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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 large C156 polyethylene (PE) system in atomistic detail over a
wide range of temperatures (from 600 down to 150 K) and determine its glass transition temperature (Tg). Two
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 toσ ) 1.75 nm-2) 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,fu(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 temperatures,fu(t) did not relax completely, even after 2× 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. TheTg 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 Wunderlich [J. of
Chem. Phys.1962, 37, 1203] and Loufakis and Wunderlich [J. Phys. Chem.1988, 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 ∆cp ) 1.2 × 10-4 kcal g-1 K-1, which is very close to the value of 1.5× 10-4 kcal g-1 K-1 measured
experimentally by Wunderlich [J. of Chem. Phys.1962, 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

The glass transition temperature (Tg) is one of the most
important characteristics of amorphous polymeric materials that
governs their usage for practical applications; theTg of bulk
polymers has thus been the subject of research studies for many
decades. In recent years, applications such as those in the
microelectronics industry have renewed the interest in theTg

and its effect on the thermomechanical properties of polymer
thin films. In this work, we investigate the applicability of a
newly developed Monte Carlo (MC) simulation technique for
using a chemically realistic united-atom model of the polymer
chains to model theTg behavior of both the bulk and the thin
films of amorphous polyethylene.

The effects of nanoscale confinement (including ultrathin
films) on theTg of polymers have been presented in a recent
comprehensive review.1 This review shows that depending on
the specific physics and chemistry of the system under study
all three types of behavior can be observed: TheTg of the thin
films can increase, remain the same, or decrease when compared
to the Tg of the bulk. As an example, for the same polymer,

polystyrene, the following observations have been reported in
the literature: TheTg of freely standing polystyrene films is
significantly lower (by 60 K or more) than the bulkTg,2-4 the
Tg of polystyrene films supported on SiOx is slightly lower (<10
K) than the bulkTg,4 while theTg of polystyrene films supported
on hydrogen terminated Silicon substrates is significantly higher
(>60 K) than the bulkTg.5 These results clearly demonstrate
the importance of accounting for the detailed chemistry of the
polymer surface interactions for accurately capturing the effect
of the surface on theTg of the polymer film. Furthermore, the
interfacial glass transition,6 the structural relaxation in thin films
of glassy polymers,7 and the effects of polymer chain grafting
on the Tg of polymer thin films8,9 have also been studied
experimentally. A detailed, molecular level representation of
polymer behavior is required for explaining the multitude of
the physical phenomena captured by these experimental studies.

Molecular simulations offer a unique vehicle for a direct
investigation of the microscopic mechanisms underlying the
glass transition behavior of complex materials such as polymers.
A large number of such simulation studies of the polymer glass
transition have utilized the bead-spring representation of chains,
and a comprehensive review has recently appeared.10 While the
bead-spring models provide a detailed description of the physics
of the glass transition phenomenon, investigation of the specific
chemical effects necessitates the usage of either all-atom or the
so-called united-atom models of polymer chains. MD simula-
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tions have indeed utilized such chemically more realistic united-
atom models to investigate the bulk glass transition behavior
of polyethylene11,12and a number of other polymers.13 The sizes
of the systems investigated in these early studies as well as the
simulation run lengths were small compared with the current
standards. Nevertheless, these studies showed that the bulkTg

values obtained from the volume-temperature behavior were
at the most 15-20 K higher than the experimental values of
the bulk samples.13 The glass transition behavior of polymer
thin films has also been investigated via molecular dynamics
(MD) simulations using the bead-spring models of polymer
chains. Varnik et al.14 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 filmTg compared to the
bulk Tg.15 MD studies16and experiments9 of films grafted to
attractive surfaces showed an increase in the glass transition
temperature.

Although MC simulations do not directly capture the dynam-
ics, in principle, they are expected to provide a better sampling
of the phase space available to the system, which becomes an
important consideration as the system temperature approaches
the Tg. Most of the MC simulation studies of glass transition
that have been reported in the literature have utilized an ideal
coarse-grained model of the polymer chains. The MC simula-
tions of supercooled polymeric systems carried out using the
bond fluctuation lattice model have been summarized in two
reviews.17,18 The Tg was determined in these lattice MC
simulations from the temperature dependence of either the
energetic and structural properties19 or the relaxation time18 of
the polymeric system. More recently, MC simulations have also
been used to investigate the glass transition behavior of free-
standing polymer films.20 In that work, for polymer chains
modeled on a lattice, simple configurational bias MC moves
were supplemented by nonlocal rebridging moves to achieve
an efficient sampling of the phase space of the glass forming
system.

The effectiveness of the specific MC moves used is an
important consideration in judging the ability of the MC
simulations for efficient sampling of the phase space. The
sampling capability of the MC moves plays an even bigger role
when chemically realistic all-atom, or united-atom models of
polymer chains are used in the simulations. To this end, a few
novel MC moves have been proposed in recent literature for
the simulation of polymeric systems. One of these moves, the
end-bridging move, has been shown to lead to a large accelera-
tion in the sampling of the phase space for systems such as
polyethylene, polyisoprene and polybutadiene melts,21-24 poly-
mers grafted on substrates,25-27 oriented systems,28,29branched
polymers,30 etc. providing excellent predictions of their volu-
metric, conformational, and structural properties. It is this move,
end-bridging Monte Carlo, that will be used in the current work.

In summary, previous simulation work for polymer thin films
has mainly utilized the coarse-grained models of polymers. Such
models provide a detailed description of the physics of the glass
transition phenomenon. Our long-term interest, however, lies
in the investigation of the effects of the specific chemical
interactions on the glass transition process. The objectives of
this work are thus two-fold. First, we are interested in exploring
the applicability of the recently proposed EBMC simulation
technique to determine the glass transition temperature of bulk

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
model used and give the details of the MC simulation moves,
including the end-bridging move. We then describe the results
for the glass transition temperature of the bulk and the grafted
thin films of the model polyethylene system. We conclude with
a summary of our results.

2. Systems Studied, Molecular Model, and Simulation
Method

Two sets of simulations have been performed in this work: one
with an isotropic bulk polyethylene system and the other with a
thin polyethylene film consisting of grafted chains on a hard
substrate on the one side (e.g., at the bottom) and exposed to
vacuum on the other side (e.g., at the top) along thez direction of
an xyz Cartesian coordinate system (z denotes the direction
perpendicular to the solid boundary). Both sets of simulations have
been carried out with 80 chains of polyethylene in the simulation
box with mean chain lengthX ) 156 (we call this a C156 system).
The chain length distribution in both cases was a uniform
distribution in the closed interval [X(1 - ψ), X(1 + ψ)], whereψ
denotes the half-width of the chain length distribution reduced by
the number average chain lengthX. In all simulations, a value of
ψ ) 0.9 was used, corresponding to a polydispersity indexI of
1.27. The bulk simulations were carried out in a cubic box and
periodic conditions were applied along all three directionsx, y, and
zof the Cartesian coordinate system. The thin film simulations were
carried out in an orthorhombic box with different edge lengths,Lx,
Ly, andLz, along thex, y, andzdirections of the coordinate system.
In this case, periodic boundary conditions were applied only along
x and y, meaning that an infinite system is considered there; in
contrast, a finite film thickness was assumed in thezdirection equal
to the width of the simulated film. The dimensionsLx and Ly of
the orthorhombic box in thex andy directions were kept constant,
both equal to 67.6 Å, meaning that the grafted system was simulated
under conditions of constant and rather high grafting density,σ )
1.75 nm-2.

The molecular model used in the two sets of simulations is
identical to that employed in our previous simulations of polyeth-
ylene (PE). It is a united-atom model, in which each methyl and
methylene group along the chain is regarded as a single interacting
site. Bond lengths are kept constant, equal to 1.54 Å, flexible bond
angles are sampled according to van der Ploeg and Berendsen
potential,31 torsion angles are governed by the Toxvaerd potential,32

while for all intramolecular interactions between segments separated
by more than three bonds along the chain and for all intermolecular
interactions methylene groups are treated as united Lennard-Jones
(LJ) force centers with a collision diameter equal to 3.95 Å and a
well depth equal to 0.0914 kcal mol-1.33 The cutoff distance of the
LJ potential was set equal to 9.1 Å. Table 1 summarizes the
functional form of the interactions considered in the model and

Table 1. Atomistic Molecular Model Used in the EBMC
Simulations: Potential Functions and Parametes

type of interaction potential function and parameters

nonbonded
interactions

ULJ(r) ) 4εLJ[(σLJ/r)12 - (σLJ/r)6]
εLJ ) 0.0914 kcal mol-1, σLJ ) 3.95 Å

bond lengths constant,l ) 1.54 Å

bond bending angles
Ubend(θ) ) 1/2kθ(θ - θ0)2

kθ ) 124.188 kcal mol-1 rad-2, θ0 ) 114°

dihedral angles

Utor(φ) ) ∑i)0
8 Ri cosi(φ)

a0 ) 1.99,a1 ) 4.23,a2 ) -0.6,
a3 ) -7.17,a4 ) 4.5,a5 ) 3.9,
a6 ) -8.92,a7 ) -3.45,a8 ) 5.6 (kcal mol-1)
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the values of the parameters entering the expressions for the various
potential functions.

The bulk simulations were executed with the EBMC method
presented in the literature21,22 with an initial configuration for the
80-chain C156 PE system generated by the three-stage constant
density energy minimization technique of Theodorou and Suter.34

The EBMC simulations were conducted in the{NchnTPµ*}
semigrand canonical ensemble,21 where the following variables are
kept constant: the pressureP, the temperatureT, the total number
of chainsNch, the total number of mersn, and the spectrum of the
relative chemical potentialsµ* 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
pressureP of 1 atm and temperaturesT ranging from 600 K down
to 150 K.

The simulations with the grafted system were carried out by
employing the modified EBMC method presented in the litera-
ture,25-27 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 the{NchnLxLyTPµ*} ensemble (meaning that the
simulations are performed at a fixed grafting densityσ) but with
the spectrum of chemical potentials suitably tuned (through an
iterative analytical-numerical procedure) so that a strictly uniform
distribution of chain lengths is eventually reproduced.27 The
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 pressureP of 0 atm (the simulated
thin PE film is exposed to vacuum on its upper face) and
temperaturesT ranging also from 600 K down to 150 K.

To take advantage of the faster system equilibration at the higher
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
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 theirTg). 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.

3. Results

A. Computational Efficiency. The rate of evolution of the
time autocorrelation functionfu(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 of
the EBMC algorithm. To get rid of the limiting value offu(t) at
infinite time for grafted chains (which can explore only half of
the space in thezdirection), for both systems studied here (bulk
and grafted),fu(t) was defined as (see ref 25)

producing values always in the interval [0, 1] and also allowing
for negative numbers forfu(t) due to fluctuations in statistics.

The dependence offu(t) on temperature is shown in Figure
1a-c. Figure 1a shows thatfu(t) decays rather rapidly to zero
for the simulated bulk system at all temperatures above 200 K
within modest computation time. However, as the temperature
is decreased below this temperature, the rate of equilibration
slows down considerably, implying that the performance of the

end-bridging move is significantly impacted by lowering the
temperature. This happens because, as the temperature is
decreased, (a) the acceptance rate of the move drops down and
(b) a number of successive end-bridging moves tend to
annihilate each other since they happen to perform in the reverse

Figure 1. (a) Decay of the autocorrelation function of the chain end-
to-end unit vector,fu(t), with CPU time as a function of temperature
for the bulk system. Also shown for comparison (uppermost curve) is
the result forfu(t) obtained atT ) 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 functionfp(t) for the first five Rouse
modes with CPU time atT ) 250K for the bulk system. (c) Decay of
the autocorrelation function of the chain end-to-end unit vector,fu(t),
with CPU time as a function of temperature for the grafted system.

fu(t) )
〈u(t + t0)‚u(t0)〉 - 〈u(t + t0)〉‚〈u(t0)〉

〈u2(t0)〉 - 〈u(t0)〉
2

(1)
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direction to the previously accepted end-bridging moves. But
despite these considerations, the move is so powerful thatfu(t)
drops eventually to a very small value (close to 0.30) even for
the lowest temperature simulated here (T ) 150K), as indicated
in Figure 1a.

For comparison, also shown in Figure 1a (uppermost curve)
is the corresponding time autocorrelation function obtained for
the simulated system atT ) 175K by the NPT MD method
executed in parallel on an eight-node Linux cluster of dual Intel
Xeon workstations at 2.8 GHz with 1GB memory. It is seen
that the rate with which thisfu(t) curve drops to zero is
practically zero; after about 1.5× 107 CPU seconds, it has
dropped to only 0.98 indicative of the complete absence of any
signs for relaxation.

Figure 1a presents evidence that the EBMC algorithm ensures
equilibration of the longer length scales of the simulated C156

polymer in its highly dense submelt state even at temperatures
as low as 200 K. But the question arises as to whether more
local length scales (corresponding to internal structural features)
of the system are equilibrated with comparable efficiency or
not. This issue has been addressed in ref 22, where descriptors
of the internal structure of bulk PE chains were defined and
their relaxation with CPU time was analyzed atT ) 450K.
Although the dependence of relaxation time on subchain size
was found to be strongly nonlinear, it was always monotonic
verifying that the longest relaxation times are presented by the
longest subchains. A similar analysis was carried out here, where
we probed the relaxation of the chain internal structure at very
local scales by accumulating the average time autocorrelation
functions of the Rouse normal coordinates or modes in the C156

PE system in the course of the EBMC simulations. For a
polymer chain consisting ofN monomers (or Kuhn segments)
with coordinatesRi, wherei ) 1, 2, ...,N, the Rouse normal
coordinates or modesXp, wherep ) 0, 1, 2, ...,N - 1, are
defined as

EachXp with p > 0 represents the dynamics of the chain which
includes N/p segments; therefore, its time autocorrelation
function fp(t) ) 〈Xp(t)Xp(0)〉 / 〈Xp(0)2〉 is representative of the
local conformational relaxation of an internal segment along
the chain of length equal toN/p. We have accumulated the
functionsfp(t) for all modesp along a C156 PE chain (i.e., from
p ) 1 to aboutp ) 40) as a function of temperature and have
confirmed that, indeed, their relaxation time decreases mono-
tonically (although nonlinearly) withp mode. In Figure 1b, for
example, we show the results obtained for the relaxation of the
first five modes atT ) 250 K (similar plots are obtained for all
other temperatures), verifying that as segments along the chain
become shorter their rate of relaxation increases (in terms of
the CPU time) with the EBMC algorithm.

When the chains are grafted on the solid substrate, the
function fu(t) decays to zero slower (compared to the bulk
system) by a factor between 3 and 4 that depends on the
temperature (compare panels a and c of Figure 1 at the same
temperature). This happens because (see also ref 25) all end-
bridging combinations that result either in free chains or in
chains which are grafted on the substrate by both ends are
disallowed. A second reason is the lower acceptance rate of
the end-bridging move due to chain orientation in the direction
perpendicular to the boundary (as a result of the high grafting
density). For the grafted system, therefore, full decorrelation
of the fu(t) function is realized only (see Figure 1c) for
temperatures which are higher than about 240 K. For temper-
atures below 240 K,fu(t) does not drop to zero within the limits
of the available computation time.

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 further asT is
reduced, falling to approximately 4× 10-4% for the bulk system
and to approximately 1.05× 10-4% for the grafted system at
T ) 150K. Despite this, however, the algorithm can still ensure
equilibration of the long- and especially short-length scale
characteristics of the two PE systems, in particular of the bulk

Table 2. Acceptance Rates of the MC Moves Used in the Simulations of the Two Systems as a Function of Temperature

C156 (I ) 1.27)
bulk

reptations
(%)

rotations
(%)

flips
(%)

concerted
rotations

(%)
end-bridgings

(%)
vol fluctuations

(%)

150 K 0.3 6.2 64.8 2.3 4× 10-4 2.5
175 K 0.5 6.8 67.2 2.5 4× 10-4 2.5
200 K 0.6 7.4 69.2 2.7 8× 10-4 2.7
225 K 0.7 7.9 70.8 3 0.002 2.9
250 K 1.3 8.8 72.1 3.5 0.004 3
300 K 2.4 10.7 74.1 4.6 0.014 3.5
350 K 4.2 13.2 75.4 6.2 0.044 4.3
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

C156 (I ) 1.27)
grafted

CCBs
(%)

rotations
(%)

flips
(%)

concerted
rotations

(%)
end-bridgings

(%)

150 K 18.5 27 30.5 0.33 1.05× 10-4

180 K 18.6 27.7 33.3 0.4 3.1× 10-4

220 K 18.8 33.6 36.2 0.58 0.001
270 K 19 34.9 39.1 0.96 0.006
300 K 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 2.9 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

Xp ) ∑
n)1

N

ΩnpRn-1, Ωnp ) x2 - δp0

N
cos((n - 1/2)pπ

N ) (2)
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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.

Typical snapshots of the two atomistic systems at the state
of thermodynamic equilibrium atT ) 300K are presented in
Figure 2a,b, respectively.

B. Conformational Properties. Panels a and b of Figure 3
show the effect of temperature on the torsion angle (dihedral)
distribution of the bulk and grafted C156 chain systems,
respectively. At every temperature, perturbations in the distribu-
tion for the grafted system from the corresponding distribution

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% atT ) 400 K (for both
systems) to about 73% for the bulk and to about 76% for the
grafted system atT ) 200 K. With decreasing temperature, the
chains are shown to unravel to intrinsically more elongated
shapes.

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 distance〈R2〉 as demonstrated in Figure 4a.
The simulation data of Figure 4a predict that∂ ln 〈R2〉/∂T )
-1.2× 10-3 K-1; this prediction is in excellent agreement with
experimental data reported by Ciferri et al.35 for cross-linked
polyethylene at 140°C, according to which∂ ln 〈R2〉/∂T ) -1.1
× 10-3 K-1. We have also calculated the temperature depen-
dence of the characteristic ratio or scaled intrachain segment
length, cn ) 〈R2(n)〉/nl2, by accumulating the mean-square
segment end-to-end distance〈R2(n)〉 along a chain as a function
of the segment lengthn.36,37 The results (see Figure 4b)

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

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.
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demonstrate the nonlinear increase of the characteristic ratiocn

with segment lengthn as well as the plateau value (characteristic
ratio at infinite chain length,c∞) at high enough chain lengths
whose magnitude increases with decreasing temperature ac-
cording to the law described above:∂ ln c∞/∂T ) -1.2× 10-3

K-1.
For the grafted system, the relevant variables quantifying the

effect of the confining boundary on the size of the chains are
the three components〈Rx

2〉 , 〈Ry
2〉, and〈Rz

2〉 of the mean square
chain end-to-end vector in the directionsx, y, andz, respectively,
of the coordinate system. Figure 5a presents the relaxation of
〈Rz

2〉 , i.e., of the component of〈R2〉 in the direction perpen-
dicular to the hard substrate, for three different temperatures:
T ) 600, 450, and 220 K. It is seen that (see also the collected
data for all three components〈Rx

2〉, 〈Ry
2〉, and〈Rz

2〉 as a function
of T presented in Table 3; due to cylindrical symmetry〈Rx

2〉 )
〈Ry

2〉 and thus only the average value〈Rx
2〉 + 〈Ry

2〉 /2 is shown
in the Table)〈Rz

2〉 attains quite large values (compared to the
isotropic〈R2〉/3 result) indicative of the strong tendency of the
grafted chains to get extended conformations in the direction
perpendicular to the wall in order to avoid lateral overlaps.〈Rx

2〉
and〈Ry

2〉 , on the other hand, attain values significantly smaller
than the isotropic〈R2〉/3 value indicative of a strong chain
compression in the directions parallel to the wall.

An interesting point to notice in the data of Table 3 is that
〈Rz

2〉 changes nonmonotonically with temperature; it decreases
continuously asT is decreased from 600 to 300 K (followed by

a slight increase in the values of〈Rx
2〉 and 〈Ry

2〉), but then it
increases asT is decreased even further, reaching eventually a
constant value at aroundT ) 220 K and below. This behavior
is the result of two opposing factors: (a) the increase in the
density of the system with decreasing temperature, which causes
a decrease in the film thickness and thus also in the dimensions
of the chains in thez direction (this is the only way by which
the density can increase as the dimensions of the simulation
box in the other two directions remain fixed in the course of
the simulation with the grafted system) and (b) the tendency of
the chains to open up and assume more extended conformations
due to the increase in the population of the trans angles causing
an increase in the overall chain dimensions. The net result is
the observed nonmonotonic variation of the average chain
dimensions in the direction perpendicular to the wall with
temperature followed by a mild increase in the directions parallel
to the wall.

Additional information about the conformational properties
of the simulated grafted system is extracted by studying the
average chain conformational path. Following previous work,25

this quantity is defined as the average height〈z(i)〉 of backbone
atom i above the grafting surface, with〈z(i ) 1)〉 ) 1.54 Å
(since the first atom of all chains is considered to remain fixed

Figure 4. (a) Chain mean squared end-to-end distance,〈R2〉, for the
bulk C156 PE system and its variation with temperature. The straight
line represents the best linear fit through the simulation data. (b) Scaled
intrachain segment length,cn ) 〈R2(n)〉/nl2, vs segment lengthn 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 wall,〈Rz

2〉 , for the
grafted C156 PE system at three different temperatures. (b) Mean height
of the backbone atomi above the substrate normalized with its
maximum value,ú(s) ) 〈z(s)〉 / 〈z(1)〉, as a function of its normalized
coordinates ) i/N along the chain backbone, and its variation with
temperature. The dashed line shows the analytical prediction of the
Milner et al. theory (refs 38 and 39) for strictly monodisperse brushes,
whereú(s) ) sin(sπ/2).
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at a distance equal to one C-C bond length from the substrate).
Due to different chain length species present in the simulations,
the data are shown in terms not of the absolute atomic coordinate
i along the chain but of the scaled coordinates ) i/N, whereN
is the molecular length of the chain to which segmenti belongs.
The resulting plots of the normalized mean heightú(s) ) 〈z(s)〉/
〈z(1)〉 vs s and their temperature dependence are presented in
Figure 5b. The figure shows that temperature has an infinitesimal
effect on the mean conformational path of the grafted system
(the four master curves in the figure forT ) 200, 270, 350,
and 400 K practically coincide), which qualitatively agrees with
the predictions of self-consistent mean-field theories for grafted
polymer brushes,38,39according to which, for strictly monodis-
perse systems and high enough grafting densitiesσ similar to
the one studied here, ú(s) should scale withs asú(s) ) sin(sπ/
2), i.e., independent ofσ andT. This scaling has been derived
on the assumption of the most probable conformational path
(i.e., of the path that minimizes the system free energy) and is
represented in Figure 5b by the dashed line. Of course, computed
and analytically derivedú(s) vs s curves are quantitatively
different since they refer to totally different systems (see refs
25 and 26 for a more detailed discussion on this issue), but the
overall conclusion is that they are only weakly (if not at all)
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 systems
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 the
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
in the occurrence probability of longer all-trans sequences with

decreasing temperature, practically straight lines are obtained
in all cases verifying the complete absence of any tendency for
the systematic development of crystalline regions.

Further evidence for the purely amorphous structure of the
two simulated systems is provided by the plots of the intermo-
lecular pair distribution functions presented in parts a and b of
Figure 7. Figure 7a shows plots of the segment intermolecular
pair distribution functiong(r) for the isotropic bulk system at
four different temperatures:T ) 450 (i.e., well above the
melting point of the simulated C156 PE system), 350 (just below
its melting point), 300 and 150 K. Clearly, as the temperature
is lowered, the peak corresponding to the first shell of
intermolecular neighbors shifts to somewhat shorter distances;
simultaneously, its height (and those of the shells at longer
distances) is enhanced. These are manifestations of a denser
atom-atom packing and, as a consequence, of an increase in
the density of the system with decreasingT. However, no signals
for polymer crystallization are detected. Figure 7b shows plots
of the segment intermolecular pair distribution functiongxy(r)
for the grafted system in the directions (x-y) parallel to the
solid substrate, at the same temperatures (T ) 450, 350, 300,
and 150K). These plots have been obtained by calculating the

Table 3. Average Chain Dimensions in the Directions Parallel and Perpendicular to the Hard Substrate as a Function of Temperature for the
Grafted C156 PE System

T (K) 180 220 300 450 600
〈Rx

2〉 + 〈Ry
2〉/2 345( 20 335( 20 330( 20 305( 10 290( 10

〈Rz
2〉 3050( 500 3050( 400 2450( 400 2770( 300 3300( 300

Figure 6. Log-linear plots of the probability density function of all-
trans sequences along a C156 PE chain at various temperatures for the
bulk system.

Figure 7. (a) Intermolecular pair-pair distribution function,g(r), in
the bulk system at various temperatures. (b) Intermolecular pair-pair
distribution function parallel to the (x-y) solid substrate,gxy(r), in the
grafted system at various temperatures.
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number of intermolecular neighbors in the space of a differential
volume around a reference mer in the bulk region of the grafted
melt (i.e., in the region between 10 and 60 Å from the grafted
plane, see also Figure 8 below) between two concentric cylinders
centered on the reference mer and with their axes perpendicular
to the substrate. According to Figure 7b, a noticeable decrease
of intermolecular neighbors is observed in the direction parallel
to the substrate relative to the isotropic case at the same
temperature, which is a direct manifestation of the induced chain
orientation in thez direction.

The absence of local order in all three dimensions for the
bulk system and alongx andy directions for the grafted film
was further confirmed by analyzing the average values of the
second order (P2) Legendre polynomials of the first kind for
the unit vectors (chords) connecting the midpoints of successive
skeletal C-C bonds. No signals of local ordering were detected
except for the grafted film in the direction perpendicular to the
wall.

C. Volumetric Properties. Figure 8 shows the variation of
the local mass densityF for the grafted system with distancez
from the solid substrate at several temperatures. As discussed
in detail in refs 25 and 26, the local mass density profileF(z)
exhibits two zones of reduced density at the two boundaries of
the system: near the wall (which is of purely entropic origin)
and at the polymer/vacuum interface (where one observes the
characteristic sigmoidal shape typical of a polymer/vacuum
interface). On the other hand, in the middle or bulk region of
the system,F remains practically constant. This constant value
depends on the temperature. For the simulated grafted C156 PE
systems, this dependence is described in Figure 9 together with
the EBMC simulation predictions for the density of the
corresponding isotropic bulk C156 PE system. Error bars,
represented as variance of the mean in each bin for the grafted
system or as obtained by analyzing different blocks of the
trajectory file, have also been included in the two plots. Within
the statistical error, the two sets of data are identical; this
indicates that, at every temperature, the two systems (the
isotropic one and the bulk region of the grafted film) have the
same density.

D. Determination of the Tg. The temperature variation of
the density shown in Figure 9 can be used to estimate the glass
transition temperatureTg of the two systems by fitting the data
at low and high temperatures with straight lines. For both of
them, the two lines coincide and cross at a point between 220
and 240 K. This common crossover point is an estimate for the

glass transition temperature in the two systems.16 Remarkably,
this is the lowest temperature for which the employed EBMC
algorithm could drive the autocorrelation function for the chain
end-to-end unit vector to zero within reasonable CPU time.

Our estimated value for theTg value of amorphous PE is
very close to the value of 237 K reported by Wunderlich40 and
Loufakis-Wunderlich41 for PE in the limit of zero crystallinity.
This is very encouraging despite a number of factors that are
different between the simulation and the experimental measure-
ments. For example, the results reported by Wunderlich for the
amorphous phase were obtained on semicrystalline PE samples
by extrapolating to 0% crystallinity. Further, the system used
in the EBMC simulations is characterized by a polydispersity
index which is higher than that used in the experimental
measurements.

As far as the thin grafted film is concerned, although, one
would naively expect that the dynamical restrictions imposed
by chain grafting would increase its glass transition temperature,
the interaction with the surface has to be taken into account as
well. In the case at hand, although the surface interaction is
unfavorable, the fact that the grafted system is characterized
by an extended bulk zone with density equal to that of the
corresponding isotropic system results in a glass transition
temperature practically the same as that of the bulk system.

A second estimate ofTg can be obtained by analyzing the
temperature dependence of theenthalpy, H, in both systems.
The enthalpyH ) U + PV is the sum of the total energyU of
the system (the sum of the potential energyUpot and the kinetic
energy Ukin) and thePV term. For the grafted system, the
pressure is equal to zero and hence the second term does not
contribute (it is identically zero). For the bulk system at
atmospheric pressure, this second term can also be neglected
since its contribution is minimal. On the other hand, the kinetic
energy, which is not available in the MC simulations, is in
general proportional to the temperature and therefore can be
factored out. Thus, we can determine an estimate of the glass
transition temperature by analyzing only the potential energy
Upot in the two systems, and the results are shown in Figure 10.
Consistent with the density results, bulk and grafted systems
are characterized by very similar potential energy plots and thus
also by similarTgvalues. By fitting the data at low and high
temperatures with straight lines, we find again thatTg should
be between 220 and 240 K for both systems, i.e., consistent
with the value obtained from the density calculations.

Figure 8. Local mass density profile in the grafted C156 PE system at
several temperatures. Figure 9. Effect of temperatureT on the density of the bulk C156 PE

system (open circles) and the density in the bulk zone of the grafted
C156 PE system (filled circles).
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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 change∆cp in the heat capacitycp at the glass transition.
Wunderlich40 has reported a sharp rise in the heat capacitycp

of amorphous PE above 200 K. The point of inflection of the
steep increase is the glass transition temperature (237 K), and
the total change incp is equal to∆cp ) 1.5 × 10-4 kcal g-1

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
2.12× 10-4 kcal g-1 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 the
two systems) arecp

conf (T < Tg) ) (1.28 ( 0.15)× 10-4 kcal
g-1 K-1 andcp

conf (T > Tg) ) (2.48 ( 0.10) × 10-4 kcal g-1

K-1. Based on this, we can then get an estimate for the change
∆cp in the specific heat at the glass transition. Our prediction
is (1.2( 0.2)× 10-4 kcal g-1 K-1, which is close to the value
of 1.5 × 10-4 kcal g-1 K-1 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 calculation ofcp itself is not possible.
However, we can report that the obtained valuescp (T < Tg) )
3.4 × 10-4 kcal g-1 K-1 andcp (T > Tg) ) 4.6 × 10-4 kcal
g-1 K-1 are in reasonable agreement with the experimental
data.40

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 equal toTg ) (230( 10)K.
This is consistent with the values ofTg reported experimentally
for amorphous polyethylene. The sameTg 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 functionfu(t) decays clearly
to zero for temperatures around glass transition.

Of course,fu(t) measures relaxation on the scale of the entire
polymer chain which is mainly facilitated by the end-bridging
moves. On the other hand, the other MC moves cause the system
to relax at the local level. Relaxation at these more local length

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
Tg studied in this work,fu(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 same C156 PE system
in order to estimate the temperature dependence of its Rouse
relaxation spectrum and its frictional properties.42
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