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ABSTRACT: The very efficient end-bridging Monte Carlo (EBMC) method has been employed in order to
simulate an amorphous, polydisperse 80-chain largg [lyethylene (PE) system in atomistic detail over a

wide range of temperatures (from 600 down to 150 K) and determine its glass transition tempé&igtined

sets of simulations have been performed: one with a bulk, isotropic sample and the other with a thin film in
which all the 80 PE chains were grafted on a hard substrate on one side (corresponding to a high grafting density
equal too = 1.75 nm?) and exposed to vacuum on the other side. In the simulations, a united-atom model was
employed for PE ensuring that only the purely amorphous phase of PE was simulated at all temperatures. In all
cases, very long simulations were carried out in order to give enough time for the system to relax at all length
scales. For all temperatures studied, the longest relaxation time was found to be present by descriptors associated
with the system’s long-range conformational characteristics. In contrast, more local, internal structural features
were always faster in equilibrating. As a result, the time autocorrelation function for the chain end-to-end unit
vector,f,(t), was found to drop to zero and then clearly fluctuate around this value only for temperatures higher
than about 220 K for both systems. For lower temperatu;é3,did not relax completely, even after2 107

CPU seconds. Additional volumetric simulation data demonstrated a sharp change in the density and potential
energy of both systems in the neighborhood of the 230 K, which are considered as features of the glass transition
for amorphous PE. Th§, value suggested by the present EBMC simulations for amorphous (bulk or grafted) PE

is (230 £ 10) K, which is consistent with the value of 237 K measured experimentally by Wundesliaf [

Chem. Phys1962 37, 1203] and Loufakis and Wunderlicl.[Phys. Cheml1988 92, 4205] for PE in the limit

of zero crystallinity. Further, the predicted change in the heat capacity at constant pressure at the glass transition
is Ac, = 1.2 x 107 kcal gt K~1, which is very close to the value of 1.6 104 kcal g* K~* measured
experimentally by Wunderlich)[ of Chem. Phy4.962 37, 1203]. Additional results on the temperature dependence

of the conformational and structural properties in the two PE systems are also reported and discussed in detail.

1. Introduction polystyrene, the following observations have been reported in
the literature: Thely of freely standing polystyrene films is

. g - : significantly lower (by 60 K or more) than the bulk,2~* the
important characteristics of amorphous polymeric materials that T, of polystyrene films supported on Si@ slightly lower (<10

governs their usage for practical applications; yeof bulk Lo .
polymers has thus been the subject of research studies for man)w than the bulkT,,* while theT, of polystyrene films supported

o . on hydrogen terminated Silicon substrates is significantly higher
dgcades. In recent years, applications such as thqse " the(>60 K) than the bulkTy.® These results clearly demonstrate
microelectronics industry have renewed the interest infthe the importance of accounting for the detailed chemistry of the
and its effect on the thermomechanical properties of polymer ol mcgr surface interactionsgfor accurately capturin th)é effect
thin films. In this work, we investigate the applicability of a gf t)r/1e surface on tha. of the polvmer filmyFuﬁhem?ore the
newly developed Monte Carlo (MC) simulation technique for interfacial glass transi%ioﬁthe s[:ruztural reléxation in thin f,ilms
using a chemically realistic L_m|ted-atom model of the polymer of glassy polymers,and the effects of polymer chain grafting
chains to model th&y behavior of both the bulk and the thin on the T. of ponrﬁer thin film$2 have also been studied

. g '

mr_?_i of ?fmorph(;us ponetTerne%_ includi itrathi experimentally. A detailed, molecular level representation of
fil e te;’tﬁ_ 0 fnar;oscaehcon |rt1)ement ('nCltJ éng ultrat mt polymer behavior is required for explaining the multitude of
iims) on € Ig Of polymers have been preésented in a recent y,o physical phenomena captured by these experimental studies.
compreh_e_nswe r(_eV|e9v.'I'h|s review shows that depending on Molecular simulations offer a unique vehicle for a direct
trllle ;pemflc phyfg:shanq chemllc;s,trybof theds.ys_,lfer'r} l;]ndehr_ StUdyinvestigation of the microscopic mechanisms underlying the
all three types of behavior can be observed: hef the thin lass transition behavior of complex materials such as polymers.
films can increase, remain the same, or decrease when compare

large number of such simulation studies of the polymer glass

to the Ty of the bulk. As an example, for the same polymer, transition have utilized the bead-spring representation of chains,
and a comprehensive review has recently appednathile the

*To whom correspondence should be addressed. E-mail: abaljon@ bead-spring models provide a detailed description of the physics

maf"jr‘?ifl‘éfsﬂu-of batras of the glass transition phenomenon, investigation of the specific

Texas Tgch University. chemical effects necessitates the usage of either all-atom or the

8 San Diego State University. so-called united-atom models of polymer chains. MD simula-

The glass transition temperaturgg) is one of the most
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tions have indeed utilized such chemically more realistic united- Table 1. Atomistic Molecular Model Used in the EBMC
atom models to investigate the bulk glass transition behavior Simulations: Potential Functions and Parametes

of polyethylené!2and a number of other polymef%The sizes type of interaction potential function and parameters
of the systems investigated in these early studies as well as the nonponded Us(r) = deLsl(oi/r)12 — (aL4/r)?]
simulation run lengths were small compared with the current interactions eLy=0.0914 kcal mot?, o 3= 3.95 A
standards. Nevertheless, these studies showed that th@pulk bond lengths constarit=1.54 A

. . — — 2
values obtained from t_he volumeemperatur_e behavior were bond bending angles Eﬁ@“fﬁ[ﬁ?ﬁézl mglol) rad2, 0o = 114
at the most 1520 K higher than the experimental values of Utorl®) = -0 i COS(¢)
the bulk sample$® The glass transition behavior of polymer ao=1.99,a; = 4.23,a, = —0.6,
thin films has also been investigated via molecular dynamics a=—7.17a=45a=3.9,
(MD) simulations using the bead-spring models of polymer @ = —8.92,a7= —3.45,ag = 5.6 (kcal mot*)
chains. Varnik et al* studied the dynamics of short bead-spring
model polymer chains that are confined between repulsive walls
and noted that a reduction in the film thickness leads to a
decrease in the critical temperature of the mode-coupling theory.
Similarly, an MD study of bead-spring polymer chains in free-
standing films as well as films supported on a weakly attractive
surface also showed a decrease in the fijpcompared to the
bulk Tg.*> MD studiesand experimentsof films grafted to

dihedral angles

and thin films of polymers. In this initial MC study of polymer
thin films, the solid substrate is represented using a “hard”
surface and thus the surface effects are captured only via the
excluded volume interactions. Second, we are interested in
assessing the ability of this simulation technique to efficiently
sample phase space when a chemically realistic united-atom
model of the polymer chains is used. The rest of the paper is
¢ . ; ... _organized as follows. We begin with a description of the chain
attractive surfaces showed an increase in the glass transmonrnoclel used and give the details of the MC simulation moves,
temperature. including the end-bridging move. We then describe the results
Although MC simulations do not directly capture the dynam-  for the glass transition temperature of the bulk and the grafted
ics, in principle, they are expected to provide a better sampling thin films of the model polyethylene system. We conclude with
of the phase space available to the system, which becomes a summary of our results.
important consideration as the system temperature approaches
the Ty. Most of the MC simulation studies of glass transition 2. Systems Studied, Molecular Model, and Simulation
that have been reported in the literature have utilized an ideal Method

coarse-grained model of the polymer chains. The MC simula- Ty sets of simulations have been performed in this work: one
tions of supercooled polymeric systems carried out using the with an isotropic bulk polyethylene system and the other with a
bond fluctuation lattice model have been summarized in two thin polyethylene film consisting of grafted chains on a hard
reviews!”'® The T, was determined in these lattice MC substrate on the one side (e.g., at the bottom) and exposed to
simulations from the temperature dependence of either thevacuum on the other side (e.g., at the top) alongzttigzection of
energetic and structural properfiésr the relaxation tim of an xyz Cartesian coordinate systenz (lenotes the direction
the polymeric system. More recently, MC simulations have also perpendicular to the solid boundary). Both sets of simulations have

been used to investigate the glass transition behavior of free-been carried out with 80 chains of polyethylene in the simulation

. . . box with mean chain lengt = 156 (we call this a G system).
0
standing polymer film&° In that work, for polymer chains The chain lenath distribution i : W o

modeled on a lattice, simple configurational bias MC moves isgripution in the closed intervaX{1 - ), X(1 + )], where
were supplemented by nonlocal rebridging moves to achieve genotes the half-width of the chain length distribution reduced by
an efficient sampling of the phase space of the glass forming the number average chain lengthln all simulations, a value of
system. 1y = 0.9 was used, corresponding to a polydispersity index
The effectiveness of the specific MC moves used is an 1-27- The bulk simulations were carried out in a cubic box and

important consideration in judging the ability of the Mc Periodic conditions were applied along all three directiong and

. . - . z of the Cartesian coordinate system. The thin film simulations were
S|mulqt|ons for .‘?ﬁ'c'e”t sampling of the phase space. The carried out in an orthorhombic box with different edge lengths,
sampling capability of the MC moves plays an even bigger role Ly, andL,, along thex, y, andz directions of the coordinate system.
when chemically realistic all-atom, or united-atom models of |n this case, periodic boundary conditions were applied only along
polymer chains are used in the simulations. To this end, a few x andy, meaning that an infinite system is considered there; in
novel MC moves have been proposed in recent literature for contrast, a finite film thickness was assumed inzli&ection equal
the simulation of polymeric systems. One of these moves, the to the width of the simulated film. The dimensiohg and L, of
end_bridging move, has been shown to lead to a |arge acce]era.the orthorhombic box in the andy directions were kept constant,
tion in the sampling of the phase space for systems such asboth equal t0 67.6 A, meaning that the graf_ted system was s_imulated
polyethylene, polyisoprene and polybutadiene n#ait& poly- under cogldltlons of constant and rather high grafting denasity,
mers grafted on substrat&s?’ oriented system&,2°branched 1.75 nm.

| <0 ot idi lent dicti f thei | The molecular model used in the two sets of simulations is
POlymers,” elc. providing excelient predicions of their Volu- - j4anticy) to that employed in our previous simulations of polyeth-

metric,. Co'nformational, and strucFuraI properties. It is this move, ylene (PE). It is a united-atom model, in which each methyl and

end-bridging Monte Carlo, that will be used in the current work. methylene group along the chain is regarded as a single interacting
In summary, previous simulation work for po]ymer thin films site. Bond Iengths are kept C(_)nstant, equal to 1.54 A, flexible bond

has mainly utilized the coarse-grained models of polymers. Such@ngles are sampled according to van der Ploeg and Berendsen

models provide a detailed description of the physics of the glass Potentiali* torsion angles are governed by the Toxvaerd poteftial,
transition phenomenon. Our long-term interest, however, lies while for all intramolecular interactions between segments separated

. . S . ) by more than three bonds along the chain and for all intermolecular
In the |.nvest|gat|on of the effepts of the specific (?hernlcal interactions methylene groups are treated as united Lennard-Jones
interactions on the glass transition process. The objectives of(LJ) force centers with a collision diameter equal to 3.95 A and a
this work are thus two-fold. First, we are interested in exploring well depth equal to 0.0914 kcal mdI33 The cutoff distance of the

the applicability of the recently proposed EBMC simulation [J potential was set equal to 9.1 A. Table 1 summarizes the
technique to determine the glass transition temperature of bulkfunctional form of the interactions considered in the model and
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the values of the parameters entering the expressions for the varioug(a) 1.0

potential functions.
The bulk simulations were executed with the EBMC method

—-=- 175K (MD
presented in the literatl#e?2 with an initial configuration for the 0.8 e 15 K( )
80-chain Gsg PE system generated by the three-stage constant - =]75K
density energy minimization technique of Theodorou and Stdter. seeress200 K
The EBMC simulations were conducted in tH&NcnTPu*} 0.6 225K
semigrand canonical ensemBlayhere the following variables are £ ----250K

kept constant: the pressuPethe temperatur@, the total number
of chainsNg, the total number of mens, and the spectrum of the
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0.4

L]

relative chemical potentiajg* of all chain species except for two
(the reference species) in the system. The MC moves employed
were reptations, end rotations, flips, concerted rotations, configu-
rational biases, end-bridgings, and volume fluctuations in the ratio .
(% of attempted moves) 5:5:5:32:10:42:1, respectively. With this : \
mix of moves, a number of simulations were carried out at a 0.0~ e Lo A
pressure® of 1 atm and temperaturdsranging from 600 K down 0 2 4 6 8 10 12 14

to 150 K. CPU time (10° s)
(b)1.0

0.2

The simulations with the grafted system were carried out by
employing the modified EBMC method presented in the litera-
ture25-27 where certain chain connectivity combinations that result
in chains grafted to the substrate by both ends or not grafted at all
are disallowed. The statistical ensemble in which these simulations
are realized is thgNcyinLiLyTP«*} ensemble (meaning that the
simulations are performed at a fixed grafting densijybut with
the spectrum of chemical potentials suitably tuned (through an
iterative analyticatnumerical procedure) so that a strictly uniform
distribution of chain lengths is eventually reproduéédrhe
following mix of moves was employed in these simulations: 7%
surface rotations, 3% end rotations, 10% flips, 15% generalized
reptations, 10% configurational biases, 25% concerted rotations,
and 30% end bridgings. With this mix of moves, a number of
simulations were carried out at a presshref 0 atm (the simulated
thin PE film is exposed to vacuum on its upper face) and
temperatured ranging also from 600 K down to 150 K. 0.0

To take advantage of the faster system equilibration at the higher 0
temperatures, in both sets of simulations, a MC run at a lower
temperature was always started from an equilibrated configuration
obtained at the end of the simulation with the EBMC algorithm at (¢) i
a higher temperature. Through this, we were able to exhaustively '
simulate the two systems in a reasonable amount of computation
time even at the lowest temperatures considered in this work (near
or below theirTy). The results of the simulations, which eventually
allowed for a comparison of the glass transition behavior between
the grafted and the bulk systems, are described below.
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0.8 = =p=i

senseep =3
_p:_],
-—-p=5
0.6

[-9

f(t)

0.4

0.2

PP T O AT Y Yy yemm—

0.8 i

3. Results

A. Computational Efficiency. The rate of evolution of the
time autocorrelation functiofy(t) for the end-to-end unit vector
u of the chain (in millions of MC steps or, equivalently, in
millions of CPU seconds on an Opteron 248 (2.2 GHz) machine)
was used as a measure in assessing the sampling efficiency o
the EBMC algorithm. To get rid of the limiting value &f(t) at
infinite time for grafted chains (which can explore only half of
the space in thedirection), for both systems studied here (bulk
and grafted)f,(t) was defined as (see ref 25)

CPU time (10° s)

Figure 1. (a) Decay of the autocorrelation function of the chain end-
to-end unit vectorfy,(t), with CPU time as a function of temperature
for the bulk system. Also shown for comparison (uppermost curve) is
the result forfy(t) obtained aff = 175K with the parallel NPT MD
method executed on a cluster of eight Intel Xeon nodes at 2.8 GHz.
(b) Decay of the autocorrelation functidgt) for the first five Rouse
modes with CPU time af = 250K for the bulk system. (c) Decay of
the autocorrelation function of the chain end-to-end unit vectt),

with CPU time as a function of temperature for the grafted system.

[W(t + to)-u(ty) O it + to) F(ty) 0
[W%(ty) I Mty

f,(t) = (1)

producing values always in the interval [0, 1] and also allowing
for negative numbers fdf,(t) due to fluctuations in statistics.
The dependence df(t) on temperature is shown in Figure
la—c. Figure 1a shows thdi(t) decays rather rapidly to zero  end-bridging move is significantly impacted by lowering the
for the simulated bulk system at all temperatures above 200 K temperature. This happens because, as the temperature is
within modest computation time. However, as the temperature decreased, (a) the acceptance rate of the move drops down and
is decreased below this temperature, the rate of equilibration(b) a number of successive end-bridging moves tend to
slows down considerably, implying that the performance of the annihilate each other since they happen to perform in the reverse
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Table 2. Acceptance Rates of the MC Moves Used in the Simulations of the Two Systems as a Function of Temperature

concerted
Cis6 (I = 1.27) reptations rotations flips rotations end-bridgings vol fluctuations
bulk (%) (%) (%) (%) (%) (%)
150 K 0.3 6.2 64.8 2.3 4104 25
175K 0.5 6.8 67.2 25 4104 25
200K 0.6 7.4 69.2 2.7 & 104 2.7
225K 0.7 7.9 70.8 3 0.002 2.9
250 K 1.3 8.8 72.1 35 0.004 3
300K 2.4 10.7 74.1 4.6 0.014 35
350 K 4.2 13.2 75.4 6.2 0.044 43
400 K 6.1 15.6 76.6 7.8 0.1 4.8
450 K 8.4 18.4 77.7 9.4 0.2 5.5
600 K 16.1 26.5 80.3 14.7 0.7 7.7
concerted
Cis6(1 = 1.27) CCBs rotations flips rotations end-bridgings
grafted (%) (%) (%) (%) (%)
150 K 18.5 27 30.5 0.33 1.06 104
180 K 18.6 27.7 33.3 0.4 34104
220 K 18.8 33.6 36.2 0.58 0.001
270K 19 34.9 39.1 0.96 0.006
300K 19.1 37.1 40.3 1.3 0.014
350 K 19.3 38.1 42.2 2 0.043
400 K 19.7 40.4 44.2 29 0.094
450 K 20.9 43.1 45.9 4 0.18
500 K 22.1 44.2 47.6 5.3 0.28
600 K 24.7 47 50.6 8.1 0.57

direction to the previously accepted end-bridging moves. But EachX, with p > 0 represents the dynamics of the chain which
despite these considerations, the move is so powerfufftiat includes N/p segments; therefore, its time autocorrelation
drops eventually to a very small value (close to 0.30) even for function fu(t) = X(t)Xp(0)/ X(0)Uis representative of the
the lowest temperature simulated hefe<{ 150K), as indicated local conformational relaxation of an internal segment along
in Figure la. the chain of length equal tdl/p. We have accumulated the
For comparison, also shown in Figure 1a (uppermost curve) functionsfy(t) for all modesp along a Gsg PE chain (i.e., from
is the corresponding time autocorrelation function obtained for p = 1 to aboutp = 40) as a function of temperature and have
the simulated system & = 175K by the NPT MD method confirmed that, indeed, their relaxation time decreases mono-
executed in parallel on an eight-node Linux cluster of dual Intel tonically (although nonlinearly) witp mode. In Figure 1b, for
Xeon workstations at 2.8 GHz with 1GB memory. It is seen €xample, we show the results obtained for the relaxation of the
that the rate with which thidy(t) curve drops to zero is first five modes al = 250 K (similar plots are obtained for all
practically zero; after about 1.5% 10" CPU seconds, it has  other temperatures), verifying that as segments along the chain
dropped to only 0.98 indicative of the complete absence of any become shorter their rate of relaxation increases (in terms of
signs for relaxation. the CPU time) with the EBMC algorithm.

Figure 1a presents evidence that the EBMC algorithm ensures  When the chains are grafted on the solid substrate, the
equilibration of the longer length scales of the simulatggsC  function f,(t) decays to zero slower (compared to the bulk
polymer in its highly dense submelt state even at temperaturessystem) by a factor between 3 and 4 that depends on the
as low as 200 K. But the question arises as to whether moretemperature (compare panels a and c of Figure 1 at the same
local length scales (corresponding to internal structural features)temperature). This happens because (see also ref 25) all end-
of the system are equilibrated with comparable efficiency or bridging combinations that result either in free chains or in
not. This issue has been addressed in ref 22, where descriptorghains which are grafted on the substrate by both ends are
of the internal structure of bulk PE chains were defined and disallowed. A second reason is the lower acceptance rate of
their relaxation with CPU time was analyzed ht= 450K. the end-bridging move due to chain orientation in the direction
Although the dependence of relaxation time on subchain size perpendicular to the boundary (as a result of the high grafting
was found to be strongly nonlinear, it was always monotonic density). For the grafted system, therefore, full decorrelation
verifying that the longest relaxation times are presented by the of the f,(t) function is realized only (see Figure 1c) for
longest subchains. A similar analysis was carried out here, wheretemperatures which are higher than about 240 K. For temper-
we probed the relaxation of the chain internal structure at very atures below 240 Kf,(t) does not drop to zero within the limits
local scales by accumulating the average time autocorrelationof the available computation time.
functions of the Rouse normal coordinates or modes in the C
PE system in the course of the EBMC simulations. For a
polymer chain consisting d monomers (or Kuhn segments)
with coordinatesR;, wherei = 1, 2, ...,N, the Rouse normal
coordinates or modeX,, wherep =0, 1, 2, ...,N — 1, are
defined as

Table 2 presents results for the acceptance rates of the moves
employed in the simulations with the two systems as a function
of temperature. The acceptance rate of the end-bridging move
is small (of the order of 0.7%) even at the highest temperature
simulated T = 600 K). This low rate decreases furtherias
reduced, falling to approximately» 10-%% for the bulk system
and to approximately 1.05 10 %% for the grafted system at
N 2- 0, S((n — 1/2)pn) T = 150K. Despite this, however, the algorithm can still ensure

co 2

Xo= > @Ry Q= equilibration of the long- and especially short-length scale

= N N characteristics of the two PE systems, in particular of the bulk
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(b)

Figure 2. Typical atomistic snapshots of the bulk (a) and the grafted
(b) systems afl = 300K at the end of the Monte Carlo simulation
with the end-bridging algorithm.

one. The changes in chain connectivity and the jumps in the
configuration space affected by an EBMC move are so drastic
that, even if the success rate of the move is low and rather
infrequent, they greatly enhance the rate with which molecular
configurations are sampled. As a result, excellent equilibration
of the thermodynamic and conformational properties of the two
systems is observed not only in the melt state but also at

significantly lower temperatures.
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Figure 3. Variation of the dihedral angle distribution with temperature
for the bulk (a) and the grafted (b) systems. In the insets, we show the
variation with temperature of the integral of the trans peak in each
system.

of the bulk isotropic sample (due to the presence of the two
interfacial regions) are seen to be rather mild. As the temperature
is lowered, a significant shift of angles from gauche to trans
states is observed for both systems. To quantify this, the integral
of the torsion angle distribution corresponding to the trans
conformational states in Figure 3a,b (i.e., to torsion angles
between—60° and+60°) was calculated. The results (shown
in the insets in the two figures) demonstrate an increase in the
trans population from about 64% dt = 400 K (for both
systems) to about 73% for the bulk and to about 76% for the
grafted system af = 200 K. With decreasing temperature, the
chains are shown to unravel to intrinsically more elongated
hapes.

For the bulk system, the increase in the trans population is
accompanied by an increase in the value of the average squared
chain end-to-end distand&?Cas demonstrated in Figure 4a.
The simulation data of Figure 4a predict thain IR20T =

Typical snapshots of the two atomistic systems at the state _1 2 » 10-3 K~ this prediction is in excellent agreement with

of thermodynamic equilibrium at = 300K are presented in
Figure 2a,b, respectively.

B. Conformational Properties. Panels a and b of Figure 3

experimental data reported by Ciferri et3alfor cross-linked
polyethylene at 140C, according to whicl In (R20T = —1.1
x 1073 K~1. We have also calculated the temperature depen-

show the effect of temperature on the torsion angle (dihedral) dence of the characteristic ratio or scaled intrachain segment

distribution of the bulk and grafted 16 chain systems,

length, ¢, = R(n)IInl%, by accumulating the mean-square

respectively. At every temperature, perturbations in the distribu- segment end-to-end distand@®(n)Calong a chain as a function
tion for the grafted system from the corresponding distribution of the segment lengtn.3637 The results (see Figure 4b)
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Figure 4. (a) Chain mean squared end-to-end distafiR#,) for the =i/N

bulk C;56 PE system and its variation with temperature. The straight
line represents the best linear fit through the simulation data. (b) Scaled
intrachain segment lengtla, = OR%(n)nl?, vs segment length and

its variation with temperature.

Figure 5. (a) Time evolution of the component of the chain mean-
squared end-to-end vector perpendicular to the WRFO, for the
grafted Gsg PE system at three different temperatures. (b) Mean height
of the backbone atom above the substrate normalized with its
maximum valuef(s) = ()T [Z(1)[) as a function of its normalized
demonstrate the nonlinear increase of the characteristicgatio coordinates = i/N along the chain backbone, and its variation with
with segment length as well as the plateau value (characteristic temperature. The dashed line shows the analytical prediction of the
ratio at infinite chain lengthc.) at high enough chain lengths Milner et al._theory (refs 38 and 39) for strictly monodisperse brushes,
. . . . whereg(s) = sin(sr/2).
whose magnitude increases with decreasing temperature ac-
cording to the law described abovéiln c./oT = —1.2 x 1078 a slight increase in the values @R20and (R20), but then it
KL increases a$ is decreased even further, reaching eventually a
For the grafted system, the relevant variables quantifying the constant value at arountd= 220 K and below. This behavior
effect of the confining boundary on the size of the chains are is the result of two opposing factors: (a) the increase in the
the three component®?20, (R[] and[RA[bf the mean square  density of the system with decreasing temperature, which causes
chain end-to-end vector in the directiony, andz, respectively, a decrease in the film thickness and thus also in the dimensions
of the coordinate system. Figure 5a presents the relaxation ofof the chains in the direction (this is the only way by which
[RA, i.e., of the component diiR?(Jin the direction perpen-  the density can increase as the dimensions of the simulation
dicular to the hard substrate, for three different temperatures: box in the other two directions remain fixed in the course of
T =600, 450, and 220 K. It is seen that (see also the collected the simulation with the grafted system) and (b) the tendency of
data for all three componeni®L] (R[] andR2as a function the chains to open up and assume more extended conformations
of T presented in Table 3; due to cylindrical symmelR21= due to the increase in the population of the trans angles causing
[R,2Cand thus only the average vallRZ[(H+ R2V2 is shown an increase in the overall chain dimensions. The net result is
in the Table)RA0attains quite large values (compared to the the observed nonmonotonic variation of the average chain
isotropic [R?[13 result) indicative of the strong tendency of the dimensions in the direction perpendicular to the wall with
grafted chains to get extended conformations in the direction temperature followed by a mild increase in the directions parallel
perpendicular to the wall in order to avoid lateral overlapg?l] to the wall.
andR2[], on the other hand, attain values significantly smaller ~ Additional information about the conformational properties
than the isotropidR23 value indicative of a strong chain  of the simulated grafted system is extracted by studying the
compression in the directions parallel to the wall. average chain conformational path. Following previous v#érk,
An interesting point to notice in the data of Table 3 is that this quantity is defined as the average heigf{i)Cof backbone
[RA0changes nonmonotonically with temperature; it decreasesatomi above the grafting surface, witl(i = 1)0= 1.54 A
continuously ag is decreased from 600 to 300 K (followed by (since the first atom of all chains is considered to remain fixed
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Table 3. Average Chain Dimensions in the Directions Parallel and Perpendicular to the Hard Substrate as a Function of Temperature for the
Grafted Cis6 PE System

T(K) 180 220 300 450 600
RO RAI2 345+ 20 335+ 20 330+ 20 305+ 10 290+ 10
R20 3050+ 500 3050+ 400 2450+ 400 2770+ 300 3300+ 300

at a distance equal to one-C bond length from the substrate). decreasing temperature, practically straight lines are obtained
Due to different chain length species present in the simulations, in all cases verifying the complete absence of any tendency for
the data are shown in terms not of the absolute atomic coordinatethe systematic development of crystalline regions.
i along the chain but of the scaled coordingte i/N, whereN Further evidence for the purely amorphous structure of the
is the molecular length of the chain to which segnidsglongs. two simulated systems is provided by the plots of the intermo-
The resulting plots of the normalized mean heigfls) = [Z(s)[/ lecular pair distribution functions presented in parts a and b of
[Z(1)Ovs s and their temperature dependence are presented inFigure 7. Figure 7a shows plots of the segment intermolecular
Figure 5b. The figure shows that temperature has an infinitesimal pair distribution functiong(r) for the isotropic bulk system at
effect on the mean conformational path of the grafted system four different temperaturesT = 450 (i.e., well above the
(the four master curves in the figure for= 200, 270, 350, melting point of the simulated {6 PE system), 350 (just below
and 400 K practically coincide), which qualitatively agrees with its melting point), 300 and 150 K. Clearly, as the temperature
the predictions of self-consistent mean-field theories for grafted is lowered, the peak corresponding to the first shell of
polymer brushe&-3°according to which, for strictly monodis-  intermolecular neighbors shifts to somewhat shorter distances;
perse systems and high enough grafting densitissnilar to simultaneously, its height (and those of the shells at longer
the one studied heré&(s) should scale witts as&(s) = sin(st/ distances) is enhanced. These are manifestations of a denser
2), i.e., independent aof andT. This scaling has been derived atom—atom packing and, as a consequence, of an increase in
on the assumption of the most probable conformational path the density of the system with decreasindgdowever, no signals
(i.e., of the path that minimizes the system free energy) and is for polymer crystallization are detected. Figure 7b shows plots
represented in Figure 5b by the dashed line. Of course, computedbf the segment intermolecular pair distribution functipg(r)
and analytically derived;(s) vs s curves are quantitatively  for the grafted system in the directions—(y) parallel to the
different since they refer to totally different systems (see refs solid substrate, at the same temperatuiles (450, 350, 300,
25 and 26 for a more detailed discussion on this issue), but theand 150K). These plots have been obtained by calculating the
overall conclusion is that they are only weakly (if not at all)

(a 2

dependent on temperature.

As mentioned above, with the specific parameter combination
of the united-atom model employed in the present simulations
and the application of the end-bridging move that destroys
possible nuclei for crystallization and creates polydispersity, only -
the amorphous phase of PE is present in the simulated system
even for temperatures well below the melting point of the
polymer. To verify that, indeed, no crystallization takes place
in the course of the present EBMC simulations even when the
temperature is decreased to very low values, we calculated th
probability density function of all-trans sequences along a PE *
chain for the bulk systems as a function of the length of the
trans sequence. The results obtained for several temperatures
are shown in a log-linear plot in Figure 6. Despite the increase 07
in the occurrence probability of longer all-trans sequences with
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Figure 7. (a) Intermolecular pairpair distribution functiong(r), in

Figure 6. Log-linear plots of the probability density function of all-
trans sequences along as€PE chain at various temperatures for the
bulk system.

the bulk system at various temperatures. (b) Intermolecular-pair
distribution function parallel to thexfy) solid substrateg,/r), in the
grafted system at various temperatures.
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Figure 8. Local mass density profile in the graftedscPE system at temperature (K)

several temperatures. Figure 9. Effect of temperaturd on the density of the bulk s PE
system (open circles) and the density in the bulk zone of the grafted

number of intermolecular neighbors in the space of a differential Ciss PE system (filled circles).

vqum_e ar(_)und a ref_erence mer in the bulk r?&gion of the grafted glass transition temperature in the two systéfRemarkably,
melt (i.e., in the region between 10 and 60 A from the gf?‘fted this is the lowest temperature for which the employed EBMC
plane, see also Figure 8 below) betwegn th concentric Cy“r.'dersalgorithm could drive the autocorrelation function for the chain
centered on the referenqe mer a.nd with their axes Ioerper'Ol'Cl“""rend-to-end unit vector to zero within reasonable CPU time.
to the substrate. According to Figure 7b, a noticeable decrease Our estimated value for th&, value of amorphous PE is

of intermolecular neigh_bors is obse_rved in_ the direction parallel very close to the value of 237 K reported by Wundenfcind
to the substratg r?"a“‘"? to the Isotropic case at the SaMe, , fakis—WunderlicH! for PE in the limit of zero crystallinity.
tempera}turg, which IS ad'reCt manifestation of the induced chain This is very encouraging despite a number of factors that are
orientation in thez direction. ) ) ) different between the simulation and the experimental measure-
The absence of local order in all three dimensions for the ments. For example, the results reported by Wunderlich for the
bulk system and along andy directions for the grafted film  5morphous phase were obtained on semicrystalline PE samples
was further confirmed by analyzing the average values of the ,y exirapolating to 0% crystallinity. Further, the system used
second orderRy) Legendre polynomials of the first kind for i the EBMC simulations is characterized by a polydispersity
the unit vectors (chords) connecting the midpoints of successivejndex which is higher than that used in the experimental
skeletal C-C bonds. No signals of local ordering were detected easurements.
except for the grafted film in the direction perpendicular tothe  ag far as the thin grafted film is concerned, although, one
wall. would naively expect that the dynamical restrictions imposed
C. Volumetric Properties. Figure 8 shows the variation of by chain grafting would increase its glass transition temperature,
the local mass density for the grafted system with distanee  the interaction with the surface has to be taken into account as
from the solid substrate at several temperatures. As discussedvell. In the case at hand, although the surface interaction is
in detail in refs 25 and 26, the local mass density pro(® unfavorable, the fact that the grafted system is characterized
exhibits two zones of reduced density at the two boundaries of by an extended bulk zone with density equal to that of the
the system: near the wall (which is of purely entropic origin) corresponding isotropic system results in a glass transition
and at the polymer/vacuum interface (where one observes thetemperature practically the same as that of the bulk system.
characteristic sigmoidal shape typical of a polymer/vacuum A second estimate ofy can be obtained by analyzing the
interface). On the other hand, in the middle or bulk region of temperature dependence of taethalpy H, in both systems.
the systemp remains practically constant. This constant value The enthalpyH = U + PV is the sum of the total enerdy of
depends on the temperature. For the simulated graftedRE the system (the sum of the potential enekdyy; and the kinetic
systems, this dependence is described in Figure 9 together withenergy Uyi,) and thePV term. For the grafted system, the
the EBMC simulation predictions for the density of the pressure is equal to zero and hence the second term does not
corresponding isotropic bulk & PE system. Error bars, contribute (it is identically zero). For the bulk system at
represented as variance of the mean in each bin for the graftedatmospheric pressure, this second term can also be neglected
system or as obtained by analyzing different blocks of the since its contribution is minimal. On the other hand, the kinetic
trajectory file, have also been included in the two plots. Within energy, which is not available in the MC simulations, is in
the statistical error, the two sets of data are identical; this general proportional to the temperature and therefore can be
indicates that, at every temperature, the two systems (thefactored out. Thus, we can determine an estimate of the glass
isotropic one and the bulk region of the grafted film) have the transition temperature by analyzing only the potential energy
same density. Upotin the two systems, and the results are shown in Figure 10.
D. Determination of the Ty The temperature variation of ~ Consistent with the density results, bulk and grafted systems
the density shown in Figure 9 can be used to estimate the glassare characterized by very similar potential energy plots and thus
transition temperaturgy of the two systems by fitting the data  also by similarTgvalues. By fitting the data at low and high
at low and high temperatures with straight lines. For both of temperatures with straight lines, we find again tfigshould
them, the two lines coincide and cross at a point between 220be between 220 and 240 K for both systems, i.e., consistent
and 240 K. This common crossover point is an estimate for the with the value obtained from the density calculations.
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The simulation results for the dependence of the potential

energy on temperature can be used to extract a prediction for

the changeAc, in the heat capacitg, at the glass transition.
WunderlicH? has reported a sharp rise in the heat capagity
of amorphous PE above 200 K. The point of inflection of the
steep increase is the glass transition temperature (237 K), an
the total change iy, is equal toAc, = 1.5 x 10% kcal gt
K~1. Although the kinetic energy is not available in MC
simulations, its contribution to the heat capacity can be

calculated using the equipartition theorem and turns out to be

2.12x 10~*kcal g1 K~1. The jump in the heat capacity is due
to theconfigurationalcontributions, which can be obtained from
linear fits to the potential energy plots in the regions of low
and high temperatures. The results obtained (the same for th
two systems) arnﬁff’“f (T < Tg) = (1.28 £ 0.15) x 10* kcal

gl K Landc” (T > Tg) = (2.48+ 0.10) x 10 * keal gt

K~1. Based on this, we can then get an estimate for the change @

Ac, in the specific heat at the glass transition. Our prediction
is (1.24 0.2) x 10~*kcal gt K~1, which is close to the value

of 1.5 x 107 kcal g* K~ reported by Wunderlich. Due to
the limited number of simulation data, the error bars ac-
companying them and the missing vibrational contributions in
the MC data, an accurate calculationcpftself is not possible.
However, we can report that the obtained valge§l < Tg) =

3.4 x 104 kcal gt K tandc, (T > Tg) = 4.6 x 104 kcal

g1 K1 are in reasonable agreement with the experimental
data??

Conclusions

We have shown that the EBMC method can be employed
for simulations of a chemically realistic model of polyethylene
in the neighborhood of its glass transition temperature. Both
from volumetric as well as from enthalpic measurements, we
obtain a glass transition temperature equdlgte (230+ 10)K.
This is consistent with the values ©f reported experimentally
for amorphous polyethylene. The sariig value was also
obtained for a thin PE film with all of its chains grafted to a
hard wall. These calculations validate the use of the novel

EBMC technique down to the glass transition temperature. The

data show that the autocorrelation functip¢i) decays clearly
to zero for temperatures around glass transition.

Of coursef,(t) measures relaxation on the scale of the entire
polymer chain which is mainly facilitated by the end-bridging

e
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scales was confirmed by analyzing the time autocorrelation
function of the Rouse modes along a PE chain. Although the
almost perfect relaxation of the chain conformational properties
that was observed at several temperatures just above the glass
transition is surprising, we note that for the temperatures below
Ty studied in this workfy(t) did not relax completely.

The study reported in this work shows the feasibility of using
the EBMC simulation technique for determining the glass
transition temperature of relatively long chains of polyethylene
that are represented using a chemically realistic united-atom
model. Thus, in a future work, the technique will be used to
investigate the role played by the specific chemical interactions
between the polymer and the substrate surface on the glass
transition behavior of adsorbed films of polymers. The equili-
brated model configurations accumulated in the course of the
present EBMC simulations will also serve as starting points for
executing long MD simulations with the samesgPE system
in order to estimate the temperature dependence of its Rouse
relaxation spectrum and its frictional propertfés.
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