14) is an asymp-
totic result of the idealized MCT, it can be violated if
T is very close to T. due to relaxation channels which
are not treated by the idealized theory, and very far from
T. where the asymptotic formula is no longer applicable.
Similarly, the ¢g-dependence of the temperature interval,
where equation (14) is valid, has been rationalized by cal-
culating the leading-order corrections to the asymptotic
behavior within the framework of idealized MCT [53,54].
Due to our findings in the bulk and due to the results of
the previous section we expect to obtain similar results
when analyzing the films.

To examine this expectation, we define relaxation
times as the time needed by a given mean-square displace-
ment, like g1, g3 or go (see Egs. (5,6) and (7)), to reach
the monomer size

gi(t=7) := 1 (defining equation for 7) . (15)

This is a reasonable choice because the bulk analysis re-
vealed that a monomer, which has moved across its own
diameter, contributes to the a-relaxation [48]. Using equa-
tion (15) we computed 7(g;=1) as a function of tempera-
ture for various film thicknesses, where, in addition to go,
g1 and g3, the MSD of the end monomers,

3 - end end]?2
94(t) = bW Z<[""i,\| (t) — 3] > )

i=1

(16)

has also been used. The resulting relaxation times were
then fitted by equation (14) as follows: First, all (three)
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Table 1. Survey of the VFT temperature, Ty, the mode-coupling critical temperature, T¢, and the critical exponents, ymsp and
v, for different film thicknesses D and for the bulk. Ty was determined wvia fits to equation (17) both for the film and for the
bulk. The critical temperature, T.(D), was obtained from fits to equation (14). In both cases, fits were done for the relaxation

time extracted from mean-square displacements (see Eq. (15))

. TP"% was known from previous analyses of incoherent and

coherent scattering functions [17,48,49]. The same result for T is also obtained by applying equation (14) to the bulk-MSDs.
The corresponding critical exponent yusp is listed in the third row of the table. The critical exponent, v4 (last row), is obtained
from fits to equation (14), now using the a-relaxation times, 7,=¢.9, defined by ¢§(t =7,) =0.3. In this case, Tc(D) was kept

fixed and only the prefactor and 4 were varied.

D 5 7 10 15 20 Bulk
To 0.204 £ 0.007  0.253 £ 0.013  0.288 £+ 0.006  0.297 4+ 0.007 0.308 + 0.004  0.328=+ 0.008
T 0.305 £ 0.006  0.365 £+ 0.007 0.390 & 0.005 0.405 4+ 0.008 0.415 4+ 0.005 0.450 % 0.005
YMSD 2.5 +£0.2 24 +£0.2 21+£0.1 22 +0.1 2.1 +0.1 1.95 £ 0.1
Yo 3.24 £ 0.08 3.15 £ 0.1 2.68 + 0.08 2.76 £ 0.1 2.74 £ 0.1 2.09 + 0.07
parameters of equation (14) were adjusted. The results 0.50 — T T T
for « obtained from 7(go = 1), (91 = 1), 7(g5 = 1) and Emk
T(ga=1) agreed well within the error bars. Therefore, we 0.45
fixed v at the average value for the given film thickness and 040k I“””i ]
repeated the fits to optimize the remaining parameters. I e ¥ e
Table 1 compiles Tt (D) and ymsp (D) obtained in this 0.35F - T,(D) ? ]

way. Figure 13 shows a representative example of this
analysis. The left panel depicts 7=/ versus T for a film
of thickness D = 5. The intersection of the straight lines
(MCT-fit results) with the T-axis yields the critical tem-
perature at this film thickness: T, (D =5)=0.305 £ 0.005.
Note that, despite the highly non-linear relationship be-
tween the MSDs used to define the various 7’s, all fits yield
the same T.

To test this analysis, the determined critical tempera-
ture can be used to linearize the relaxation time by plot-
ting 7 versus T —T, on a log-log scale. The right panel
of Figure 13 shows that the power law (14) is a good ap-
proximation close to T,.. Analogous to the bulk, there are
deviations for large T'—T;, where the asymptotic regime
is left. On the other hand, no deviations are observed for
small T'—Tc. In the bulk [17,29], they were only found
for T—T, < 0.02 and thus for temperatures smaller than
those simulated for D=5 up to now.

Furthermore, as indicated by the solid line in the right
panel, 7(T) can also be described by a Vogel-Fulcher-
Tammann (VFT) equation, i.e., by

where c¢ is a constant which can depend on film thick-
ness. The possibility of describing the same data by both
a power law (MCT) and a VFT fit has also been observed
for the bulk (see Fig. 10 in [16]). We therefore use the
VFT formula as an independent approach to determine
the variation of Ty with film thickness. Table 1 contains
the results. A plot of T,(D) and Tp(D) is shown in Fig-
ure 14. Since we expect Ty < Ty < T, the figure suggests
that also the glass transition temperature, T, should be
reduced for stronger confinement. Qualitatively, this result
parallels those reported for experiments on supported [9]
and on freely standing polystyrene films [7,8,55] as well
as for MD simulations of a polymer model similar to ours
in the case of weak monomer-substrate attraction [14].

7(T) x exp [ (17)

0.30F

0.25F

os0l @@ T (D) (MCT)

o015t &— T,(D) (VFT) ]

5 10 15 20
D

0.10

Fig. 14. Mode-coupling critical temperature, Tc(D), and the
VFT temperature To(D) versus film thickness D. Tc(D) was
obtained from fits to equation (14). Similarly, the VFT tem-
peratures, To(D), and 5" are results of fits to equation (17).
Note that, the glass transition temperature T lies between
these two temperatures: Tc < Ty < To. Thus, Ty (D) lies some-
where between To(D) and Tc(D). The solid line gives a sug-

gestion for the possible form of Tx(D).

The critical temperatures, T.(D), were determined,
for instance, from the mean-square displacement of all
monomers (see Eq. (15)) and thus from a quantity which
corresponds to the low-¢ limit of the incoherent scattering
function. Figure 15 shows that the same T.(D) can also
be used to linearize the relaxation times 7, at the maxi-
mum of the static structure factor. Here, 7, was defined
by ¢;(t=T7,)=0.3. The left panel depicts a log-log plot of
74 versus T — T, for D=5,7,10,15,20 and for the bulk. It
illustrates that a shift of the temperature scale by T.(D)
leads to a very good superposition of the film data for all
T studied and also of the film and the bulk if T'— T, > 0.1.
For smaller T—T, deviations occur. The relaxation time of
the bulk increases less steeply than that of the films. This
implies that the exponent -4 of equation (14) is smaller
in the bulk than in the films. If one fits equation (14) to
that T-interval, where the film data are linear, one ob-
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Fig. 15. Left panel: relaxation times, 74, at the maximum of S(q) (¢=6.9) versus T' — T, for various film thicknesses ranging
from the smallest value studied (D =5~ 3.5R;) to the largest one (D =20~ 14R,). 74 was determined from the incoherent
scattering function by requiring ¢;(t =7,) = 0.3, whereas the critical temperatures, Tc(D), were obtained from the analysis of
the mean-square displacements, i.e. from power law fits to 7 by equation (14). The lines represent fits of 7, to equation (14) in
the regime where the data are linear: D=5 (dash-dotted line), D =10 (dashed line), bulk (solid line). The resulting values for
v4(D) are indicated in the figure. Right panel: using the critical exponents, v4(D), obtained from the left panel of this figure,

—1/7¢

Tq is plotted versus T'— Tc(D) for the film data. The lines are again fits to equation (14). The deviations from the power
law equation (14), visible for D=10 at 7' — T.(D)=0.01 in the left panel, is also seen in this representation of the data.

tains ~y4-values which range between v4(D = 10) = 2.68
and 4 (D=>5)=3.24 and which do not increase monoton-
ically with decreasing D (see Tab. 1). The right panel of
Figure 15 illustrates the same data in a slightly different
way. Here, 7, /7 s depicted versus T — T.(D). The ex-
ponents, 74, used for this plot are obtained from fits to
equation (14) using 7, as input data and keeping T(D)
constant. As expected, curves at all film thicknesses con-
verge towards the origin of coordinates. In other words,
the computed critical temperatures are consistent with a
temperature dependence of 7, according to equation (14).
On the other hand, the curves splay out at large T—T¢(D)
indicating that the prefactor, B, in 7'(;1/7"’ =BI|T-T.(D)|
depends on the film thickness, D.

As mentioned above, although not monotonically, the
exponent 7, seems to increase with decreasing D (see
also Tab. 1). To some extent, this finding is unexpected,
given the variation of the Kohlrausch exponent ﬂ? in
Figure 12. For the bulk, mode-coupling theory predicts
limg_ oo ﬁff:b [56]. Here, b is the von-Schweidler expo-
nent which is related to v4 by v4 =1/2a + 1/2b [22-24].
The exponents a (exponent of the “critical decay”) and b
are correlated with one another. A decrease or an increase
of b entails a decrease or an increase of a. When applying
these bulk predictions to the films the D-dependence of
BE in Figure 12 (B5X(D = 20) < BX(D =5) < pEPulk)
suggests b(D =20) < b(D =5) < bpuik and thus v4(D =
20) > ’}/¢(D = 5) > Y, bulk- While ’y¢(D) > V¢, bulk for
all D, the results of Table 1 do not confirm the expected
order between the different film thicknesses.

However, one should not conclude from the preceding
discussion that a consistent application of MCT might not
be possible. On the one hand, it is not clear whether the
D-dependence of the finite-g result in Figure 12 (ﬂg at
g =6.9) is the same as in the limit ¢ — oo (i.e., as for
b). The corrections to the asymptotic behavior could de-
pend on both ¢ and D. On the other hand, the fitted
value for 74 at D=5 is the least certain because the low-
est temperature simulated corresponds to a rather large
T — T.(D =5) ~ 0.045 contrary to T — T, ~ 0.025 for
D =20. Therefore, the simulations have to be extended to
lower temperature to test whether there are clear devia-
tions from the superposition of 7, at low 7" in Figure 15.
The present quality of the fits would rather suggest that
the yg-values for the different film thicknesses are very
close to each other.

Within the framework of MCT, quantities, such as the
exponents a, b or v and the critical temperature, are deter-
mined by the thermodynamic properties of the glass for-
mer, in particular by the static structure factor [22-24].
The discussion of Figure 6 already suggested that S(q)
changes with decreasing D in a quite similar fashion as
the bulk S(g) if the temperature is increased. Therefore,
the question arises of whether it is possible to superim-
pose the bulk and film results for S(q) by comparing the
data for the same T — T.(D). This would imply that the
reduction of T, in the films is closely related to the fact
that the development of the local packing, characteristic
of the supercooled bulk, is shifted to lower temperature
by the presence of the smooth walls. Figure 16 shows that
such a superposition for the same T — T (D) is possible if
the confinement is not too strong (here, for D > 10). The
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Fig. 16. Left panel: collective structure factor, S(gq), of the melt for a film of thickness D=10 and for the bulk at temperatures
T=0.4 and T =0.46, respectively. Note that T,(D=10)=0.39 and TPulk — () 45. Thus, the chosen temperatures have the same
distance from the corresponding critical temperature, i.e. 0.4—T.(D =10)=0.46—T""* = 0.01. Except the (slightly) different
amplitude of the main peak, S(¢) of the film and the bulk are essentially identical when compared for the same difference to
the critical temperature. Right panel: same as in the left panel for a distance of 0.05 from T.(D), where data of many film
thicknesses are compared to that of the bulk. Again, for film thicknesses D > 10, S(q) of the film overlaps with that of the bulk.
For the extreme case of D=5, however, deviations are not negligible.

left panel compares S(g) of the bulk with that of a film
of thickness D=10 for T — T, =0.01. With the exception
of the (slightly) different amplitude of the first maximum,
both structure factors are identical over the whole g-range.
The right panel shows the same comparison for the bulk
and films of thicknesses D =5,10 and 20 at a larger dis-
tance from Tg, i.e., for T — T, = 0.05. While S(q) of the
bulk and film still coincide for D > 10, this is no longer the
case for the thinnest film studied (D =5). The influence
of the confinement on the packing structure of the system
at this film thickness cannot be explained by a mere shift
of the temperature axis.

6 Summary

Results of extensive MD simulations of thin (non-
entangled) polymer films are presented, which focus on the
influence of confinement on the sluggish dynamics of the
system and in particular on the glass transition tempera-
ture. The film geometry is realized by introducing two per-
fectly smooth and purely repulsive walls. All simulations
are carried out at constant normal pressure Py ext=1.
The static properties of the system show that chains
close to the walls prefer a parallel alignment. However,
when averaged over the whole film and all directions, the
influence of the walls on the chain conformation becomes
less pronounced. In particular, we find that, for the studied
film thicknesses (D € {5,7,10,15,20}), the chains’ radius
of gyration, R, exhibits slightly stronger dependence on
confinement than on temperature. For the smallest simu-
lated film thickness of D=5, for example, R, lies by about
7% above the bulk value. At the same film thickness of
D=5, a variation of 5% in Ry is observed when reducing

the temperature from T'=1 to T'=0.35. It is also observed
that R, decreases faster for smaller film thicknesses thus
suggesting strong impact on the chain conformation for
D <5.

On the level of the overall packing structure of the
melt, we observe that the structure factor, S(q), of a film
of thickness D resembles that of the bulk at a higher tem-
perature. If the confinement is not too strong (D > 10),
S(q), measured for a particular D at some 7", almost coin-
cides with the bulk result for that temperature 7" which
lies at the same distance to T as 17 to T.(D) (i.e.
T" — TPulk =T’ — T,(D)). This indicates that T — T.(D)
is a relevant parameter for our confined system.

This static property of our model finds a counter-
part in the dynamic behavior. Our main findings for the
dynamics can be summarized as follows: 1) The relax-
ation of the supercooled films is accelerated compared to
the bulk so that characteristic temperatures, such as the
mode-coupling critical temperature, T, (D), or the Vogel-
Fulcher-Tammann temperature, To(D), decrease with de-
creasing film thickness. As we expect Ty < Ty < T¢, our
results suggest that also Ty(D) should decrease with de-
creasing film thickness. 2) The films exhibit several fea-
tures predicted by the mode-coupling theory, such as the
space-time factorization property in the intermediate time
window of the [B-process, time-temperature superposition
of the a-relaxation, and a power law increase of the a-
relaxation time in a T-interval that is close, but not too
close, to T¢.. This implies that the implications of the cage
effect, whose approximate mathematical treatment leads
to these predictions, also seem to be an important factor
to understand the dynamics of the confined system in the
supercooled state above T¢.. 3) A comparison of the mean-
square displacements in direction parallel and perpendic-
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ular to the walls shows that not only the parallel motion,
but also the perpendicular motion is accelerated compared
to the bulk if the displacement is sufficiently smaller than
the film thickness. However, for a given thickness, the par-
allel motion is always faster than that in transverse direc-
tion. In other words, the enhancement of the dynamics is
more pronounced when relaxation processes parallel to the
walls are considered. Due to the film geometry, it is clear
that the long-time limit of the perpendicular mean-square
displacements must be finite. We gave an expression which
allows a computation of this limiting value from the den-
sity profile of the particle that corresponds to the MSD
under consideration (i.e., inner monomer, center of mass,
etc.).
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