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An investigation into the local segmental dynamics of polyethylene:
An isothermal /isobaric molecular dynamics study
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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
T4. 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. ZD01 American Institute of Physic$DOI: 10.1063/1.1381057

I. INTRODUCTION computer simulation. Helfand and co-worké&r€? used
Brownian dynamics simulations to study the solution state

i 'I;her? 'S S'?hn'f'C?m ;nterest W't?'n tr;et_poly;]ﬁer Eog]Nmu'dynamics of polyethylene which included a cataloguing of
nity to clarify the structure-property relationships be ©“Nihe conformation of chain torsional angles and the discovery

bulk polymers and the chemical composition of their repea f second-neighbor torsional angle coupling. The activation

unit. This connection has been addressed in terms of loca] : o
. . energy of the conformational transition rates was observed to
motion occurring on the length scale of a few monomers

These motions are heavily influenced by the chemistry of thé)e slightly larger than a singteans to gauchebarrier height

repeat unit and are also expected to be related to Iongeelnergy of the torsional angle potential employed. This im-

length scale motions responsible for the observed viscoela?—“e‘_j thé’;t tf;}(_ashe prO(I:(;asses_cannot b(_e p|_ctured as cr?nkshaft
tic properties of polymers. Aspects of local dynamics appea otl_on h W r:C woulf rgqlwtr)elag aﬁtwatlon energy o It<vlvl(<)
in several fundamental theories and key experimental obseP2/Tier heights. Helfand labeled these motions cranklike.

vations describing macromolecular rheoldgyd have been Adolf and Edigef* simulated the local motions of solution
experimentally monitored by dielectric  relaxatidf, state polyisoprene and revealed a decrease in the amount of

NMR,*~8 and time-resolved optical spectroscdp} secopd-nei_ghbor torsic_)nal angle couplin_g and an increase in
These motions have been studied within dilute polymerth first-neighbor torsional angle coupling relative to Hel-
solutions as a function of solvent viscosity using thermody-fand’s polyethylene findings. Moe and Edigesimulated
namically good solvents where the dynamics are observed tgolated and bulk polyisoprene using NVT molecular dynam-
scale by a fractional power of solvent viscosity™>* This ics. Findings revealed that C—H vectors relax predominately
violates a hydrodynamic scaling prediction that the dynamic®y coupled small amplitude motions of groups of adjacent
would scale by to the first power and is attributed to the torsions which do not involve conformational transitions.
overlap of the time scales for local polymer dynamics and\NPT simulations of polyethylene due to Smitt al?*%’
solvent reorientation. Within the melt, short length scaleshowed that correlation times for the torsional autocorrela-
polymer dynamics become an essential mode of relaxatiofion function and C—H vector reorientation correspond to the
since chain congestion and chain entanglement create @verage conformational transition times. They also reveal
enormous frictional resistance to large-scale reorientationadignificant second- and fourth-neighbor torsional angle cou-
motion of the polymer backbone. Several studies have repling. Mora®®~*’has highlighted the importance of small dis-
vealed that the segmental dynamics of bulk polyniérs!®  placements of torsional angles within the conformational dy-
exhibits a temperature dependence as described by theiamics of chained molecules. This work also suggested that
William—Landel-Ferry[WLF] parameters associated with the time taken for neighbors to feel a conformational event
viscoelastic relaxation. These findings support the hypothesisicreases with the distance from the torsional angle undergo-
that segmental dynamics is a valuable stepping stone in uring the event.
derstanding the links between microscopic polymer structure  Fewer studies of segmental polymer dynamics have fo-
and macroscopic polymer properties. cused on the impact of pressure, which is surprising due to
Additional insight has been provided through the use ofits importance in polymer processing and applications.
Williams*®3! used dielectric spectroscopy to probe the dy-

dAuthor to whom correspondence should be addressed. Electronic mai@mics  of pol_y(met_hylacrylatae at high pressure. The ob-
d.b.adolf@leeds.ac.uk served relaxation times were found to be a function of two
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components. One is dependent on both pressure and temensities, affording equilibrated melt configurations at a low
perature, with the other dependent only on temperaturecomputational cost. After placing several thousand chains,
Sasabe and Saito observed for polgalkylmethacrylates each composed of 100 united atoms, on a face-centered cubic
that the segmental motions of the backbéienoted as the  (fcc) lattice, the initial arrangement was “melted” through
process and side chain motion&lenoted as thg procesy  cooperative rearrangements in the athermal limit, where all
are decoupled at low temperature or high pressure. Howevethe attempted moves which avoided monomer—monomer
these motions couple as temperature is increased or pressureerlaps and which preserved the chain connectivity were
is decreased affording a singig8 dynamic. In the late 1980s accepted. After complete relaxation at a local and a global
to early 1990s, the pressure-induced slowing of local seglength scale as probed by the bond and the end-to-end vector
mental polymer dynamics was monitored using the pressurautocorrelation function¥’ a subset of chains was randomly
dependence of the fluorescence lifetime of an intramoleculaselected among those with a density close to the targeted
excimer-forming probe dispersed within a matrix of polyiso- one. Following the introduction of valence angles and bond
prene, polyisobutylene, or pdlyropylene oxide33~3° Ef-  constraints as given in Sec. Il B, the system was fine tuned to
forts due to Kulik and Prinf§—3° employed NMR to study the target density by translating the chains toward the sub-
bulk polystyrene dynamics under pressures of up to 2508et’s center of mass in small steps to avoid overlaps. At this
bar. They reported a gradual increase in the mean correlatisstage, the target density of these configurations was 0.79
time and distribution width for conformational dynamics g/cn? corresponding to the accepted value of bulk polyeth-
with increasing pressure. Floudas and co-woReféused ylene at a pressure of 1 bar and a temperature of 460 K.
dielectric relaxation to investigate the effect of high pressure  The trajectories are generated in two stages. The starting
on the segmental and normal mode dynamics of polyisoeonfigurations provided by the sampling technique are fur-
prene and polyisoprene/polyvinylethylene diblock copoly-ther equilibrated at 400 K for 6 ns using the Nestover
mers. Findings for the diblock samples reveal that pressurBlVT algorithnf®#° with a thermostat relaxation coefficient
induces dynamic homogeneity. Furthermore, the segmentalf 0.1 ps. This is followed by 10 ns of equilibration using an
dynamics of polyisoprene was observed to be more sensitivpT ensemble at the eventual production temperature and
to pressure than the corresponding normal mode dynamicpressure, the thermostat and barostat relaxation coefficients
implying failure of time-pressure superposition. Computa-being 0.1 and 0.21 ps, respectivélyFollowing equilibra-
tionally, Bharadwaj and Boy'd have examined the effects of tion, 10 ns of production is performed at 1, 1000, and 5000
temperature and pressure on the local dynamics, showingar, each generated at 375, 400, 425, 450, and 475 K.

that increasing pressure and reducing temperature lead to

spatial heterogeneity of conformational transitions along the

backbone.

The current work reports on a computational study to
understand the effect of systematic changes in pressure on The application used to generate the trajectories dis-
local segmental dynamics, similar in spirit to the work of cussed in this paper is tie_PoLY (v2.10 Molecular Dynam-
Karatasost al** on the role of systematic increases of den-ics package® A Verlet leapfrog scheme with a time step of 2
sity on these motions. NpT simulations of linear unentangledemtoseconds is used to integrate the equation of motion and
polyethylene melts have been performed up to pressures #fie SHAKE algorithm is used to maintain bond lengths of
5000 bar. Polyethylene is chosen for its technological impord.53 A.
tance and structural simplicity. The procedure for the con-  The valence angle potential is of the form
struqtion of the in.itial configuratipns and Qt_her alg_orithmic V(6) = k,(cos6— cosby)?, 1)
details are found in Sec. Il. Section Il verifies the integrity
of the equilibrated melt configurations through activation en-wherek,=519.6 kJ/mol andjy=112.813°.
ergies, activation volumes, and equation of state behavior. The torsional angle potential is based on the widely
Section IV addresses the effect of pressure on torsional angksed®?”*>>® version ~derived by Jorgensen and
coupling. This analysis is presented as a function of distanc&irado-Rives* and has the form
along the backbone at a fixed time and also as a function of
backbone distance and time after a conformational triggering
event. An examination of the effects of pressure on the local
segmental dynamics is presented through geometric autocor- +6.5441+cog3¢)), (2
relation functions and associated distributions of relaxation

times (DRT) as found within Sec. V. Conclusions are found with prefactors being taken from the work of Martin and
within Sec. VI Siepmanr?® on n-alkanes at the critical temperature.

The nonbonded interactions are based on an optimized
Lennard-Jones potential for n-alkarésyhere two atoms
II. SIMULATION DETAIL andj, being separated by a distancergfas shown in Eq.
(3), are modeled with distinct values efand o for the CH;
and CH units, as shown in Table 1:
The starting configurations were generated by a lattice o112 [ 516
rij) (rij) '

Monte Carlo procedure via the cooperative motion algorithm V(r)=4s
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A. Initialization and algorithm particulars
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(CMA).*>4¢ This algorithm is capable of operating at high
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TABLE I. Lennard-Jones parametgiRef. 55. — 3.64 P
e = 1 bar A
v} /,/
o (A) & (kd/mo) T g4 @ 1000bar 7
3 A 5000 bar P 5
CH,—CH, 3.95 0.381 2 {/ -
CHz—CH, 3.75 0.808 g 321 o T
CH,-CH, 3.85 0.556 = T e
T 3.0 ) e L L
i 'y e -
[ = - L o
2 28- /// a1
g - //)’///
lIl. CONFORMATIONAL ACTIVITY AND S 56 e
THERMODYNAMICS g | A e
© e
A. Transition rate R ity
= .
The definition of what constitutes a conformational tran- ' 2.2 U — : ;
sition has appeared in many studies with slightly different 212223 24 28 e A
definitions?4344:56-58a definition similar to that used by 1000/Temperature (K™)

1,22,44,59-62 ; ;
Helfand . IS employed th,rOUghOUt thl§ work. A FIG. 1. The negative natural logarithm of the average transition rate per
stopwatch is started when a torsional angle first leaves gicosecond at 1, 1000, and 5000 bar as a function of temperature. Best-fit
window of 40° in width which is centered on one of the threelines are illustrated for each pressure. The slope of each bestfit line is used
minima (i.e., trans gaucheplus, andgaucheminug defined o determine the activation enthalpy.
by Eq. (2). This window is chosen to focus on conforma-

tional activity rather than libration. The stopwatch is stopped . . . .
when the torsional angle first passes the minimum of &0 is the average time between conformational transitions for

neighboring well. the system and G is the Gibbs free energy

The effects of the more mobile chain ends have been AG=AE-+pAV—TAS. (6)
removed by excluding the transition rates of the ten outer,

torsional angles of each molecule from the appropriateAE’ AV, and AS are the energy, volume, and entropy of

analyses. In Table Il, the average transition rate is ShoWacnvatlon, respectively. As the motion per transition is small,

together with comparisons to literature values. For 400 K a?he change-m gntropy IS cor_13|der.ed to be negligible.
The activation enthalpy is defined as

1 and 5000 bar, average transition rates are 0.059 and 0.041
ps 1, respectively. Bharadwaj and Boyd report comparable AH=AE+pAV, 7)
average transition rates of 0.060 and 0.043'd®r a united

atom system of 768 Cjibeads at 400 K with pressures of 1
and 5000 bar, respectively.For an explicit atom melt of B dln 7
CssHgo chains at 400 K and 1 bar, Smitt al. observed a AH= a(1000m) )
similar average transition rate of 0.060 ps? P

and is calculated as

®

The negative natural logarithm of the average transition

rate per dihedral per picosecond is plotted against inverse

B. Activation volume and activation energy temperature in Fig. 1 at different pressures with data at each
pressure connected by a line of best fit. The data show that

The activation volume is calculated as the natural logarithm of the average transition time changes

J |n To
AV=RT] : (4)
p
T
o~ 0111 o 375K
where ] ] o 400K
S 0104 5 425K
(o]
To~exp(AG/RT). (5 8 ool e v 450K
17 YUY 4 S
3 —— o 475K
2 o,os-““\\r\r T e,
] e
TABLE |I. Transition rate(ps ) for all systems(+0.001 for all values T 007a v ————
reported from this study i 1 g T
5 0064 o
TemperatureK) 1 bar 1000 bar 5000 bar 2 005 i o T
o B ) e
375 0.043 0.040 0.029 'q‘) 0.04 e T
400 0.059 0.051 0.041 ° T
400° 0.060 0.043 s %7 e
400P 0.060 < o024 ; ; . e
425 0.069 0.062 0.052 0 1000 2000 3000 4000 5000
450 0.085 0.074 0.065 Pressure (bar)
475 0.097 0.090 0.078
FIG. 2. The average transition rate per picosecond over a temperature range
“Reference 43. of 375 to 475 K as a function of pressure. Best-fit single exponential curves
PReference 52. are illustrated for each set of data points.
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Temperature (K)

400 425 450 475
14.0 . . . . T : . 2.3
1 Oy | AV axes T ol
13.5 9 o 122
g ] A N // 21 FIG. 3. The pressure dependence of
i 13.0 N\, e 1 the activation enthalpyfilled squarep
- 1 N e 1 - is observed using the left and bottom
2 \ /@ 420 < axes. The temperature dependence of
g 12.5 4 0 3 a e o | 5 the activation voluméfilled circles is
UCJ ) \/ i g observed using the right and top axes.
c 120 -/ . O 419 = Comparison is made with results from
o ) U 1 4 g Boyd et al. (Ref. 56 and Kulik and
‘§ . S @ AV This work d18 ~— Prins (Ref. 39 for the activation en-
2 1154 \\\ O AV Bharadwaj et al. (ref. 63) thalpy and Bharadwagt al. (Ref. 63
< i e ’ : 1 for the activation volume. Lines are a
k T -~ 1.7 guide to the eye and errors are con-
11.0 - : @ tained within symbol size.
-— B This work \‘\\\\ E Y
1 o AH axes o Boyd et al. (ref. 56) R o 16
10.5 ® Kulik & Prins. (ref. 39) .
1.5
T T T T T

T T T T
0 1000 2000 3000 4000 5000

Pressure (bar)

linearly with inverse temperature for pressures of 1, 1000Boyd®® are also plotted in Fig. 3 and are included within
and 5000 bar. Figure 2 shows the average transition rate pd@able IIl. These values are qualitatively similar but less sen-
torsional angle per picosecond decreases with increasingjtive to temperature in comparison to the values reported in
pressure for each pressure studied as illustrated by the singlleis manuscript. It is difficult to pinpoint the exact cause of
exponential best-fit curves. An averadj€/dp value of 0.017  this behavior but it might be attributed to the use of the
+0.002 deg/bar is obtained from Figs. 1 and 2 for the presanisotropic united atom model by Bharadwaj and Boyd.
sure range of 1 to 1000 bar over the five simulated tempera- Figure 3 also shows the activation energies at constant
tures. This is in good agreement with literatd?é2*3dT/dp  pressure, ranging from 1 to 5000 bar. The activation enthal-
serves as a gauge for the inter-relation effects of temperatupges are 10.60.1 kJ/mol(1 bap, 11.9+0.1 kJ/mol (1000
and pressure on relaxation times and for many polymers itbar) and 13.7-0.1 kJ/mol(5000 baj. Comparisons are made
magnitude is approximately 0.02@.005 deg/bat. Kulik  with the work of Boydet al®® and Kulik and Prins® Boyd

and Prins used deuteron NMR to study amorphous polyethet al. report an activation enthalpy of 13.6 kJ/mol for a melt
ylene between 203 and 393 K and up to 2500 bar to obtain af polyethylene at 1 bar within the NpT ensemble for a 768
value of 0.015 deg/bar. In a study of the dielectric relaxationJA bead chain. Kulik and Prins calculated an experimental
of polyisoprene at pressures of up to 5000 bar, Flowtad.  conformational transition activation enthalpy of 11.4 kJ/mol
report a comparable figure of 0.016 deg/bar. If the data

within Figs. 1 and 2 at 5000 bar are considered at each simu-

lated temperaturedT/dp is found to be 0.0180.002

deg/bar. Bharadwaj and Boyd report dl/dp of 0.01 1.40 « 400K, This work
deg/bar from a simulation of polyethylene up to 10000 bar. . 4 475K, This work
The activation volumes for torsional angle rotation i A Iy © 400K Yang etal (ref 66)
. . 475K Y
per torsional angle at different temperatures are compute(_130 @ £ A7oK Yang etal (r86)
. k ) ) 5 A O 400K Bharadwaj & Boyd (ref 43)
using Eq.(4) and shqwn in F|g. 3. Table Il reports the gctl— 8405 A o X 475K Olabisi et al ref 65)
vation volume in cubic centimeters per mole as a function of ¢ % 400K Olabisi et al (ref 65)
temperature. Activation volumes from Bharadwaj and £ 120 - . + 400K, extrapolation
L
8115 ,
. . . «n T X
TABLE IIl. Activation energies and volumes. 110 ] © T
1 bar 1000 bar 5000 bar 105 f
AH (kJ/mo) 10.6£0.1  11.9:0.1  13.70.1 0 1000 2000 3000 4000 5000
essure (bar)
400 K 425 K 450 K 475 K B
FIG. 4. The dependence of specific volume on pressure at constant tempera-
AV (cm?/mol) 2.22 1.85 1.66 1.61 ture. The filled symbols represent data from this work while the crosses and
(This work) the asterisks are experimental values from Olabisi and Simha and fit to the
AV (cn/mol) 1.95 2.00 1.90 1.95  Tait equationRef. 69. The Tait equation is valid up to 2000 b@olid line),
(Bharadwaj and BoyRl with values extrapolated to 5000 bar denoted by plus signs connected by a
dashed line. The open symbols are simulated values cited in literature from
2Reference 63. Yang et al. (Ref. 66 and Bharadwaj and Boy(Ref. 43.
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TABLE IV. Absolute magnitude in degrees of second-neighbor torsional

1(a) 1 bar (b) 5000 bar !

45 275K B 375K angle coupling for all systems.
1o . o475k L
P e ? A 375K 400K 425K 450K 475K
o]

B 1 bar 10.5 10.0 9.5 8.5 7.0

1000 bar 125 115 10.5 9.0 8.5

5000 bar 14.5 135 12.5 115 10.5

and Boyd® denoted as open circles. The quality of agree-

Torsional Angle Coupling (degrees)

A QT TR _:Av 4 j

lf ment between the filled symbols and the Tait equation is

P ) . 0 S good: Howgver, the agreement is not surprising given thgt

8 -6 -4 2 0 2 4 6 8 B 5 4 2 0 2 4 6 8 the simulation parameters of Martin and Siepmann are opti-
Neighbour Index Neighbour Index mized for n-alkanes.

FIG. 5. Torsional angle coupling shown for 1 and 5000 bar at 375 and 475 .
K illustrating counter-rotational second-neighbor torsional angle coupling.D. Pressure and the glass transition temperature
Error is contained within the symbol size and lines are an aid to the eye. .. .
The computer glass transition temperature for this sys-

tem at a pressure of 1 bar is expected to be in the vicinity of
at 1 bar. Both these values are in reasonable agreement wi®0—250 K, based on results from similar simulati&h&'At
results reported her8:*3565764The magnitude of th@AV 5000 bar, the computer glass transition temperature is ex-
term is effectively zero at low pressures. At 5000 bar, itpected to occur between 250 and 335 K using 0.010
comprises nearly 10% of the overall activation enthalpy, withdeg/bar=dT/dp=<0.017 deg/bar as reported in Sec. IlIB.
the maximum contribution to the activation enthalpy from The specific volume at 5000 bar was plotted over a tempera-
the pAV term being about 1 kJ/mol. Kulik and Prins report ture range of 300 to 475 K. These plots are not shown but
1.5 kJ/mol for the maximum contribution of tipe\ V term to  they revealed that a single line successfully fit the data. The

AH. lack of a break in this slope in conjunction with the data
presented in Figs. 1 through 4 suggests that suitably equili-

C. Specific volume as a function of pressure and brated nonglassy melts are being employed.

temperature

The specific volume as a function of temperature andV- ANALYSIS AND RESULTS
pressure for the simulated systems has been calculated for @l static torsional angle coupling
systems and the data for the 400 and 475 K systems are

shown in Fig. 4 as filled symbols. This plot also contains the ~ -ocalization is an important factor in conformational
experimental specific volume as reported by Olabisi andnotion, enabling torsional angles to rotate without invoking

Simha and fit to the Tait equatiGi These data are shown as NU9e energy penalties associated with moving large sections
crosses and asterisks. At 400 K, the experimental data & the backbone through a melt or viscous solvent. Local-
valid up to 2000 bar and has been extrapolated to 5000 pdfation can be understood through two mechanisms,

: . 25 46,68,69
for the basis of a qualitative comparison and is plotted a&c'_oup!ed 28_03%%9531':‘3“0”5_" motiéh and  coupled
plus signs. Computational data from Yaetal® are plotted  lPration: ollowing on from the work presented by

44 . .
as hollow diamonds and triangles, with data from Bharadwal<&rataso®t al,™ the present trajectories have been analyzed
with respect to torsional angle coupling via a method devel-

oped by Moe and Edigér.

{(a) 375K {(b) 475K Torsional angle coupling, TAGK; ,717), is defined as
45 e tbar 48 7-—e—1 bar the average change of a neighboring torsional angle,in
| ba’A | so00bary response to a triggering transition, TT, at timg. This is

i
o N
LAY

expressed as

TAC(¢i, 717) =(A(A )| di(Trr+ AL — ¢i(7_—Ab)]),

9
whereA(A ¢;) assumes a value of 1 for ¢; motion in the
same direction as the TT and —1 fér motion in the oppo-
site direction of the TT. The angular brackets denote an av-
erage over all torsional angles and over the entire production

(42
3

'\\/_\ !/ \ ’\/...r

-
o
1

, Torsional Angle Coupling (degrees)

M

15 s phase of the trajectory. Within this manuscript, the use of a
864202 468 8642024568 single value forAt in Eq. (9) is referred to as static torsional
Neighbour Index Neighbour Index angle coupling analysis. Dynamic torsional angle coupling

FIG. 6. Torsional angle coupling shown for 375 and 475 K at 1 and 5000anaIySIS is discussed in the following section, where a range

bar illustrating counter-rotational second-neighbor torsional angle coupling®f At_ValueS is employed. _
Error is contained within the symbol size and lines are an aid to the eye. Figure 5 compares the magnitude of 375 and 475 K tor-
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35 (a) 1 bar: 375K - 475K 35 (b) 5000 bar : 375K - 475K

ih
o 304 00

L e ™

FIG. 7. Differences in the magnitude
in torsional angle coupling are shown
for (a) 375 K relative to 475 K at 1
bar. (b) 375 K relative to 475 K at

Ditference in Torsional
Angle Coupling (degrees)

0 0 . i , i 0 : . 5000 bar(c) 5000 bar relative to 1 bar
5 10 15 20 25 30 35 5 10 15 20 25 30 35 at 375 K and(d) 5000 bar relative to 1
bar at 475 K. Absolute values of dif-
354 (c) 375K: 5000 bar - 1 bar 851 (d) 475K : 5000bar - tbar ferences in the torsional angle cou-
=2 301 o" 30 o" pling for the s_econd neighbors are
52 25 s 25 ] , plotted for clarity. Consequently, the
23 cee20 T o2 plotted differences reflect increases in
o 204 204 their counter-rotational motion. Error
> & 15] 15 is contained in the symbol and lines
o 3 .
S are an aid to the eye.
20 10 10
2o
o2 s 51
< 1
0 — . SR AL Lol 04
5 10 15 20 25 30 35 5 10 15 20 25 30 35
Time (picoseconds) Time (picoseconds)

sional angle coupling at 1 and 5000 bar witdAa of 1 ps.  average datdsee Eq.(9)]. These plots are not shown but
Error is contained within the symbol size and the lines join-revealed that increases arise from changes over the entire
ing data points are only an aid to the eye. As temperature idistribution of torsional angles being accessed rather than
decreased, there is an increase in the magnitude of the zerditom a select range of torsional angles.

and second neighbor torsional angle coupling at both pres-

sures. Zeroth neighbor torsional angle coupling refers to

=0 within Eqg. (9), where motion of the torsional angle un-

dergoing the triggering transition is being monitored within B. Dynamic torsional angle coupling

the time windowAt. At 1 bar, decreasing the temperature by

100 K increases the magnitude of second-neighbor torsion%lOu It”'ns pi(S)Sk;S 'b\izrt?next?:g'Czl:eo&loi:géhv?g) t?rrr?ifgigﬁrjgle
angle coupling from-7 to —10.5(~50%), and at 5000 bar piing 1S by varying 9.19). Y

from —10.5 to —14.5 (~38%). The increase in the magni- sis provides both a qualitative and a quantitative measure of

tude of the zeroth neighbor torsional angle coupling (&8s tl?oi¥n:?écs§§:§gjg;' O;bg?rst'oigfiolnzlngg Igogglm?'n T?‘ZS
than 8%. The magnitude of fourth-neighbor torsional anglef)een calculated over aI?an e m—ll o 509 S auepr:; ged
coupling increases from 2 to(®y 50%). Figure 6 compares u v 9 B ps averag

e magnitude of e 1 and 000 bar orsona angle coupind? 5L A 20 i vetatons o s i T T
at 375 and 475 K. At 375 K, the increase in the magnitude of P P P

torsional angle coupling with pressure is from10.5 to Increase in magnitude of zeroth- and second-neighbor tor-

—14.5 for the second neighbdr38%). At 475 K, the in-
crease in the magnitude of second-neighbor torsional angle
coupling is from—7 to —10.5 (~50%). For both systems,

36

the increase in the magnitude of zeroth-neighbor torsional _ N @) ® 1bar o gg/._ (b} 400K, 1 bar
angle coupling is only about (<5%), with no change at all 2 % D T T
in the magnitude of the fourth-neighbor torsional angle cou-  § 28 Bl e
pling. 8 oal® . £

Table IV shows the absolute magnitude of torsional 35 20 ) . P
angle coupling for the second neighbors for all systems. The & . . . P e
importance of these changes is emphasized when it is re- § '] . s
membered that the average transition rate drops with de- £ 12 ¢ 4 . y o
creasing temperature. For instance, cooling the 475 K, 1 bar & 5] ® ° i N '
system by 100 K results in an increase in the magnitude of ol 8 2 4
the second-neighbor torsional angle coupling ©60%, . . : T T -

375 400 425 450 475

while the transition rate decreases ©¥%6%.

For both Figs. 5 and 6 it should be noted that the second
neighbors always move in a predominantly counter-TT man¥IG. 8. The pressure _and temperature deper_ldence of the relaxation time for
ner. The increase in the magnitude of the torsional anglésional angle coupling of zeroth neighbdfled symbols and second

. . neighbors(open symbols A relaxation time is defined as the time needed
coupling at high pressure and low temperature was addressﬁdthe magnitude of the torsional angle coupling to decay to a background
through histograms of the values that make up the plotte@vel of =2 as shown in pandb) at 400 K and 1 bar.

Temperature (K)
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TABLE V. Zeroth- and second-neighbor torsional angle coupling relaxation 1.0 - 05

(a)k=2

time for all systems in picoseconds. 08 400K, 1 bar 0.4
375K 400K 425K 450K 475K L 08 10
- Qo4 Jo2 =
Zeroth neighbor < . w
1 bar 23 18 14 12 10 02 2282000000, ,... o1
1000 bar 25 20 15 13 11 0.0 T = $0.0
5000 bar 34 24 19 15 13 ol 10 100 1000 10000
: byk=2 7°°
Second neighbor 08 400K, 5000 bar - 0.4
1 bar 9 7 5 4 3 0.6 Joa 2
1000 bar 12 9 6 5 4 L i E
O 04 do2 =
5000 bar 17 12 9 7 5 < adda, 1770
02 s A Ho.1

N ]

— e e ————\4. 0.0

1 10 100 1000 10000
Time (picoseconds)

sional angle coupling when moving towards higher pressures

and lower temperaturdge., “restricted” systems It is em-  FIG. 9. Geometric autocorrelation functions for 2 (the chord vectgrand

phasized that the second-neighbor torsional angle coupling 90 K at(@ 1 bar and(b) 5000 bar. The ACF simulation data are repre-
istently counter-rotational with respect to the TT an ented by open symbols with the CONTIN fits denoted by the solid line

consis y . . _p ~ "running through these symbols. The DRTs corresponding to the solid ACF

would have a negative value if plotted in the format of fig- fits are plotted as filled symbols joined by a solid line. A peak in each DRT

ures such as Figs. 5 and 6. The top two panels of Fig. 7 showdicates the time scale of a relaxation process.

the difference in torsional angle coupling between 375 and

475 K as a function of time at 1 and 5000 bar. The lower two : . _
. . : . zeroth- and second-neighbors, along with the ratios of sec-
panels of Fig. 7 plot the difference in torsional angle cou-

pling between 5000 and 1 bar as a function of time at 37%2?;2hZ:vLOEEaTeé%ﬁbﬁ:\s argrzihs?gv?hlrgJar?éist :i]:ndexg thr)]s-
and 475 K. The square symbols are for the zeroth neighb pling p 9 P

: : . Yveen transitions, implying that the chain works continu-
and the circles are for second-neighbor torsional angle cou- | localize the eff f | . h 0 of
ling ously to localize the effects of segmental motion. T 1e ratio o
ping. second- to zeroth-neighbor torsional angle coupling relax-

In all panels the initial differences are small, with the _ """ . . :
. : : . ation times increases with increasing pressure and decreases
maximum difference between systems occurring some time

after the triggering transition. The maximum difference be—W'th Increasing temperature.
tween second neighbors is consistently reached before that 9f
the zeroth neighbor for the same system. All differences be-"
tween the neighbors tend towards zero at long times with thé. Geometric autocorrelation functions

second neighbors converging more rapidly than the zeroth  Thq effect of pressure on local polymer dynamics is also

neighbors. addressed by secon®4) Legendre polynomial autocorrela-

The relaxation time for the zeroth- and second-neighbofjq fynctions(ACF)* of bond and chord vectors within the
torsional angle coupling is plotted in Fig(e, which is de- . ain The bondb;, is calculated as
fined as the time taken for torsional angle coupling to fall to v

a background level of-2. An example of such a decay is liv1— 0

illustrated in Fig. 8b) at 400 K and 1 bar for the zeroth and i:m' (93)
second neighbors. In Fig(®, the relaxation time data are AR

plotted as a function of temperature at different pressure¥herer; denotes the lab frame coordinates of united atom
with filled and open symbols representing zeroth-neighbor he chordg; \ vector is constructed from the bond vector as
and second-neighbor relaxation times, respectively. A trend
common to all data is for restrictive systems to remain

DYNAMICS

(@) 1t bar, k=1
coupled longer and for the peak magnitude of the coupling to —n-- 375K
be greater than for less restrictive systems. Comparison with = —o— 400K
the inverse of the transition rates in Table Il reveals that the £ —a— 425K
relaxation time associated with the zeroth-neighbor torsional
angle coupling coincides with the average transition time for AR5 4000
the system being analyzed. The relaxation times for the 1000 10000
{b) 5000 bar, k=1
—o— 375K
TABLE VI. Ratio of second- to zeroth-neighbors torsional angle coupling £ —o— 400K
relaxation time for all systems. = Th ARk
375K 400 K 425 K 450 K 475 K LGERAEEEARa,
1000 10000
1 bar 0.40 0.41 0.36 0.33 0.30 Time (picoseconds)
1000 bar 0.48 0.45 0.40 0.42 0.36
5000 bar 0.50 0.50 0.47 0.47 0.38 FIG. 10. DRTs fork=1 (the bond vectarat 375, 400, and 425 K &) 1 bar

and (b) 5000 bar.
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(a) 400K, 1 bar
—o—k=1
A k=2
—o-k=3
Og —ak=10

0.54 0.54

0.44 0.4

Fln(z)
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(b) 400K, 5000 bar
—0—k=1

A K =2

o k=3
—o—k=6

5
10000

T =S
100 1000

Time (picoseconds)

FIG. 11. DRTs at 400 K fofa) 1 bar,k =
to 6.

bi+ Db

Gy=——.
I |bi + by ]

100 1000 10000

Time (picoseconds)

1 to 40 and(b) 5000 bark=1

(9b)

Hotston, Adolf, and Karatasos

The relaxation of the ACF for the chord vector, at 400 K,
is shown as a function of pressure in Fig. 9. The left-hgnd
axis shows the relaxation of the chord autocorrelation func-
tion and the right-hang axis represents the distribution of
relaxation times associated with each pressure. Changes in
the curvature of the ACF correspond to peaks in the DRT.
The chord vector relaxes at both pressures with primarily
two modes of relaxation. The DRTs of the bond ACF vector
are shown in Fig. 10 as a function of temperature and pres-
sure. At 1 bar, the DRTs at all temperatures reveal one domi-
nant process at-4 ps with a narrower width at 425 K. At
5000 bar, it is possible to watch the evolution of an interme-
diate mode in the relaxation of the bond vector appearing on
the 40 ps time scale. As the temperature is reduced, the
prominence of the first peak drops and the significance of the
intermediate mode increases.

Extending the chord vector incrementally along the
length of the backbone affords insight into the effect of
coarse graining on segmental dynanfitnalysis has been
performed at 1 bar fok values of 1 to 40400 K) and at
5000 bar from 1 to 400 K). The data presented within Fig.

k has a range of 1 t&, whereN is the number of bonds in 11 are representative of the general trends observed. The

the molecule. A chord vector of; ¢ would span 6 bonds.
Each ACF is analyzed usingONTIN

75,76

which represents

DRTs show that there is a distinct change in the relaxation of
the vector as it encompasses larger sections of the backbone

their relaxation as a continuous distribution of exponentialj e, k increases For Fig. 11a), wherek=1, one principal

processes as calculated by Etj0)

ACF(t)= Jw F(In(7)e YdIn,

(10

mode around 5 ps is observed with a long tail stretching from
~700 ps to several nanoseconds. Kspproaches 10, the
magnitude of the fast process decreases significantly with a
dominant process developing on the time scale-@D0 ps.

where F(In(7)) corresponds to a normalized distribution of As k approaches 40, a longer mode evolves on the nanosec-
relaxation times(DRT). Within this model-independent ap- ond time scale. A significant change in the shape of the DRTs
proach, the number and the width of the peaks appearing iis observed as pressure is increased from 1 to 5000 bar. Fig-
the DRTs correspond to the existence of distinct relaxatiorure 11b) shows three distinct peaks for nearly all values of

processes and the dispersion of exponential decays, respéc-one on the order of picoseconds, one on the order of 100
tively. A characteristic time for each process appearing in thgicoseconds, and a third at times around 2 nanoseconds. In-
spectra is associated with the location of its peak in the DRTcreasing the value ok along the backbone results in a

0.5+ (a) 400K, k = 1 (b) 400K, k = 2
. - b = 1 bar
0.4 i_"-.. = 1 bar 0.4
¥ e -—»— 1000 bar —e— 1000 bar
= 03 ;.Aj —a— 5000 bar T g3 =™ —a— 5000 bar
£ J/‘ Ak‘ £ LI
g £ A, g I
024/ s, 0.24 % aa, %
,‘ ".‘/ " ‘AAA
/ \ '/‘ \f A, ooy A/ \A\
0.1 N 0.14% g“:ni,_ ';;t Y
n Ey
" o AR, r Aanl -:""..
0.0 . "'“' avteasnnd 0.0 , . Q;Lh'
1 10 100 1000 10000 1 10 100 1000 10000

Time (picoseconds)

0.54(c) 400K, k=3

= 1 bar
0.4 4
—e— 1000 bar
—~
3 03l 5000 bar
= .
=
Y 02 - Al
) . PN
-. ...‘ :.--.--". ." re A\
0.14 A4 LTI VIYYY )‘- N
I/“A Aa, Adgaaah A% A“l‘"’l‘ooo-.‘
0.0} . . e
1 10 100 1000 10000

Time (picoseconds)

F(in(x))

Time {picoseconds)

FIG. 12. DRTs at 400 K for pressures
of 1, 1000, and 5000 bafa) k=1, (b)

0.5 (d) 400K, k = & k=2, (c) k=3, and(d) k=6.
—=— 1 bar
0.4
—e— 1000 bar
03] —*— 5000 bar /."A\A
o
o2 . [ A
-2 anng? "t. N
-‘l o “l }Z. \
o L
0.1 Ee L ...AAAAAA‘ :"':""0- \k
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change in the magnitude of each mode.kAends to 6, the significantly slower global dynamics to describe satisfacto-

fast mode decreases while the intermediate and the sloweity the reorientational motion of the C—H bond vectors in

mode become more pronounced. their system. Current efforts are correlating the observed
Figure 12 shows the effect of pressure on the relaxatiopressure effects of thantramolecular dynamics with

of the backbone, as a function &f at 400 K. For all dis- pressure-induced changes iimtermolecular dynamics

tances along the backbone it is observed that increasing thbrough a time-resolved radial distribution function. Future

pressure results in the development of relaxation processedforts will focus on longer entangled chains in addition to a

on longer time scales with a corresponding reduction in thesimilar pressure study using a series of backbones that un-

magnitude of the fast process. As seen in Figajlthe DRT  dergoes a systematic change in intramolecular connectivity.

for k=1 at 1 bar had a dominant process at 5 ps with a long’hese topics will be the source of a future publication.

time tail. However, intermediate and longer modes are

clearly seen to develop in Fig. (&8 when increasing the

pressure to 5000 bar. Fir=2 in Fig. 12b), all three modes 1. 2 Ferry, Viscoelastic Properties of Polymer8rd ed. (Wiley, New

are present for all pressures with the fast mode dominatingzI?;a;gﬁ?wcmmolecule%’ 1816(1990).
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