PHYSICAL REVIEW E, VOLUME 65, 021507
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 potehyige (0/2)°,
wherez:|zpamc,e— Zyan @nd o is (roughly) the monomer diameter. The influence of this confinement on the
dynamic behavior of the melt is studied for various film thicknegaesl-to-wall separationsD, 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 temperatuiie, of the mode coupling theory with decreasing film thickness. Analyzing
the same data by the Vogel-Fulcher-Tamm#&wRT) equation, we also estimate the VFT temperafiy€D).

The ratio To(D)/TE" decreases for smalldd similarly to T.(D)/T2%. These results are in qualitative
agreement with that of the glass transition temperature observed in some experiments on supported polymer
films.
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[. INTRODUCTION The so-called mode coupling thediMCT) is perhaps the
most successful of all descriptions of the glass transition.
Polymer science has had a major impact on the way w&Vithin the idealized version of this theory, there is a critical
live. Just 50 years ago, materials we now take for grantetemperaturel . at which the(structura) relaxation times di-
were nonexistent. Due to their structural complexity, poly-verge while the static properties of the system remain liquid-
mers are generally not crystalline at low temperatureslike. The system freezes &t keeping its amorphous struc-
Rather, they exhibit an amorphous, glassy structure. The corntare. Thus, from the point of view of the MCT, the glass
cept of the glass transition thus plays an important role irtransition is a purely dynamic phenomendi9—14.
understanding the properties of polymer systems. Polymers However, it must be stressed that neither MCT nor other
are often used as protective coatings in microelectronicglescriptions of the glass transition have a definitive charac-
[1-3]. In such applications, the polymer is confined in a filmter. One is, therefore, interested in finding ways to verify the
geometry. An important information for materials design is,basic concepts of different approaches.
therefore, how thermal properties of a polymer system are Let us assume that the slowing down of the dynamics
affected by the film geometry, in particular, whether and howwhen approaching@, can be interpreted in terms of the criti-
the glass transition temperatufg is influenced by confine- cal slowing down of the dynamics near a second-order phase
ment. transition [15]. A second-order phase transition is usually
In addition to its technological importance, the investiga-characterized by the divergence of a length scale. The idea of
tion of the glass transition in thin polymer films is also of a a diverging length scale related to the glass transition has
great theoretical interest. This is closely related to the unregiven rise to the concept of “cooperative motion” empiri-
solved nature of the glass transition. Despite considerableally introduced by Adam and Gibbisl6]. According to
experimental and theoretical efforts, there is still not a fullyAdam and Gibbs, near the glass transition, individual particle
satisfactory description of this phenomenon. Phenomenanotion is frozen out. Thus, the only possibility for structural
logical theories of the glass transition, such as the freerelaxation is that of the collective motion of many particles.
volume theory[4—7], are attractive as they give a simple Note that, here, the focus is no longer on the static correla-
description of the basic observations but they contain adjustions, but on correlations, between tthgnamicsof particles.
able parameters whose physical significance is unclear. TheFhe associated length scale is thus a dynamic one&(3et
modynamic approach, e.g., Gibbs-DiMarzio thed8;9],  denote the typical size of a cluster of cooperatively moving
treats the glass transition as an ordinary thermodynamiparticles. It is well known that close to a second-order phase
phase transition. The Gibbs-DiMarzio theory implies that thetransition the relaxation time of such a cluster scaleg“as
configurational entropy is strictly zero in the glassy phasewherez>0 is the so-called dynamic critical expongif].
However, there are, e.g., two level systems present in th&he sharp rise of the relaxation times ndgy is then ex-
glassy phase, which also contribute to the configurationgplained by assuming the divergenceéivhen lowering the
entropy and not to phonons. Thus, the assumption of vanishemperature towards, .
ing configurational entropy at the glass transition point does The above reasoning, however, is based on an empirical
not hold for all classes of glassy systems. assumption tha£(T) increases with decreasing temperature.
A significant improvement was achieved by Edwards and
Vilgis [18]. These authors introduced an exactly solvable
*Corresponding author. Email address: varnik@mail.uni-mainz.denodel system exhibiting glassy behavior at low and
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showed that the concept of cooperative motion alone wasrease ofT, by up to 20% if the film thickness becomes
enough to give rise to a Vogel-Fulcher-TammdNiFT) law.  much smaller than the chain size. An interesting explanation

Recent computer experiments also support the idea of cf this observation in terms of an interplay between polymer-
operative motion. For example, it was observed by Kob angpecific properties and free-volume concepts has been pro-
co-workers[19,20 that particles move mainly in stringlike Posed[34]. This decrease becomes much weaker if one or
clusters. Bennemanet al. [21] report on a growing length €ven both of the free interfaces are replaced by a weakly
scale for the dynamics of a polymer melt. A strong heterointeracting solid substrate. Whereas the strong depression of
geneity in the dynamics has also been observed in moleculafy in the freely standing film could possibly be attributed to
dynamics simulations of bond breakage proce$88sand the significant release of geometric constraints at the air-
of binary mixture of soft spherd@3—25. It is found that the  polymer interface, the acceleration of the structural relax-
particles move preferably within mobile clusters thus leadingation of a polymer melt between tw@lmos} neutral solid
to a heterogeneity in the dynamics. substrates is much harder to understand intuitively.

While easily detectable in a simulation, the regions of Recent simulation results emphasize the fact that the in-
heterogeneous dynamics are unfortunately not as easily agrease or decrease of the glass transition temperature does
cessible to real experiments. This results from the fact thagtrongly depend on the interaction between the polymer
dynamic heterogeneity is not necessarily strongly correlateghains and the substraf85]. For a model of square-well
to density fluctuations. The structures of these regions argpherical interaction sites interconnected by fully flexible
therefore, more or less identical. Thus, one cannot use scaitrings, one observes a reductionTgfin the case of a weak
tering experiments to determine the length scHI€) [26]. attraction between the substrate and the chains, whereas for
Fortunately, there is a clue to this problem. Recall that théhe case of strong attraction an increasd gfs found[35].
relaxation time of a cluster of strongly correlated particles, We study a continuum model where polymer chains are
such as that observed in cooperative motion scaleséftke confined between two identical, ideally flat and purely repul-
where z>0. As the temperature decreasé¢T) becomes Sive walls[36,37, obtaining complete information in both
larger and eventually reaches the system $i¢E)=L. If space and time in atomistic detail. Instead of focusing on a
this occurs, the relaxation timeof the system will scale as computation ofTy, we rather check some predictions of the
rcLZ In other words, the relaxation dynamics of the systemmode coupling theory and investigate the dependence of the
will become size dependent. This size dependence is indedgode coupling critical temperatuig, on film thicknessD.
observed in Monte Carlo studies of the so-called bondWe also examine th® dependence of the VFT temperature
fluctuation model(BFM) in two-dimensions[27]. In the T, with the result that the ratiosTo(D)/Tg"® and
mentioned reference, the system size was varied while maiﬁlic(D)/TE’UIK behave similarly.
taining the periodic boundary conditions. An acceleration of After a presentation of the model in the following section,
the dynamics of the smaller systems has been observed we discuss in Sec. lll the reliability of the system dynamics
accordance withroc L2, obtained from molecular-dynami¢MD) simulations within

A simple way of changing the system size in a real ex-NVT andNpT ensembles. In Sec. IV we present MD results
periment is, for example, to vary the thickness of a planawon the influence of the walls on the system mobility and its
film. Applying the same arguments as given above to a thirtritical behavior at low temperatures for a variety of film
film of thicknessD we should expect finite-size effects on thicknesses showing that the critical temperature is lowered
the dynamics for temperatures at whigfT)~D. Note that for stronger confinementsmaller film thicknessgsSection
boundary conditions are no longer periodic, but can chang¥ is devoted to a brief analysis of the local dynamics where
from an absorbing one to an approximately neutral or a rewe address a subtle point concerning the proper definition of
pulsive one. local quantities in terms of particle positions and/or mo-

In this context, experiments ofmode) systems reveal menta. A conclusion compiles the results.
mixed findings. If the interaction between the polymers and
the substrate is attractive, the glass transition temperature Il. MODEL
of the films becomes larger than the bulk value for small film
thicknesse$28]. Intuitively, this effect can be attributed to ~ We study a Lennard-JonékJ) model for a dense poly-
chains that are close enough to the substrate to “feel” thener melt[38,39 of short chains(each consisting of 10
attractive interaction. The motion of these chains should b&onomers embedded between two completely smooth, im-

slowed down with respect to the bulk. In a thin film almost Penetrable wall$36,37. Two potentials are used for the in-
all chains touch the attractive substrate. $g,should in- teraction between particles. The first one is a truncated and

crease. shifted LJ potential, which acts between all pairs of particles

On the other hand, measuremetiiy ellipsometry of T, regardless of whether they are connected or not,
for polystyrene filmgof rather large molecular weighten a
silicon substrate showed a significant decreasd pfrom ULy = Ui(n=Uu(re)
375 K down to 345 K for the smallest film thickness of 10 LIt 0 otherwise
nm, i.e., a relative change of 10% Ty was observed29].
There have also been many experiments in recent years avhereU, ;(r)=4e[(o/r)**—(a/r)®] andr,=2x 26 The
freely standing polystyrene film.e., no solid substrate, but connectivity between adjacent monomers of a chain is en-
two polymer-air interfaceqd 30—33 showing a dramatic de- sured by a FENE potentigB8]

if r<r.
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The upper panel of Fig. 1 compares the bond potential, :

i.e., the sum of LJ and FENE potentials, with the LJ poten- S(q) 2} |
tial. It shows that the bonded monomers prefer shorter dis- :
tances than the nonbonded ones. Thus, our model contains :
two intrinsic length scales. Since these length scales are cho- 11 |
sen to be incompatible with dcc or bcg crystalline struc- :
ture, one could expect that the system does not crystallize at !
low temperatures, but remains amorphous. This expectation A
is well borne out. The lower panel of Fig. 1 compares the 0 3 10
structure facto5(q) of the bulk system with that of a film of q [units of 0'1]
thicknessD =10 at T=0.46 (note that the mode coupling
critical temperature of the present model in the bulk is FIG. 1. Upper panel: lllustration of the potentials of the model.
T’C’u'k= 0.45[40]). For the film, two structure factors are cho- The bond-potential results from a superposition of the Lennard-
sen, corresponding to two different regions: a layer of thick-Jones(LJ) and the FENE potentials. The minimum position of the
ness & centered in the middle of the filtalled “film cen- bond potential is smaller than that of the LJ potential. This incom-
ter”) and the region between this layer and the wédldled  patibility favors amorphous structure at Iy which is confirmed
“near walls”). In both casesS(q) is calculated parallel to by the behavior ofS(q). Lower panel: Comparison of the static

the walls[i.e. q:|q| q=(ay,,q,)] by averaging over all structure factorS(q) of the melt in the bulk and in the filmY
monomers in the res,pectivexr’eéion. =10) atT=0.46 (critical temperature of mode coupling theory in

The lower panel of Fig. 1 shows that the structure of theif® Pulk: Tc=0.45[40)). *Near walls” and “film center” mean

melt in the bulk and in the film is characteristic of an amor-2V6'ages over the regions close to the walls:¢8<3.5) and the
. . ; inner portion of the film (3.5z=<5). zis the distance of a particle
phous material. At smaly, S(q) is small, reflecting the low . T
ibility of th t Then. it increases and de eIfrom the (left) wall. The vertical dashed line indicates thevalue
compressibiiity of the system. o 1  dev corresponding to the bulk radius of gyratioﬁg(zz.og).
ops a peak &y, Which corresponds to the local packing of

monomers (2r/qma=1) before it decreases again and be-see later that the dynamics of the system is much faster in the

15 20

gins oscillating around 1, the largglimit of S(q). film than in the bulk when compared at the same tempera-
The most prominent differences between the bulk and theure.
film are found for smallj and forg,,. The compressibility All simulations have been carried out under constant nor-

of the film is higher, the value dfj,, is shifted to slightly  mal pressurePy ¢«=p=1. However, to adjust the normal
lower g and the magnitude d(qmay is smaller than in the pressure, we dmot vary the wall-to-wall separatio®, but

bulk. In the bulk one can observe a similar shiftqpf,xand  the surface area. For each temperature, the average surface
decrease 05(0,0) as the temperature increases. Also thearea is calculated by an iterative appro&dhy]. The system
compressibility of a bulk fluid increases with temperaturesis then propagated until the instantaneous surface area
Therefore, the local packing of the monomers in the filmreaches the computed average value. At this point the surface
seems to resemble that of the bulk at a higher temperaturarea(and thus the volumeis fixed and a production run is
Since the local structure of the melt has an important influstarted inNVT ensemble, where the system temperature is
ence on its dynamic behavior in the supercooled dtbi¢ adjusted using the Nodgoover thermostaf42,43. More

the lower panel of Fig. 1 suggests that the film relaxes moreletails about the applied simulation techniques can be found
easily than the bulk at the same temperature. Indeed, we wilh [37,41,44.
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. NVT AND NpT VERSUS NVE: INFLUENCE ON THE 1.0 1.0
DYNAMICS o — e los
It was mentioned in Sec. Il that the production runs were - EV; 106
performed at a constant volume and temperature using-Nose w06 P 1o
Hoover thermostat. This thermostat slows down or acceler- 9:
ates all particles depending on the sign of the difference be- 2 04 1%
tween the instantaneous kinetic energy of the system and the & 4 00
desired value given by the imposed temperature, i.e., g ozr ' . {02
3NkgT/2 (N is the number of particleg§42,43,45-48 One oo b 00 02 04
may therefore ask how reliable the resulting dynamics is '
when compared to pure Newtonian dynamics in the micro- 02 |
canonical(NVE) ensemble. This question was already exam- T R T Y
ined for the bulk system if39]. In this case, the results t [units of o(m/e)"’]
obtained within constant energWVE) simulation and that
using the NosaHoover thermostat are identical. FIG. 2. Velocity autocorrelation functiofACF) as computed

We are going to show that the presence of the walls doeom simulation runs within theNVE, NVT, and NpT ensembles.
not change this behavior. However, we go a step further anlyeither the coupling to the heqt bath nor the .fluctuat!ons of the
also investigate the influence of volume fluctuations on th&/0lume seem to affect the behavior of this quantity. The inset shows
system dynamics. This point is very important if one is in-2 magnification of the initial behavior of the velocity ACI (
terested in constant pressure simulations. We will see that, > Pn=1: T=0-55,N=500).
contrary to the case of Nodé¢oover thermostat, the system ) )
dynamics is strongly perturbed when the system volume i§€sult obtained from thalpT-ensemble differs strongly from
allowed to fluctuatgtherefore, for a given normal pressure, the referenc&lVEcurve. This discrepancy is due to the rela-
the corresponding average volume was first computed follve sSmall box size of a typical MD simulation. Note that the
eachT in a NpT simulation and then the dynamics was ana-relative volume fluctuations scale as/N. While fully neg-
lyzed in production runs at a constant volymigor this pur-  ligible for real systemsN~10%), these fluctuations become
pose, we compare results obtained from MD simu|ation§mp0rtant in a simulation where the particle number is of
within the NVE (microcanonical NVT (canonical, using order of 1000.

NoseHoover thermostatandNpT (NoseHoover thermostat
plus the fluctuations of the surface aremsembles.

Note that all results to be discussed in this section corre-
spond to a film of thicknesB =5. Recall thatD stands for We now focus on the influence of the walls on the slug-
the wall-to-wall separation. The distance of the closest apgish dynamics of the system. For this purpose, it is instruc-
proach of a monomer to a wall is approximately its owntive to recall some important features of the present model in
diameter (i.e., o=1). Therefore, a value oD=5 corre- the bulk at low temperatures. In Fig. 4 the mean-square dis-
sponds to the extreme case of three monomer layers only. placements of the innermost monomer

Let us first consider the velocity autocorrelation function
defined as

IV. DEPENDENCE OF T, ON FILM THICKNESS

N N 10° f  MSD of chains’ centers of mass
cv<t>=<2 vi<0>~vi<t>> / <i21 v?<0>>. 3 0k
10" F NPT —_—_
Figure 2 presents results f@r,(t) obtained from simula-
tions in theNVE, NVT, and NpT ensembles. As seen from

N\

At [units of o°]

this figure, no difference is observed 1G(t) within various 107 k NVE and NVT y
ensembles. The velocity autocorrelation function vanishes so S0 L ]
rapidly that it can be equally well computed within all these =2
ensembles. However, quantities that evolve slowly in time 107k 4
exhibit a different behavior. An example is the mean-square . . . . . .
displacementMSD) of chain’s center of mass 0% 10" 10”100 10 107, 10" 10°
t [units of a(m/e) ]
1 M
g3 (t)= le ([Rem;.i (1) = Remyi 112)- (4 FIG. 3. The mean-square displaceméviSD) of chain’s center
=

of mass in the direction parallel to the waltg,(t), obtained from

NVE, NVT, and NpT simulation runs D=5,Py=1, T=0.55,N
Here,M is the number of chains ar®.,,;  is the projection  —500). Obviously, theNVT result is identical to that obtained
of the center of mass vector of théh chain onto a plane within the NVEensemble simulation. Contrary to that, the time
parallel to the wall. Figure 3 shows that data f@,(t)  evolution ofgs(t) in the NpT-ensemble simulation is unphysical
within NVE andNVT ensembles are identical. However, the for t=1.
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FIG. 4. Log-log plot of the mean-square displacements of the 10? ~t/ o”
. . 3 D X
innermost monomeg; (t) and of the chain’s center of mags(t) R2 (o x8
versus time foil =0.48. The initial ballistic behaviors fay;(t) and — 10' f*ﬁ% ——————————————— u “D‘Qﬁ}ﬁé*‘*—
gs(t), i.e., g, (t) =(v*)t?=3Tt? andg,(t) =3Tt?/N, [(v?): mean- b hle L
. _ . . . = 10 o KKO
square monomer velocity,=10: chain length and the late time g . ”}&z% o i
diffusive behavior are indicated as dashed lines. In addition, a = 10 Wfrjcﬁﬁ%gcg gloc
power law fit g;(t)~t* with an effective exponenk=0.63 is =1 102 ®
shown as another dashed line. The dashed horizontal lines represent = o D=5
the radius of gyratiorRé (=2.09; upper lingand the plateau value o 10° | aTe x D=10
6r2, of a MCT analysis(=0.054; lower ling, respectively. The - s D=20
dashed vertical line indicates the timeg, of the intersection be- o bulk
tweeng, (t) and &2, Additionally, the mode coupling approxima- S S S U D U SISO SR
tion in the B-relaxation regime is shown as a thick solid line. w0 o10m 100 100 10 101,2 1010

Adapted from referencgs2]. t [units of a(m/e) ]

" FIG. 5. Log-log plot of the mean-square displacement of the
1 5 innermost monomeg,(t) for two different temperaturesT=1
g1(t)= M-Zl <[ri,innek(t)_ri,inner(0)] ) 5 (high temperature, normal liquid state; upper pareid T=0.5
o (supercooled state close ©"*=0.45; lower panél The figures
. . compare bulk data with the displacements measured parallel to the
a_lnd of the chain’s center of .magg(t) are d-lsplayed VEISUS  walls in films of different thicknessD=5(~3.5Ry), D=10
time for T:O.4_18. For short tlmes, the mothn of .th(.E system(%mg) andD=20(=~14R,). The film data were multiplied by
can be described by assuming free partioleallistic re- 5 account for the different number of spatial directions used to
gime): ga(t)=(v*)t?=3Tt* and gs(t)=3Tt?/N,, where caculateg,(t) (ie., three directions for the bulk, but only two for
(v?) is the mean-square monomer velocity afig=10is the  the filmg. The bulk end-to-end distand®? and radius of gyration
number of the monomers of a chain. In agreement with ther? are indicated as dashed horizontal lines. Furthermore, the lower
predictions of the MCT[10-14, a plateau regime emerges panel also shows the plateau valug &f a MCT analysig=0.054;
after the ballistic motion. The tagged particle “feels” the lowest dashed line The solid lines represent the behaviorgg{t)
presence of its neighbors and, as the temperature is low, rexpected in different time regimes: ballistic at short tinigs(t)
mains temporarily in the cage formed by these neighbors=t?], diffusive at late timegg,(t)~t], and dominated by chain
However, contrary to simpléatomig liquids, where a direct connectivity for times wheregy;(t)>1 is the monomer diameter
crossover from the plateau into the diffusive regime occurs|gi1(t)~t*; x=0.63 is the effective exponent
an intermediate subdiffusive regime emerges due to the con-
nectivity of the monomerf49]. In this regime, the center of ather small so thag,(t) of the bulk almost overlaps with
mass already crosses over to the asymptotic diffusive manat of the film for thicknesse®=10. However, the lower
tion, gs(t)=t, whereas the motion of the innermost Mono-panel of Fig. 5 shows that the effect of the walls on the
mer is described by a power lagy(t) ~t* with an effective  mopility becomes significant at all studied film thickness
exponentx=0.63. The innermost monomers reach the diffu-with progressive supercooling. Outside the initial ballistic
sive limit only if g,(t) is larger than the end-to-end distance regime, the motion is faster, the smaller the film thickness.
of a chain and thus outside of the time window shown in the  Tg quantify this observation, we define relaxation times as
figure. the time needed by a given mean-square displacefiikat
In Fig. 5 we compare the mean-square displacement of, the MSD of chain’s center of mass gi, the MSD of

the innermost monomeg, (t) for films of various thick-  the innermost monomgto reach the monomer size
nesses with that of the bulk. The upper panel corresponds to

a high temperature of =1 where the system properties are
liquidlike. At this temperature the influence of the walls is g;(t=7):=1 (defining equation forr). (6)
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TABLE I. Survey of the VFT temperatur&,, mode coupling critical temperatuiie., and the critical
exponenty for different film thicknesse® and for the bulkT, was determined via fits to E¢10) both for
the film and for the bulk. As td@",, we determined,(D) from fits to Eq.(9). T2 and y, were known
from previous analysd$9,40,50,51. This results forTS“'k is also obtained applying E) to the bulk data.

D 5 7 10 15 20 Bulk

To 0.204£0.007  0.2530.013 0.288&0.006 0.297#0.007 0.3080.004 0.3280.008
Te 0.305£0.006  0.365:0.007 0.396:0.005 0.405-0.008 0.4150.005 0.456-0.005
y 25+0.2 2.4:0.2 2.1+0.1 2.2£0.1 2.1x0.1 1.95:0.1

Note that, due to the film geometry, there are only two indewversusT—T. on a log-log scale. Figures 7 and 8 show that

pendent directiongeach of them parallel to the wallfor  the power law(9) motivated by the ideal MCT is a good

diffusive motion compared with three in a homogeneousapproximation of the data at temperatures cldaé not too

melt. For the film, we thus computg using these two di- close to T, (see, for example, Fig. 10 and algt),50,57 for

rections and then multiply the result by a factor bfThis  comparable bulk daja

multiplication is necessary if the film data are to be com- However, as indicated by the solid line in the both figures,

pared with the corresponding bulk quantities. 7(T) can also be described by a VFT fit in the studied tem-
Using Eq.(6), we computedr(g;=1) as a function of the perature range, i.e., by

temperature for various film thicknesses, where, in addition

c(D
to g; andg,, the MSD of all monomers r(T)ocexp( (D) ) (10)
n T—-Ty(D)
2
go(t)NZl ([r(H-ri(0)]%), (7)) wherec is a constant, which can depend on film thickness.
The possibility of describing the same data both by a power
and that of the end monomegshain ends law (MCT) and by a VFT fit has also been observed for bulk

properties of the present mode&dee Fig. 10 in[39]). We

1 M therefore use the VFT formula as an independent approach
§14(I)ZMZ1 ([ri,end) =T end 0)1%), (8 and determine the VFT temperatufig, for various film
o thicknesses. Table | contains the results Tg(D) thus ob-
have also been used. tained. A plOt OfTC(D)/TQUIk and TO(D)/TBUIk is shown in

For each film thickness, this yields four different relax- Fig. 9. Both the mode coupling critical temperature and the
ation times as a function of the temperature. As the mod&FT temperature exhibit similab dependences, thus sug-
coupling theory[10—14 has been rather successful in de-gesting that the presence of the smooth walls results in a
scribing the slow dynamics of the present model in bulk
[40,50,5], we tried to fit7(T) via a power law

O all monomers

_ — (D) [ inner monomers
([T Te(D)] ' ©) 04 o center of mass

. . . . +
Such a power-law divergence of taerelaxation time is pre- end monomers

dicted by the MCT for the bulk11,12,14.
The fit is done as follows: First, althree parameters of e
Eg. (9) were adjusted. The values ofobtained from7(g, 02
=1), 7(g1=1), 7(g3=1), andr(g,=1) agreed well within ?
the error bars. Therefore, we fixgdat the average value for L T =0.305+0.005
the given film thickness and repeated the fits. Y ° h
Table | contains results foF (D) and y(D) obtained in 0.0
this way. Figure 6 shows a representative example for this 0.3
analysis. It depicts—” versusT for a film of thicknessD
=5 (note thatD is the wall-to-wall distance, the thickness of
the region with nonvanishing monomer density is approxi-
mately D —2, see Fig. 19 The intersection of the straight
lines (MCT -fit resultg with the T axis yields the critical  .ivs center of mass. The mode coupling exponemtas first

temperature at this film thicknessT(D=5)=0.305 getermined from fits to Eq(9) where all fit parameters were first
+0.005. Note that, despite the highly nonlinear relationshipreated as independent. As all values obtainedyfagreed within
between the MSD’s used to define the variots all fits  the error barsy=2.5+0.2, we repeated the fits with=2.5. The
yield the sameT .. MCT fits to the data are represented by the straight lines. From the

To test this analysis the resulting critical temperature caitintersection of these lines with thieaxis the critical temperature is
be used to linearize reduced plots of the relaxation timesleterminedr (D =5)=0.305+0.005.

—1ly

0.4 05 0.6 0.7
T [units of e/kg]

FIG. 6. Plot ofr~Y” versusT the relaxation timer [measured in
units of o(m/€)*?] was determined by Eq6) using the mean-
square displacements of inner, end, and all monomers and of the
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10 \\D=D5, T,=0.305, P =1 3 095 f
g 2
w1 W 085 F
= By P 5
E 10 o all monomers o 2 MCT: t o< IT-T ™
o inner monomers 5 o5} |
2 o center of mass 5 - VFT: 1 o< exp(c/T-T)
g \ + end monomers '_, bulk
210" b~ wCT o L © 065 o—e T (D)T, " (MCT)
— VFT P
¥ o—=o T,(D)/T,"™ (VFT)
0 N N 1 L L
19467 107 10° 9 =g 10 15 20
T-T, [units of e/kg] D [units of o]
FIG. 7. Relaxation timer(g;=1) for an extremely thin film of FIG. 9. RatiosT.(D)/T2" and To(D)/T5"* versus film thick-

three monomer layers onlyvall-to-wall distanceD =5). Different  nessD. The critical temperature®,(D) of the films were obtained
mean-square displacements are used for the analysisthe MSD  from fits to Eq.(9). Similarly, the Vogel-Fulcher-Tammann tem-
of all monomersg, is the MSD of the innermost monomeys is  peraturesT,(D) and T)"* are results of fits to Eq.10). The error

the MSD of the chain’s center of mass, aggis the MSD of the  bars of To(D) are larger than those of (D), since To(D)

end monomers. The long-dashed line indicates the fit using®q. <T (D) so that the difference between the lowest simulated tem-
motivated by the ideal mode coupling theory. However, the solidperature and the extrapolated result is much larger for the VFT

line that corresponds to a fit using the VFT law describes equallfemperature than for the critical temperature. Therefore, the results
well the data[see Eq.(10)]. Both fits shown here were done for for T.(D) are more reliable.

g1(1)-

with T2"*=0.45 andyy,=1.95. The value ofyy, used

reduqtion OT the glass trans_ition temperatlige As f’%'feady here corresponds to that obtained from a similar power law
mentioned in Secl a reduction of the glass transition tem- g; the (bulk) self-diffusion coefficien{39]

peratures has also been reported both from experiments on
;upported polymer filmg29] and on free-§tanding polymer to D=5 data is also depicte@ee the long-dashed line with
films [26,31,53 and also from MD simulations of a model of o, g15he of 2.5 It is seen from this figure that both in the
square-v_vell spheru_:al interaction sites mtercqnnected b¥i|m and in the bulk, for temperatures very closeTtg, the
fully flexible strings in the case of a weak attraction betweenrelaxation times increase more slowly than predicted by the
the sub_strate and the Cha'ﬁ?’ﬂ'_ ideal MCT. This discrepancy is an indication of slow relax-
In Fig. 10, 7(9,=1) is depicted versug —T for the 445 hrocesses that are not taken into account within the
homogeneous melbulk) and films of various thicknesses. o, MCT. As temperature decreases, the contribution of
The solid line indicates the power law~(T—Tg") 7ok oo processes becomes important and the ideal MCT no

To show the(slight) D dependence of the exponepta fit

4 i T
10 o D=10, T=0.39, Py =1 1 10t |
o + ¥(D=5)=2.5
& ) o, _ .
5 10° + 9 | =
% + My O ® 10° You=1.95
= 0 £
2 . o all monomers *+ o 5 o D=5
s} inner monomers o o 10 o D=7
2 o center of mass ) o i} 4 D=10
= + end monomers o = <D=15
=1 MCT o 10 F +D=20
— VFT ) ® bulk
1 U s (] L s
% 107 107 10° B 107 10°
T-T, [units of e/k] T-T, [units of e/kg]
FIG. 8. Relaxation timer(g;=1) for a film of thicknessD FIG. 10. Relaxation time- determined frong,(t) by requiring

=10. Different mean-square displacements are used for the analg(7)=1 (being monomer diameterThe solid line indicates the
sis: gy is MSD of all monomersg; is the MSD of the innermost  power law 7~ (T— T2 ~buk syggested by MCT for the bulk at
monomergs is the MSD of the chain’s center of mass, ands the  temperatures abov& " (TP%=0.45 and y,=1.95 [39]). The
MSD of the end monomers. The long-dashed line indicates the fitong-dashed line represents a fitBo=5 data with an exponent of
using Eqg.(9) motivated by the ideal mode coupling theory. The y(D=5)=2.5. Both in the film and in the bulk, for temperatures
solid line corresponds to a fit using the VFT ldgaee Eq.(10)]. very close toT., the relaxation times increase more slowly than
Both fits shown here were done fgi(t). predicted by the ideal MCT.
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107

1/2
]

o D=5 slope 2.4
+ D=10
+ D=20
10° t  ebulk

[

-t
o

107 | o D=5

Diffusion Const. [units of c(e/m)"2]
Diffusion Const. [units of o(e/m)
=

[)

®

slope 1.95 4 D=10 o+
ol SRS 10° p +D=20 % “Nee
r ® bulk ‘
07 e 0 1.0 11 5 2.0 25 3.0
T-T, [units of e/kg] T [units of ky/e]
FIG. 11. Diffusion constant of a chain versts- T, for films of FIG. 12. Diffusion constant of a chain versus inverse tempera-

thicknessD =5, 10, 20, and for the bulk. The critical temperatures ture for films of thicknesD=5, 10, 20, and for the bulk. The

T.(D) of the films were obtained from fits to E() [see Table | critical temperature3 (D) of the films were obtained from fits to

Thuk was known from the previous bulk analy$#0]. The straight  Eq.(9) [see Table] T2“* was known from the previous bulk analy-

lines indicate fits using Eq12). The mode coupling exponentis sis [40]. The solid line indicates the fit results using E2) for

larger for stronger confinemefgmaller film thickness Note that, D=5. The dashed line indicates a similar fit result @ 10. A

the lowest simulated temperatureTis=0.35 forD=5 andT=0.4 short solid line indicates the result of an Arrheniugsite Eq(11)]

for D=10. However, as the critical temperature of the thinner filmto theD =10 data in a low temperature range, where the ideal MCT

is much lower[T.(D=5)=0.305 compared td.(D=10)=0.39 no longer holdgsee also the textNote that, the lowest simulated

the D=10 data arecloserto the correspondind .. This explains  temperature i§=0.35 forD=5 andT=0.4 for D=10. However,

why practically no deviation from a power law is observed ior  as the critical temperature of the thinner film is much lower

=5. [T.(D=5)=0.305 compared td.(D=10)=0.39], theD=5 data
arefarther from the correspondind, . This explains why a power

longer holds. A common picture in describing the slow dy-law fits well toD=5 data at all temperatures.

namics of the system at these temperatures is that of an en-

ergy landscape witffinite potenual barners. _Relaxatlon pro- panel in Fig. 14, whergo(t) andgs(t) coincide for larget].

cesses are then described as juntpspping$ between :

neighboring energy minima. If one assumes a sharp distribd? e Praxis, however, one has to evaluate &¢) at large

tion of the potential barriers around a given valig, i.e., if ~ Putfinitet. As the mean-square displacements of chain’s cen-

all such barriers are assumed to have more or less the sarff Of mass reaches the diffusive limit faster than other

height, the probability of a jump over a barrier is then equaMSD’s (see Fig. 4 one should usgs(t) in an evaluation of

to the probability of having an enerdg=E,. Assuming that  Ed. (13).

the diffusion constanD is proportional to this probability, The best results on the diffusion constant one obtains are
one obtains numerical. A log-log plot of the diffusion constant versiis
—T, is depicted in Fig. 11 for various film thicknesses and
Do f” ex;{ B i)dE= exp< B E) 1) for the bulk. Similar to the behavior of the relaxation time
Eo kgT kgT)" discussed above, at temperatures very clodg faesults for

the diffusion constant deviate from the power law given by

Thus, due to the above picture, at low enough temperaturdsg. (12). Motivated by the discussion that led to Efj1), we
the diffusion constant obeys an Arrhenius law. Here, “lowtry to fit the diffusion constant at law temperatures by an
enough” means temperatures very close to or belbw  Arrhenius law. This is demonstrated in Fig. 12 for the case of
However, for higher(but not too high temperatures one a film of thicknessD =10, where Eq(11) is applied to the
again expects the validity of a power law also for the diffu-|ast few data points in low temperature regime. From this fit,
sion constant we obtainEy~9.35. However, one should be careful with an
interpretation ofE,. Recall that Eq(11) was derived assum-
ing that all potential barriers have the same heighEgf

herefore, an interpretation &, as the typical height of the

Do |T—T(D)|"P. (12

Using the mean-square displacements, we compute the di

fusi tant f otential barriers in an energy landscape requires a study of
usion constant from the inherent structure of the system.
It is also shown in Fig. 12 that the data at higher but not
_gi(b) - .
D= “mT' (13)  too high temperatures are well described by a power law, as

t—oo

expected from the MCT analysis of the relaxation times pre-
sented in this section.
Note that, in the diffusive limit {—«), there is no differ- Next we look at the temperature dependence of a cross-
ence betweegg, g1, gz Or g4 [see, for example, the upper over time ., given by
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The previous analysis of th€ dependence of the relax-
o D=5 g ¢ f ation time r and of the crossover time., suggests that the
o D=7 AD critical temperature depends strongly on film thickness, but
A D=10 “,E'D the variation of the exponentsor vy is rather weak. Within
1l < D=15 the framework of MCT the exponengsand y are related to
o + D=20 one another and determined by the so-called exponent pa-
R e bulk rameter\, which controls the time evolution of the monomer
e mean-square displacement in the plateau redsee Fig. 4.
Lo Thus, the weak variation of the exponetsand y with D
+ A0 should imply that the time dependence of the mean-square
displacements in the film closely follows that of the bulk, in
the plateau regime. It is, therefore, interesting to test whether

01 the mean-square displacements of the film and of the bulk
T-T, [units of e/kg] obey the same master curve when compared for the same
reduced temperaturd,—T.. This idea is first examined in

FIG. 13. Temperature dependence of the crossover tigge the upper panel of Fig. 14 where the MSD’s of the innermost
[measured in units of-(m/e)*?] for the bulk and different film monomersy,(t) and of the chain’s center of mags(t) are
thickness:D=5 (~3.5Ry; Ry is the bulk radius of gyratonD  compared atT—T.=0.07 for the bulk and for a film of
=7 (=5Ry), D=10 (=7R;), andD =20 (~14R,). The critical  thicknessD =10 (as T2"¥=0.45 andT (D =10)=0.39, the
temperatures were obtained from fits to 8). [see Table l The |k data afT=0.52 are compared to the corresponding film
crossover time was determined from the mean-square displaceme&lj,[a afT=0.46. There is a good agreement between the film
and bulk data over a long period of time, in particular, for
Sntermediate times. The lower panel of the figure extends this
comparison to lower temperatures. Whereas the film data
still closely agree with each other for all times simulated, this
is no longer the case for the bulk data. By simply shifting the
with t and finally becomes diffusivesee Fig. 14 The exponena T axis it is only possible to re_scale the bulk "_md f'_lm da_ta
used to linearize the data closeTg is that of the bulk@=0.352  ONto & common master curve in the intermediate time win-
[40]). dow of the plateau. At later times, howevgi(t) of the bulk
increases faster withthang,(t) of the films. This difference
is more pronounced the close&ris to T.(D).

A preliminary analysis of the incoherent scattering func-
tion also reveals the property that for intermediate times, the
This definition is motivated by an analysis of the bulk, wheredata corresponding to different film thicknesses follow the
rsc (= 0.1 monomer diametemappears as a relevant length same master curve when compared for the same reduced
scale for the dynamics of a monomer in its local environmentemperatureT— T,(D). A more detailed investigation and
(“cage”) [40,50. The value 82, (roughly) coincides with  comparison with the behavior of the mean-square displace-
the inflection point ofg,(t) and thus marks the crossover ments is under way.
from the early time regime, wheig (t) is almost flat, to the
late time regime, wherg,(t) gradually increases with time V. LOCAL DYNAMICS
and finally becomes diffusivésee Fig. 1% Motivated by
ideal MCT, one expects that, diverges afl . with a power
law

of the innermost monomeg,(t) by the <:onditiongl(7-co)=6r§C
=0.054. This choice as well as power laws of both panels ar
motivated by a MCT analysis of the bulk dd#0,50,53. The value
6r§C (roughly) coincides with the inflection point af,(t) and thus
marks the crossover from the early time regime, whgr&t) is
almost flat, to the late time regime, whege(t) increases faster

g1(t=7¢o) :=6r2=0.054 (definition of 7). (14)

The discussion of the preceding section illustrated that the
dynamics of the film is accelerated with respect to the bulk.
Obviously, this is a consequence of the walls. A natural ques-
tion is, therefore, how the motion of the monomers depends

Too T)o| T= T V2, (15  on their distance from the wall. To obtain a better insight into
this dependence we study the local displacements, i.e., the
with 0<a<0.5. The exponena describes the initial decay mean-square displacements measured within layers of a
of the correlation functions from the ballistic regime to the Small thickness(bin) at various distances from the wall.
plateau[12—14. The analysis of the bulk data showed thatHowever, when trying to analyze local displacements the
a=0.352[40]. problem of how to assign particles to layers has to be ad-

Figure 13 displays_,2® versusT — T, for the bulk and for dress_ed. A posgible defjnitipn _is. to asschate a monomer la-
various film thicknesse =5 (=3.5R; Ry is the bulk ra- beledi to that bin to which its initialz position, z(t,), cor-
dius of gyration, D=7 (~5Ry), D=10 (~7R;), andD  responds
=20 (=14R;). The critical temperatures are taken from N
Table | and for the exponerd we used thg bulk va!ua go(t;z)=<,2 8(z—1z(to))
=0.352[40]. It is seen from Fig. 13 that this value yields a i=1
good linearization of the bulk data. Feg, obtained from the N
film data, however, deviations occur indicating (@ther Y 2 S
slight) D dependence of the exponemt XD~ ri(to)] /21: oz Z'(tO))>' 18
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FIG. 15. lllustration of the dependence of the local MSD upon
the way the particle displacements are attributed to laflersl-
ized. For this purpose, two regions of different mobilities are con-
sidered: A region around the film centers2<5, and the first layer
close to the walls, £z<3 (z=|Zaricle— Zwail). Note that there is
practically no particle in the very proximity of the walls, i.e., in the
region with Osz=<1. If the displacement of a particle is always
attributed to the layer, where the particle was observetj athe
obtained results for the local MSD’s are biased in the following
sense: If a tagged particle leaves its initial layer at a later time, its
motion will partly represent the properties of the layers it has “vis-

) 2 ited” so far. Attributing the mobility of such a particle to the initial
t [units of a(m/e) ] layer thus represents an averaging over many layers. The error in-
FIG. 14. Upper panel shows the mean-square displacements érfduc.ed in this way is n.egllglble for short times. However, as the
. o SD in transverse directiogy , (t) becomes comparable to the half
the innermost monomey,(t) and of the chain’s center of mass - ; . - .
. s of the layer thicknesgsee the intersection of the horizontal line
g5(t) between the bulksymbolsO and*) and a film(solid lines . .
. with go, (t)] the error dominates and the local character of the data
of thicknesD =10 (=7R,). The panel compares the results for the . : . .
9 is lost to a large extent. For very long times, no local information

same distance to the critical temperatligdi.e., T— T.=0.07). The Y S . : ) .

. ) persists” this averaging and curves belonging to different regions
displacements of the film are calculated parallel to the wall. Theyconver e towards the system averfsge long-time behavior of the
were multiplied byg to put them on the scale of the bulk data. The g Y 9

two horizontal dashed lines show the bulk end-to-end distﬁice dotted lineg. The correct definition requires that only those par-

. . . . ‘ ticles are allowed to contribute to the mobility of a given region,
and the radius of gyratioR?, respectively. The ballistic short-time . - . ,
A g hich h I f I <t's< long-
behaviorg,(t)=3Tt? is indicated for the bulk aff=0.52. The which stay in the same layer for all timdg=t'<t [see long

. - dashed lines However, there is also a drawback to this correct

I&Iﬁ? rwpha:anneIasp:)%v:cﬁ?nhgavﬂ %(95](;)185055 %_O(SO_ fg)d_fg;tghe definition: As any particle that leaves its initial layer must be ex-
e e A A v | h ion of the MSD’s, th istical i

TC(D:20)20.415,T2“"‘:0.45]. The dashed horizontal line Shows cluded by the computation of the MSD’s, the statistical uncertainty

; increases with the number of such particles and thus with fizee

:Eg Ellilt(ezl;t;ﬂg]e IS(C)r(Ai_;g(.e?ste(;;ti 'lfncw:-ersa?r?éy?illzp:r:fgrgj ?kd doa[la long-dashed lines for largé. Statistical accuracy at large times thus
) T ’ requires more independent samples of the same system. The differ-

corresponding to a givel— T, follow the same master curve. ence in the magnitude afy, (t) andgo,(t) arises from the fact that
The drawback of this definition is, however, that some par_there is only one independent direction perpendicular to the walls
ticles may leave this layer a later time. If one adds thejrcOmpared to two independent parallel directions.
contribution to the MSD to that of those particles that always
remain in the initial region, a sort of averaging over otherin Fig. 15 where the MSD of all monomers in the direction
regions is introduced. Obviously, the larger the time differ-parallel to the wallsgg(t), is shown for two regions of
encet—ty, the greater the probability that some tagged pardifferent mobility in a film of thicknes® =10 atT=1 (high
ticle has left its initial layer. As a consequence, the localtemperature liquid stateAs go ;> 1 (half of the bin sizg, the
character of the obtained information becomes questionablISD of both regions converge towards that of the whole
for large times. An estimate of the time beyond which thissystem for large times.
averaging over neighboring regions becomes appreciable is To avoid this problem, a more stringent criterion must be
the time at which the mean-square displacements in transtsed to compute local MSD’s from particle displacements:
verse direction become comparable to the half of the binrhe contribution of a tagged particle to the MSD of a given
size. For larger times local information is gradually lost andlayer at a timet should be taken into account if and only if
the MSD’s of different regions converge towards the averag¢he tagged particle has been in the same layerfiotimes
MSD of the whole system. This point is nicely demonstratedto<t’' =<t

g,(t) [units of 02]
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FIG. 17. Layer-resolved mean-square displacement of the inner-
FIG. 16. Same as in Fig. 15 but for a film of thickné®s20 at  most monomeg,(z,t) versus time for a film of thicknes® =20
a low temperature of =0.46[T.(D=20)=0.415. The figure il-  (=~14Ry; Ry is the bulk radius of gyratignat T=0.46 (T.(D
lustrates that attributing the displacement of a particle to the layer=20)=0.415; see Table)l z denotes the distance from tliieft)
where it was at the initial timé,, can lead to errors that strongly wall. The displacements are calculated parallel to the wall and mul-
depend on the layer under consideration. Therefore, the results okiplied by 3 (to put them on the same scale as the bulk d@ta
tained using this definition are not reliable even at times for whichwhich are averaged over three spatial dimensions instead of over
the MSD in transverse directiagy ; is much smaller than the half only two for the film. The g,(z,t) data(indicated by lines are
of the layer thickness which, in turn, is the localization resolution.averages over all mononiers between s@apg<z<z,,, Which re-
The difference in the magnitude gf, (t) andgg(t) arises from  main in the specifiec interval for all times shown in the figure.
the fact that there is only one independent direction perpendicular tDue to the loss of the statistical accuracy at late times, the data are
the walls compared to two independent parallel directions. some times cut off at times with large statistical noise. In the middle
of the film (9<2z=<10) g,(zt) coincides withg,(t) of the bulk,
Nt whereas it is much faster at the wall€@=<?2). The average be-
go(t;z)=< > 11 s@z-z") havior of the film(i.e., the average over all layg¢ris shown byl
=1 =, The dashed horizontal line indicates the plateau vafﬁg(&0.0Szb
Nt of a MCT analysis performed in the bu[k0,50,51.
X[rim—ri(tonz/ > 11 5(z—zi<t’>>>.
1 =t Figure 17 depicts the local MSD of the innermost mono-
(17) mer, g,(t;z), for a film of thicknessD =20 at a low tem-
perature off =0.46. The displacements are calculated paral-
This correct definition is, however, computationally more de-lel to the walls using Eq(17). We see from this figure that
manding. The reason lies in the fact that the contribution othe mobility in film center is practically equal to that of the
particles, which have left their initial layer at some later bulk, whereas monomers in the proximity of the wall are
time, has to be ignored for all subsequent times. As the nummuch more mobile. There is a gradual transition from the
ber of such particles increases with time, the statistical accuwo step relaxation characteristic of the bulk at this tempera-
racy decreases at late times. To improve it, one needs motare to a smooth crossover from microscopic to free diffusive
independent samples of the same system. motion as the layers are closer to the wall. Whereas the bulk-
In Fig. 16 we focus on another aspect of the same problike dynamics for the film center is plausible—the monomer
lem. Figure 15 suggests that a good estimate of the time atensity profile is flat there and equal g, (see Fig. 19
which the difference between Eq46) and(17) is no longer  the continuous speeding up of the dynamics in spite of the
negligible isg, (t) = (bin width)/2. Here, we stress that the pronounced oscillations of the monomer density is less intui-
inverse is not necessarily true, i.e., the error is not necessariye. It could be related to the following points: An important
negligible for shorter times. Already in Fig. 15 one can ob-factor is certainly the wall potential. This potential is softer
serve that, in the case of the layer close to the wall, deviatsee Eq(2)] than thelJ potential that means that a monomer
tions from the correct curve occur at shorter times than thelose to a wall can further penetrate the wall than a monomer
intersection point betweegy , (t) and the horizontal line in- can approach the center of mass of its nearest neighbors.
dicating half of the layer thickness. This point is more clearlyThis should yield a higher mobility of the monomers at the
demonstrated in Fig. 16 where the MSD’s of a film of thick- wall at low T where the dense local packing of the monomers
nessD=20 at a low temperature of=0.46 are used is responsible for the mutual blocking and slowing down of
[T.(D=20)=0.415. Here, for the layer in the inner part of the bulk dynamics.
the system, the deviations are appreciable already at times, On the other hand, the static structure factor of Fig. 1
which are about two orders of magnitude smaller than theshows that the first maximum is not as large in the film as in
“intersection time.” One should, therefore, be aware of thisthe bulk at the same low temperature. This implies that the
discrepancy when analyzing local quantities. overall arrangement of the monomers in the nearest neighbor
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FIG. 18. Relaxation time(go=1;z) versus distance from the
wall for a film of thicknessD =20 (~14R; Ry is the bulk radius FIG. 19. Temperature dependence of the monomer density pro-
of gyration. Here,z stands for the distance of the center of a layerfile p(z) for D=20~14R; (R, is the bulk radius of gyration z
(bin) from the (left) wall. The thickness of a bin idz=1. In the  denotes the position of a monomer from theft) wall. Since the
calculation of the local mean-square displacements of all monoprofiles are symmetric with respect to the middle of the film, only
mers,go(t,z), which underlies the definition of, we consider the one half is shown. The temperatures are characteristic of the high-
contribution of only those monomers, which remain within the temperature stateT(1) and the supercooled statd =0.46
specified layer for all ime$’ <t (see also the textAt high tem- ~ >T(20)=0.415; see Table)lof the melt. The horizontal filled
peratures, there is a wide region around the film center, whise Ccircles(®) indicate the bulk densitiegy,=0.91 andpp=1.038
independent of. Contrary to that, at lowl, the presence of the atT=1 andT=0.46, respectively.
walls is “felt” also close to the film centefnote that the lowest
temperature is close t®,(D=20)=0.415; see Table|l same temperature. This increase of the density in the film

gives rise to more pronounced oscillations of the monomer

shells is not as pronounced in the direction parallel to theProfile.
wall as it is in the bulk. Since this local packing is an impor-

tant factor for the slowing down of the structural relaxation VI. CONCLUSION
(Hansen-Verlet freezing criterignthe dynamics in the film , ) i
should be faster. We presented results on molecular-dynamics simulations

Using a local version of Eq6), we define a&-dependent for a model of nonentangled short polymer chains confined
relaxation timer(2) ' between two perfectly flat, nonadsorbing and impenetrable

walls. The monomer-wall interaction is modeled by a poten-
tial that diverges ag ® when a monomer approaches the
gi(t=17(2);2):=1 [defining equation forr(z)], (18) wall. This repulsion is weaker than the 12-6 Lennard-Jones
potential of the monomer-monomer interaction and also than
the soft-sphere potential{z~ 1% used in simulations of con-
wherei =0, 1, 3, 4 denotes various types of displacements ofined supercooled simple liquid§4,55. This special choice

a polymer systenisee Sec. Il and IV of the monomer-wall interaction has an influence on both the
For a film of thicknes® =20, we applied Eq(18) to the  static and dynamic properties of the polymer films.
local MSD of all monomersgq(t;z), and computed(z) at We find oscillations of the monomer density that start

various temperatures. The results thus obtained are display&@m a large value close to the wall and decay towards the
in Fig. 18. Not unexpectedly, the effect of the walls is quitebulk density in the middle of the film for sufficiently large
small at high temperatures. At=1, for example, there is a film thickness. The amplitude of these oscillations becomes
wide region ofz-independent relaxation time around the film more pronounced with the decreasing temperature, since the
center. This constant value agrees with the relaxation time bulk density increases in our constant-pressure simulations.
obtained by applying Eq6) to the bulk data. As the tem- However, the height of the largest maximum at the wall does
perature decreases the presence of the walls is “felt” also imot exceed 1.5 times the bulk density in the temperature
the inner part of the film and the width of the region of the range studied. This is much smaller than the difference found
constant relaxation time decreases. in simulations where the particle-wall interaction is modeled
This propagation of the wall effects into the inner part of by a soft-sphere potential. There, the density can be more
the film is also observed in the density profile. Figure 19than four times larger than the bulk density at l@wwhich
shows that density oscillations become more pronounced arldads to a vanishing of the density in the subsequent mini-
long ranged at lower temperatures. Since the normal pressureum. In this case it is conceivable that the smoothness of the
is kept constant during the simulatiofas it was also the walls, which could promote fast particle moti¢slip bound-
case in preceeding simulations in the b[4K)]), the average ary conditior), is completely outweighed by the high density
value of the density in the film center increases with decreasn the first layer, and one can speculate that the subsequent
ing temperature and coincides with that of the bulk at thelayers are also slowed down with respect to the bulk. This
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could explain why the studid$4,55 found an increase of is less reliable than that 6, since it has to cover a larger
the glass transition temperature rather than a decrease dltange, this result suggests that the glass transition tempera-
though the confinement was realized by completely smootiure of our model should follow the same behavior.
walls as in our work. The reduction of the critical temperature seems to be the
In our work the repulsive monomer-wall interaction is dominant influence of the walls on the dynamics in the time
much softer, even than that between the monomers in th&indow of the MCT{ process. For these intermediate times,
bulk. Therefore, a monomer can come closer to the wall thatthe mean-square displacements of the films of various thick-
to anyone of its nearest neighbors. This should give a monaesses and of the bulk exhibit the same time dependence
mer at the wall more freedom to move. Since the slowingwhen compared for a fixed reduced temperaifurel .. This
down of the structural relaxation of our model in the bulk shifting property of the temperature axis suggests that similar
mainly results from the blocking of a particle by its nearestprocesses cause the intermittence of monomer motion on
neighbord40,50,51, one can expect this difference in repul- these intermediate time scales in the bulk and in the films.
sive interaction to become particularly important at low tem-However, deviations between film and bulk dynamics are
peratures close t@.. This expectation is borne out by the found as soon as the monomers escape from their local en-
simulation data. Whereas the monomers in the film centevironment and thex relaxation sets in. In order to understand
exhibit very sluggish motion in an intermediate time interval, these differences better we want to investigate the incoherent
a signature of the “cage effect,” this intermittence of the intermediate scattering function and related quantities that
displacements is not at all visible for the monomers in conprovide information on the dynamics on different length
tact with the wall. They behave as if they were at a higherscales. Work in this direction is under way.
temperaturdsee Fig. 1Y. Their higher mobility also triggers
faster motion of adjacent monomers, leading to an overall
acceleration of the dynamics in the film. ACKNOWLEDGMENT
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