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An investigation into the local segmental dynamics of polyethylene:
An isothermal Õisobaric molecular dynamics study

S. D. Hotston, D. B. Adolf,a) and K. Karatasos
Department of Physics and Astronomy, University of Leeds, Leeds LS2 9JT, United Kingdom

~Received 24 January 2001; accepted 2 May 2001!

Molecular dynamics simulations of unentangled linear polyethylene melts have been performed for
systems composed of 10 chains of 100 united atoms over a pressure range of 1 to 5000 bar and a
temperature range of 375 to 475 K. Transition rates, activation volumes, and activation energies are
in good agreement with values from similar simulations quoted in literature for systems well above
Tg . Second-neighbor torsional angle coupling is observed to increase with increasing pressure and
decreasing temperature. The lifetime of this coupling between conformational events is presented
for the first time. Geometric autocorrelation functions are analyzed in terms of their distribution of
relaxation times and reveal a process on the time scale of a few picoseconds and another on the time
scale of a few nanoseconds. An intermediate process develops between these two time scales at high
pressure and low temperature. ©2001 American Institute of Physics.@DOI: 10.1063/1.1381057#
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I. INTRODUCTION

There is significant interest within the polymer comm
nity to clarify the structure-property relationships betwe
bulk polymers and the chemical composition of their rep
unit. This connection has been addressed in terms of l
motion occurring on the length scale of a few monome
These motions are heavily influenced by the chemistry of
repeat unit and are also expected to be related to lon
length scale motions responsible for the observed viscoe
tic properties of polymers. Aspects of local dynamics app
in several fundamental theories and key experimental ob
vations describing macromolecular rheology1 and have been
experimentally monitored by dielectric relaxation,2,3

NMR,4–6 and time-resolved optical spectroscopy.7–14

These motions have been studied within dilute polym
solutions as a function of solvent viscosity using thermo
namically good solvents where the dynamics are observe
scale by a fractional power of solvent viscosity,h.5,14 This
violates a hydrodynamic scaling prediction that the dynam
would scale byh to the first power and is attributed to th
overlap of the time scales for local polymer dynamics a
solvent reorientation. Within the melt, short length sc
polymer dynamics become an essential mode of relaxa
since chain congestion and chain entanglement create
enormous frictional resistance to large-scale reorientatio
motion of the polymer backbone. Several studies have
vealed that the segmental dynamics of bulk polymers,8,15–19

exhibits a temperature dependence as described by
William–Landel–Ferry@WLF# parameters associated wi
viscoelastic relaxation. These findings support the hypoth
that segmental dynamics is a valuable stepping stone in
derstanding the links between microscopic polymer struc
and macroscopic polymer properties.

Additional insight has been provided through the use

a!Author to whom correspondence should be addressed. Electronic
d.b.adolf@leeds.ac.uk
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computer simulation. Helfand and co-workers20–22 used
Brownian dynamics simulations to study the solution st
dynamics of polyethylene which included a cataloguing
the conformation of chain torsional angles and the discov
of second-neighbor torsional angle coupling. The activat
energy of the conformational transition rates was observe
be slightly larger than a singletrans to gauchebarrier height
energy of the torsional angle potential employed. This i
plied that these processes cannot be pictured as crank
motions23 which would require an activation energy of tw
barrier heights. Helfand labeled these motions crankli
Adolf and Ediger24 simulated the local motions of solutio
state polyisoprene and revealed a decrease in the amou
second-neighbor torsional angle coupling and an increas
the first-neighbor torsional angle coupling relative to H
fand’s polyethylene findings. Moe and Ediger25 simulated
isolated and bulk polyisoprene using NVT molecular dyna
ics. Findings revealed that C–H vectors relax predomina
by coupled small amplitude motions of groups of adjac
torsions which do not involve conformational transition
NpT simulations of polyethylene due to Smithet al.26,27

showed that correlation times for the torsional autocorre
tion function and C–H vector reorientation correspond to
average conformational transition times. They also rev
significant second- and fourth-neighbor torsional angle c
pling. Moro28–30has highlighted the importance of small di
placements of torsional angles within the conformational
namics of chained molecules. This work also suggested
the time taken for neighbors to feel a conformational ev
increases with the distance from the torsional angle unde
ing the event.

Fewer studies of segmental polymer dynamics have
cused on the impact of pressure, which is surprising due
its importance in polymer processing and applicatio
Williams19,31 used dielectric spectroscopy to probe the d
namics of poly~methylacrylate! at high pressure. The ob
served relaxation times were found to be a function of t
il:
9 © 2001 American Institute of Physics
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2360 J. Chem. Phys., Vol. 115, No. 5, 1 August 2001 Hotston, Adolf, and Karatasos
components. One is dependent on both pressure and
perature, with the other dependent only on temperat
Sasabe and Saito32 observed for poly~alkylmethacrylates!
that the segmental motions of the backbone~denoted as thea
process! and side chain motions~denoted as theb process!
are decoupled at low temperature or high pressure. Howe
these motions couple as temperature is increased or pre
is decreased affording a singleab dynamic. In the late 1980s
to early 1990s, the pressure-induced slowing of local s
mental polymer dynamics was monitored using the press
dependence of the fluorescence lifetime of an intramolec
excimer-forming probe dispersed within a matrix of polyis
prene, polyisobutylene, or poly~propylene oxide!.33–35 Ef-
forts due to Kulik and Prins36–39 employed NMR to study
bulk polystyrene dynamics under pressures of up to 2
bar. They reported a gradual increase in the mean correla
time and distribution width for conformational dynamic
with increasing pressure. Floudas and co-workers40–42 used
dielectric relaxation to investigate the effect of high press
on the segmental and normal mode dynamics of poly
prene and polyisoprene/polyvinylethylene diblock copo
mers. Findings for the diblock samples reveal that press
induces dynamic homogeneity. Furthermore, the segme
dynamics of polyisoprene was observed to be more sens
to pressure than the corresponding normal mode dynam
implying failure of time-pressure superposition. Compu
tionally, Bharadwaj and Boyd43 have examined the effects o
temperature and pressure on the local dynamics, show
that increasing pressure and reducing temperature lea
spatial heterogeneity of conformational transitions along
backbone.

The current work reports on a computational study
understand the effect of systematic changes in pressur
local segmental dynamics, similar in spirit to the work
Karatasoset al.44 on the role of systematic increases of de
sity on these motions. NpT simulations of linear unentang
polyethylene melts have been performed up to pressure
5000 bar. Polyethylene is chosen for its technological imp
tance and structural simplicity. The procedure for the c
struction of the initial configurations and other algorithm
details are found in Sec. II. Section III verifies the integr
of the equilibrated melt configurations through activation e
ergies, activation volumes, and equation of state behav
Section IV addresses the effect of pressure on torsional a
coupling. This analysis is presented as a function of dista
along the backbone at a fixed time and also as a functio
backbone distance and time after a conformational trigge
event. An examination of the effects of pressure on the lo
segmental dynamics is presented through geometric auto
relation functions and associated distributions of relaxat
times ~DRT! as found within Sec. V. Conclusions are foun
within Sec. VI.

II. SIMULATION DETAIL

A. Initialization and algorithm particulars

The starting configurations were generated by a lat
Monte Carlo procedure via the cooperative motion algorit
~CMA!.45,46 This algorithm is capable of operating at hig
Downloaded 24 Jul 2001 to 139.91.254.18. Redistribution subject to AI
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densities, affording equilibrated melt configurations at a l
computational cost. After placing several thousand cha
each composed of 100 united atoms, on a face-centered c
~fcc! lattice, the initial arrangement was ‘‘melted’’ throug
cooperative rearrangements in the athermal limit, where
the attempted moves which avoided monomer–mono
overlaps and which preserved the chain connectivity w
accepted. After complete relaxation at a local and a glo
length scale as probed by the bond and the end-to-end ve
autocorrelation functions,44 a subset of chains was random
selected among those with a density close to the targ
one. Following the introduction of valence angles and bo
constraints as given in Sec. II B, the system was fine tune
the target density by translating the chains toward the s
set’s center of mass in small steps to avoid overlaps. At
stage, the target density of these configurations was 0
g/cm3 corresponding to the accepted value of bulk polye
ylene at a pressure of 1 bar and a temperature of 400 K47

The trajectories are generated in two stages. The star
configurations provided by the sampling technique are f
ther equilibrated at 400 K for 6 ns using the Nose´–Hoover
NVT algorithm48,49 with a thermostat relaxation coefficien
of 0.1 ps. This is followed by 10 ns of equilibration using a
NpT ensemble at the eventual production temperature
pressure, the thermostat and barostat relaxation coeffici
being 0.1 and 0.21 ps, respectively.50 Following equilibra-
tion, 10 ns of production is performed at 1, 1000, and 50
bar, each generated at 375, 400, 425, 450, and 475 K.

B. Simulation parameters

The application used to generate the trajectories
cussed in this paper is theDL_POLY ~V2.10! Molecular Dynam-
ics package.51 A Verlet leapfrog scheme with a time step of
femtoseconds is used to integrate the equation of motion
the SHAKE algorithm is used to maintain bond lengths
1.53 Å.

The valence angle potential is of the form

V~u!5 1
2ku~cosu2cosu0!2, ~1!

whereku5519.6 kJ/mol andu05112.813°.
The torsional angle potential is based on the wid

used26,27,52,53 version derived by Jorgensen an
Tirado-Rives54 and has the form

V~f!

kJ/mol
52.937~11cos~f!!10.565~12cos~2f!!

16.544~11cos~3f!!, ~2!

with prefactors being taken from the work of Martin an
Siepmann55 on n-alkanes at the critical temperature.

The nonbonded interactions are based on an optim
Lennard-Jones potential for n-alkanes,55 where two atomsi
and j, being separated by a distance ofr i j as shown in Eq.
~3!, are modeled with distinct values of« ands for the CH3

and CH2 units, as shown in Table 1:

V~r i j !54«F S s

r i j
D 12

2S s

r i j
D 6G . ~3!
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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III. CONFORMATIONAL ACTIVITY AND
THERMODYNAMICS

A. Transition rate

The definition of what constitutes a conformational tra
sition has appeared in many studies with slightly differe
definitions.23,43,44,56–58A definition similar to that used by
Helfand21,22,44,59–62 is employed throughout this work. A
stopwatch is started when a torsional angle first leave
window of 40° in width which is centered on one of the thr
minima ~i.e., trans, gaucheplus, andgaucheminus! defined
by Eq. ~2!. This window is chosen to focus on conform
tional activity rather than libration. The stopwatch is stopp
when the torsional angle first passes the minimum o
neighboring well.

The effects of the more mobile chain ends have b
removed by excluding the transition rates of the ten ou
torsional angles of each molecule from the appropri
analyses. In Table II, the average transition rate is sho
together with comparisons to literature values. For 400 K
1 and 5000 bar, average transition rates are 0.059 and 0
ps21, respectively. Bharadwaj and Boyd report compara
average transition rates of 0.060 and 0.043 ps21 for a united
atom system of 768 CH2 beads at 400 K with pressures of
and 5000 bar, respectively.43 For an explicit atom melt of
C44H90 chains at 400 K and 1 bar, Smithet al. observed a
similar average transition rate of 0.060 ps21.52

B. Activation volume and activation energy

The activation volume is calculated as

DV5RTS ] ln t0

]p D
T

, ~4!

where

t0;exp~DG/RT!. ~5!

TABLE I. Lennard-Jones parameters~Ref. 55!.

s ~Å! « ~kJ/mol!

CH2– CH2 3.95 0.381
CH3– CH3 3.75 0.808
CH2– CH3 3.85 0.556

TABLE II. Transition rate~ps21! for all systems~60.001 for all values
reported from this study!.

Temperature~K! 1 bar 1000 bar 5000 bar

375 0.043 0.040 0.029
400 0.059 0.051 0.041
400a 0.060 ¯ 0.043
400b 0.060 ¯ ¯

425 0.069 0.062 0.052
450 0.085 0.074 0.065
475 0.097 0.090 0.078

aReference 43.
bReference 52.
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t0 is the average time between conformational transitions
the system andDG is the Gibbs free energy

DG5DE1pDV2TDS. ~6!

DE, DV, and DS are the energy, volume, and entropy
activation, respectively. As the motion per transition is sm
the change in entropy is considered to be negligible.39

The activation enthalpy is defined as

DH5DE1pDV, ~7!

and is calculated as

DH5RS ] ln t0

]~1000/T! D
p

. ~8!

The negative natural logarithm of the average transit
rate per dihedral per picosecond is plotted against inve
temperature in Fig. 1 at different pressures with data at e
pressure connected by a line of best fit. The data show
the natural logarithm of the average transition time chan

FIG. 2. The average transition rate per picosecond over a temperature
of 375 to 475 K as a function of pressure. Best-fit single exponential cu
are illustrated for each set of data points.

FIG. 1. The negative natural logarithm of the average transition rate
picosecond at 1, 1000, and 5000 bar as a function of temperature. Be
lines are illustrated for each pressure. The slope of each best-fit line is
to determine the activation enthalpy.
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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FIG. 3. The pressure dependence
the activation enthalpy~filled squares!
is observed using the left and bottom
axes. The temperature dependence
the activation volume~filled circles! is
observed using the right and top axe
Comparison is made with results from
Boyd et al. ~Ref. 56! and Kulik and
Prins ~Ref. 39! for the activation en-
thalpy and Bharadwajet al. ~Ref. 63!
for the activation volume. Lines are a
guide to the eye and errors are con
tained within symbol size.
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linearly with inverse temperature for pressures of 1, 10
and 5000 bar. Figure 2 shows the average transition rate
torsional angle per picosecond decreases with increa
pressure for each pressure studied as illustrated by the s
exponential best-fit curves. An averagedT/dp value of 0.017
60.002 deg/bar is obtained from Figs. 1 and 2 for the pr
sure range of 1 to 1000 bar over the five simulated temp
tures. This is in good agreement with literature.39,42,43dT/dp
serves as a gauge for the inter-relation effects of tempera
and pressure on relaxation times and for many polymers
magnitude is approximately 0.02060.005 deg/bar.1 Kulik
and Prins used deuteron NMR to study amorphous poly
ylene between 203 and 393 K and up to 2500 bar to obta
value of 0.015 deg/bar. In a study of the dielectric relaxat
of polyisoprene at pressures of up to 5000 bar, Floudaset al.
report a comparable figure of 0.016 deg/bar. If the d
within Figs. 1 and 2 at 5000 bar are considered at each si
lated temperature,dT/dp is found to be 0.01060.002
deg/bar. Bharadwaj and Boyd report adT/dp of 0.01
deg/bar from a simulation of polyethylene up to 10 000 b

The activation volumes for torsional angle rotation in Å3

per torsional angle at different temperatures are compu
using Eq.~4! and shown in Fig. 3. Table III reports the ac
vation volume in cubic centimeters per mole as a function
temperature. Activation volumes from Bharadwaj a

TABLE III. Activation energies and volumes.

1 bar 1000 bar 5000 bar

DH ~kJ/mol! 10.660.1 11.960.1 13.760.1

400 K 425 K 450 K 475 K

DV ~cm3/mol!
~This work!

2.22 1.85 1.66 1.61

DV ~cm3/mol!
~Bharadwaj and Boyda!

1.95 2.00 1.90 1.95

aReference 63.
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Boyd63 are also plotted in Fig. 3 and are included with
Table III. These values are qualitatively similar but less s
sitive to temperature in comparison to the values reporte
this manuscript. It is difficult to pinpoint the exact cause
this behavior but it might be attributed to the use of t
anisotropic united atom model by Bharadwaj and Boyd.

Figure 3 also shows the activation energies at cons
pressure, ranging from 1 to 5000 bar. The activation enth
pies are 10.660.1 kJ/mol ~1 bar!, 11.960.1 kJ/mol ~1000
bar! and 13.760.1 kJ/mol~5000 bar!. Comparisons are mad
with the work of Boydet al.56 and Kulik and Prins.39 Boyd
et al. report an activation enthalpy of 13.6 kJ/mol for a me
of polyethylene at 1 bar within the NpT ensemble for a 7
UA bead chain. Kulik and Prins calculated an experimen
conformational transition activation enthalpy of 11.4 kJ/m

FIG. 4. The dependence of specific volume on pressure at constant tem
ture. The filled symbols represent data from this work while the crosses
the asterisks are experimental values from Olabisi and Simha and fit to
Tait equation~Ref. 65!. The Tait equation is valid up to 2000 bar~solid line!,
with values extrapolated to 5000 bar denoted by plus signs connected
dashed line. The open symbols are simulated values cited in literature
Yang et al. ~Ref. 66! and Bharadwaj and Boyd~Ref. 43!.
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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2363J. Chem. Phys., Vol. 115, No. 5, 1 August 2001 Local segmental dynamics of polyethylene
at 1 bar. Both these values are in reasonable agreement
results reported here.39,43,56,57,64The magnitude of thepDV
term is effectively zero at low pressures. At 5000 bar,
comprises nearly 10% of the overall activation enthalpy, w
the maximum contribution to the activation enthalpy fro
the pDV term being about 1 kJ/mol. Kulik and Prins repo
1.5 kJ/mol for the maximum contribution of thepDV term to
DH.

C. Specific volume as a function of pressure and
temperature

The specific volume as a function of temperature a
pressure for the simulated systems has been calculated f
systems and the data for the 400 and 475 K systems
shown in Fig. 4 as filled symbols. This plot also contains
experimental specific volume as reported by Olabisi a
Simha and fit to the Tait equation.65 These data are shown a
crosses and asterisks. At 400 K, the experimental dat
valid up to 2000 bar and has been extrapolated to 5000
for the basis of a qualitative comparison and is plotted
plus signs. Computational data from Yanget al.66 are plotted
as hollow diamonds and triangles, with data from Bharad

FIG. 5. Torsional angle coupling shown for 1 and 5000 bar at 375 and
K illustrating counter-rotational second-neighbor torsional angle coupl
Error is contained within the symbol size and lines are an aid to the ey

FIG. 6. Torsional angle coupling shown for 375 and 475 K at 1 and 5
bar illustrating counter-rotational second-neighbor torsional angle coup
Error is contained within the symbol size and lines are an aid to the ey
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and Boyd43 denoted as open circles. The quality of agre
ment between the filled symbols and the Tait equation
good. However, the agreement is not surprising given t
the simulation parameters of Martin and Siepmann are o
mized for n-alkanes.

D. Pressure and the glass transition temperature

The computer glass transition temperature for this s
tem at a pressure of 1 bar is expected to be in the vicinity
200–250 K, based on results from similar simulations.66,67At
5000 bar, the computer glass transition temperature is
pected to occur between 250 and 335 K using 0.0
deg/bar<dT/dp<0.017 deg/bar as reported in Sec. III B
The specific volume at 5000 bar was plotted over a temp
ture range of 300 to 475 K. These plots are not shown
they revealed that a single line successfully fit the data. T
lack of a break in this slope in conjunction with the da
presented in Figs. 1 through 4 suggests that suitably eq
brated nonglassy melts are being employed.

IV. ANALYSIS AND RESULTS

A. Static torsional angle coupling

Localization is an important factor in conformation
motion, enabling torsional angles to rotate without invoki
huge energy penalties associated with moving large sect
of the backbone through a melt or viscous solvent. Loc
ization can be understood through two mechanism
coupled conformational motion25,46,68,69 and coupled
libration.28–30,70–74Following on from the work presented b
Karatasoset al.,44 the present trajectories have been analyz
with respect to torsional angle coupling via a method dev
oped by Moe and Ediger.25

Torsional angle coupling, TAC(f i ,tTT), is defined as
the average change of a neighboring torsional angle,f i , in
response to a triggering transition, TT, at timetTT . This is
expressed as

TAC~f i ,tTT!5^A~Df i !uf i~tTT1Dt !2f i~t
TT

2Dt !u&,
~9!

whereA(Df i) assumes a value of11 for f i motion in the
same direction as the TT and –1 forf i motion in the oppo-
site direction of the TT. The angular brackets denote an
erage over all torsional angles and over the entire produc
phase of the trajectory. Within this manuscript, the use o
single value forDt in Eq. ~9! is referred to as static torsiona
angle coupling analysis. Dynamic torsional angle coupl
analysis is discussed in the following section, where a ra
of Dt values is employed.

Figure 5 compares the magnitude of 375 and 475 K t

TABLE IV. Absolute magnitude in degrees of second-neighbor torsio
angle coupling for all systems.

375 K 400 K 425 K 450 K 475 K

1 bar 10.5 10.0 9.5 8.5 7.0
1000 bar 12.5 11.5 10.5 9.0 8.5
5000 bar 14.5 13.5 12.5 11.5 10.5

5
.

0
g.
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FIG. 7. Differences in the magnitude
in torsional angle coupling are show
for ~a! 375 K relative to 475 K at 1
bar. ~b! 375 K relative to 475 K at
5000 bar.~c! 5000 bar relative to 1 bar
at 375 K and~d! 5000 bar relative to 1
bar at 475 K. Absolute values of dif-
ferences in the torsional angle cou
pling for the second neighbors ar
plotted for clarity. Consequently, the
plotted differences reflect increases
their counter-rotational motion. Erro
is contained in the symbol and line
are an aid to the eye.
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sional angle coupling at 1 and 5000 bar with aDt of 1 ps.
Error is contained within the symbol size and the lines jo
ing data points are only an aid to the eye. As temperatur
decreased, there is an increase in the magnitude of the z
and second neighbor torsional angle coupling at both p
sures. Zeroth neighbor torsional angle coupling refers ti
50 within Eq. ~9!, where motion of the torsional angle un
dergoing the triggering transition is being monitored with
the time windowDt. At 1 bar, decreasing the temperature
100 K increases the magnitude of second-neighbor torsi
angle coupling from27 to 210.5 ~;50%!, and at 5000 bar
from 210.5 to 214.5 ~;38%!. The increase in the magn
tude of the zeroth neighbor torsional angle coupling is 3~less
than 8%!. The magnitude of fourth-neighbor torsional ang
coupling increases from 2 to 3~by 50%!. Figure 6 compares
the magnitude of the 1 and 5000 bar torsional angle coup
at 375 and 475 K. At 375 K, the increase in the magnitude
torsional angle coupling with pressure is from210.5 to
214.5 for the second neighbor~;38%!. At 475 K, the in-
crease in the magnitude of second-neighbor torsional a
coupling is from27 to 210.5 ~;50%!. For both systems
the increase in the magnitude of zeroth-neighbor torsio
angle coupling is only about 1~,5%!, with no change at all
in the magnitude of the fourth-neighbor torsional angle c
pling.

Table IV shows the absolute magnitude of torsion
angle coupling for the second neighbors for all systems.
importance of these changes is emphasized when it is
membered that the average transition rate drops with
creasing temperature. For instance, cooling the 475 K, 1
system by 100 K results in an increase in the magnitude
the second-neighbor torsional angle coupling of;50%,
while the transition rate decreases by;56%.

For both Figs. 5 and 6 it should be noted that the sec
neighbors always move in a predominantly counter-TT m
ner. The increase in the magnitude of the torsional an
coupling at high pressure and low temperature was addre
through histograms of the values that make up the plo
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average data@see Eq.~9!#. These plots are not shown bu
revealed that increases arise from changes over the e
distribution of torsional angles being accessed rather t
from a select range of torsional angles.

B. Dynamic torsional angle coupling

It is possible to examine how long-lived torsional ang
coupling is by varying the value ofDt in Eq. ~9!. This analy-
sis provides both a qualitative and a quantitative measur
the dynamic behavior of torsional angle coupling. T
zeroth- and second-neighbor torsional angle coupling
been calculated over a range ofDt51 to 50 ps averaged
over all chains and all transitions and illustrated in Fig.
The data are presented so that the values plotted represe
increase in magnitude of zeroth- and second-neighbor

FIG. 8. The pressure and temperature dependence of the relaxation tim
torsional angle coupling of zeroth neighbors~filled symbols! and second
neighbors~open symbols!. A relaxation time is defined as the time need
for the magnitude of the torsional angle coupling to decay to a backgro
level of 62 as shown in panel~b! at 400 K and 1 bar.
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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sional angle coupling when moving towards higher pressu
and lower temperatures~i.e., ‘‘restricted’’ systems!. It is em-
phasized that the second-neighbor torsional angle couplin
consistently counter-rotational with respect to the TT a
would have a negative value if plotted in the format of fi
ures such as Figs. 5 and 6. The top two panels of Fig. 7 s
the difference in torsional angle coupling between 375 a
475 K as a function of time at 1 and 5000 bar. The lower t
panels of Fig. 7 plot the difference in torsional angle co
pling between 5000 and 1 bar as a function of time at 3
and 475 K. The square symbols are for the zeroth neigh
and the circles are for second-neighbor torsional angle c
pling.

In all panels the initial differences are small, with th
maximum difference between systems occurring some t
after the triggering transition. The maximum difference b
tween second neighbors is consistently reached before th
the zeroth neighbor for the same system. All differences
tween the neighbors tend towards zero at long times with
second neighbors converging more rapidly than the ze
neighbors.

The relaxation time for the zeroth- and second-neigh
torsional angle coupling is plotted in Fig. 8~a!, which is de-
fined as the time taken for torsional angle coupling to fall
a background level of62. An example of such a decay
illustrated in Fig. 8~b! at 400 K and 1 bar for the zeroth an
second neighbors. In Fig. 8~a!, the relaxation time data ar
plotted as a function of temperature at different pressu
with filled and open symbols representing zeroth-neigh
and second-neighbor relaxation times, respectively. A tr
common to all data is for restrictive systems to rem
coupled longer and for the peak magnitude of the coupling
be greater than for less restrictive systems. Comparison
the inverse of the transition rates in Table II reveals that
relaxation time associated with the zeroth-neighbor torsio
angle coupling coincides with the average transition time
the system being analyzed. The relaxation times for

TABLE V. Zeroth- and second-neighbor torsional angle coupling relaxa
time for all systems in picoseconds.

375 K 400 K 425 K 450 K 475 K

Zeroth neighbor
1 bar 23 18 14 12 10
1000 bar 25 20 15 13 11
5000 bar 34 24 19 15 13

Second neighbor
1 bar 9 7 5 4 3
1000 bar 12 9 6 5 4
5000 bar 17 12 9 7 5

TABLE VI. Ratio of second- to zeroth-neighbors torsional angle coupl
relaxation time for all systems.

375 K 400 K 425 K 450 K 475 K

1 bar 0.40 0.41 0.36 0.33 0.30
1000 bar 0.48 0.45 0.40 0.42 0.36
5000 bar 0.50 0.50 0.47 0.47 0.38
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zeroth- and second-neighbors, along with the ratios of s
ond to zeroth neighbors are shown in Tables V and VI. T
data show that coupling persists throughout the period
tween transitions, implying that the chain works contin
ously to localize the effects of segmental motion. The ratio
second- to zeroth-neighbor torsional angle coupling rel
ation times increases with increasing pressure and decre
with increasing temperature.

V. DYNAMICS

A. Geometric autocorrelation functions

The effect of pressure on local polymer dynamics is a
addressed by second (P2) Legendre polynomial autocorrela
tion functions~ACF!44 of bond and chord vectors within th
chain. The bond,bi , is calculated as

bi5
r i 112r i

ur i 112r i u
, ~9a!

wherer i denotes the lab frame coordinates of united atomi.
The chord,ci ,k vector is constructed from the bond vector

n

FIG. 9. Geometric autocorrelation functions fork52 ~the chord vector! and
400 K at ~a! 1 bar and~b! 5000 bar. The ACF simulation data are repr
sented by open symbols with the CONTIN fits denoted by the solid l
running through these symbols. The DRTs corresponding to the solid A
fits are plotted as filled symbols joined by a solid line. A peak in each D
indicates the time scale of a relaxation process.

FIG. 10. DRTs fork51 ~the bond vector! at 375, 400, and 425 K at~a! 1 bar
and ~b! 5000 bar.
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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ci ,k5
bi1bi 1k

ubi1bi 1ku
. ~9b!

k has a range of 1 toN, whereN is the number of bonds in
the molecule. A chord vector ofci ,6 would span 6 bonds
Each ACF is analyzed usingCONTIN75,76 which represents
their relaxation as a continuous distribution of exponen
processes as calculated by Eq.~10!

ACF~ t !5E
2`

`

F~ ln~t!!e2t/td ln t, ~10!

whereF(ln(t)) corresponds to a normalized distribution
relaxation times~DRT!. Within this model-independent ap
proach, the number and the width of the peaks appearin
the DRTs correspond to the existence of distinct relaxa
processes and the dispersion of exponential decays, res
tively. A characteristic time for each process appearing in
spectra is associated with the location of its peak in the D

FIG. 11. DRTs at 400 K for~a! 1 bar,k 5 1 to 40 and~b! 5000 bar,k51
to 6.
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The relaxation of the ACF for the chord vector, at 400
is shown as a function of pressure in Fig. 9. The left-hany
axis shows the relaxation of the chord autocorrelation fu
tion and the right-handy axis represents the distribution o
relaxation times associated with each pressure. Change
the curvature of the ACF correspond to peaks in the D
The chord vector relaxes at both pressures with prima
two modes of relaxation. The DRTs of the bond ACF vec
are shown in Fig. 10 as a function of temperature and p
sure. At 1 bar, the DRTs at all temperatures reveal one do
nant process at;4 ps with a narrower width at 425 K. A
5000 bar, it is possible to watch the evolution of an interm
diate mode in the relaxation of the bond vector appearing
the 40 ps time scale. As the temperature is reduced,
prominence of the first peak drops and the significance of
intermediate mode increases.

Extending the chord vector incrementally along t
length of the backbone affords insight into the effect
coarse graining on segmental dynamics.77 Analysis has been
performed at 1 bar fork values of 1 to 40~400 K! and at
5000 bar from 1 to 6~400 K!. The data presented within Fig
11 are representative of the general trends observed.
DRTs show that there is a distinct change in the relaxation
the vector as it encompasses larger sections of the back
~i.e., k increases!. For Fig. 11~a!, wherek51, one principal
mode around 5 ps is observed with a long tail stretching fr
;700 ps to several nanoseconds. Ask approaches 10, the
magnitude of the fast process decreases significantly wi
dominant process developing on the time scale of;100 ps.
As k approaches 40, a longer mode evolves on the nano
ond time scale. A significant change in the shape of the D
is observed as pressure is increased from 1 to 5000 bar.
ure 11~b! shows three distinct peaks for nearly all values
k: one on the order of picoseconds, one on the order of
picoseconds, and a third at times around 2 nanoseconds
creasing the value ofk along the backbone results in
s
FIG. 12. DRTs at 400 K for pressure
of 1, 1000, and 5000 bar.~a! k51, ~b!
k52, ~c! k53, and~d! k56.
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change in the magnitude of each mode. Ask tends to 6, the
fast mode decreases while the intermediate and the slo
mode become more pronounced.

Figure 12 shows the effect of pressure on the relaxa
of the backbone, as a function ofk, at 400 K. For all dis-
tances along the backbone it is observed that increasing
pressure results in the development of relaxation proce
on longer time scales with a corresponding reduction in
magnitude of the fast process. As seen in Fig. 11~a!, the DRT
for k51 at 1 bar had a dominant process at 5 ps with a lo
time tail. However, intermediate and longer modes
clearly seen to develop in Fig. 12~a! when increasing the
pressure to 5000 bar. Fork52 in Fig. 12~b!, all three modes
are present for all pressures with the fast mode domina
the DRT except at 5000 bar. Fork53 in Fig. 12~c!, each
pressure reveals a different dominant process. At 1 bar,
fast mode dominates. At 1000 bar, the intermediate mode
the largest amplitude while at 5000 bar the longer mode
the greatest magnitude. Fork56 in Fig. 12~c!, the interme-
diate mode dominates the DRT at 1 and 1000 bar, while
5000 bar the longer mode is most significant. In general,k
increases along with pressure, the intermediate and lo
modes play an increasingly significant role in the relaxat
of the vector.

VI. CONCLUSIONS

The effect of pressure on the segmental dynamics
melt polyethylene has been addressed. Increasing pres
and decreasing temperature results in decreasing ave
transition rates and an increasing magnitude of seco
neighbor coupled torsional motion. As far as the authors
aware, torsional angle coupling has been examined as a f
tion of a range ofDt values for the first time~i.e., dynamic
torsional angle coupling!. This analysis quantitatively dem
onstrates the dynamic nature of torsional angle coupling
conformational event with zeroth- and second-neighbor c
pling observed to persist longer for cooler systems at hig
pressures.

The effect of pressure has also been investigated in te
of the reorientation dynamics of the model polyethyle
chain on the length scale of a bond vector to a more coa
grained scale covering larger portions of the chain backbo
As expected, the mechanisms leading to the relaxation
these vectors are a collection of processes including fast
tions on the time scale of a few picoseconds and slo
motions on the time scale of several nanoseconds. At
temperatures and high pressures a third mechanism is
served for these unentangled chains on a time scale betw
the fast and slow processes. This mechanism is readily
parent with increased levels of coarse graining@i.e., increas-
ing the k values within Eq. 9~b!#, which is similar to that
found by Karatasoset al.44,77 for density-induced modifica
tion of local segmental dynamics. The appearance of
intermediate time scale complements the work of Qiu a
Ediger78 using 13C NMR to study the local and global dy
namics of unentangled polyethylene melts at ambient p
sure. Fits toT1 and NOE data at ambient pressure requi
6–10 Rouse modes, implying the importance of motio
with a time scale between the fast segmental motions and
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significantly slower global dynamics to describe satisfac
rily the reorientational motion of the C–H bond vectors
their system. Current efforts are correlating the obser
pressure effects of theintramolecular dynamics with
pressure-induced changes inintermolecular dynamics
through a time-resolved radial distribution function. Futu
efforts will focus on longer entangled chains in addition to
similar pressure study using a series of backbones that
dergoes a systematic change in intramolecular connecti
These topics will be the source of a future publication.
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