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The dynamics of cis-1,4-polybutadiene 共cis-1,4-PB兲 over a wide range of temperature and pressure
conditions is explored by conducting atomistic molecular dynamics 共MD兲 simulations with a united
atom model on a 32-chain C128 cis-1,4-PB system. The local or segmental dynamics is analyzed in
terms of the dipole moment time autocorrelation function 共DACF兲 of the simulated polymer and its
temperature and pressure variations, for temperatures as low as 195 K and pressures as high as 3
kbars. By Fourier transforming the DACF, the dielectric spectrum, * = ⬘ + i⬙ = *共兲, is computed
and the normalized ⬙ / max
⬙ vs  / max plot is analyzed on the basis of the time-temperature and
time-pressure superposition principles. The relative contribution of thermal energy and volume to
the segmental and chain relaxation processes are also calculated and evaluated in terms of the ratio
of the activation energy at constant volume to the activation energy at constant pressure, QV / Q P.
Additional results for the temperature and pressure dependences of the Rouse times describing
terminal relaxation in the two polymers show that, in the regime of the temperature and pressure
conditions covered here, segmental and chain relaxations are influenced similarly by the pressure
and temperature variations. This is in contrast to what is measured experimentally 关see, e.g., G.
Floudas and T. Reisinger, J. Chem. Phys. 111, 5201 共1999兲; C. M. Roland et al.,J. Polym. Sci. Part
B, 41, 3047 共2003兲兴 for other, chemically more complex polymers that pressure has a stronger
influence on the dynamics of segmental mode than on the dynamics of the longest normal mode, at
least for the regime of temperature and pressure conditions covered in the present MD
simulations. © 2006 American Institute of Physics. 关DOI: 10.1063/1.2174003兴
I. INTRODUCTION

In a recent article,1 we have exploited molecular dynamics 共MD兲 simulations to obtain predictions for the structural
and equilibrium dynamic properties of model cis-1,4polybutadiene 共cis-1,4-PB兲 systems at pressure P = 1 atm and
temperatures T ranging from 430 to 298 K, i.e., above the
melting point, Tm, of cis-1,4-PB 共close to 270 K兲.2 The simulations were carried out with the united atom force field introduced by Smith and Paul3 on the basis of quantum chemistry calculations. MD predictions for the thermodynamic,
structural, conformational, and dynamic properties of cis1,4-PB, presented over a wide range of chain lengths 共ranging from C32 up to C400兲, were extensively compared to the
available experimental data and other simulation studies,
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thus fully validating the new force field. In the present work,
the MD simulations are extended to significantly lower temperatures 共down to 195 K兲 and higher pressures 共up to 3
kbars兲 in order to study temperature, pressure, and density
effects on local 共segmental兲 and terminal 共chain兲 cis-1,4-PB
dynamics. The work is motivated by the recent experimental
observations 共with techniques such as dielectric spectroscopy
and quasielastic neutron scattering兲 for the influence of hydrostatic pressure on the local dynamics of polymers such as
PB, 1,4-poly共isoprene兲 共PI兲, poly共propylene glycol兲 共PPG兲,
poly共2-vinylpyridine兲 共P2VP兲, polyisobutelene 共PIB兲,4–12
and other glass-forming polymers at temperatures close to
the glass transition temperature, Tg.13–16 Frick et al.4,5 and
Cailliaux et al.,6 for example, have presented results from
incoherent inelastic neutron scattering on protonated 1,4-PB
where the pressure was used as the control parameter demonstrating the different relaxation behavior of isochoric data,
while Floudas and Reisinger7 and Mierzwa et al.17 investi-
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gated the pressure effects on the segmental and chain relaxations of PI and polylactides by using both dielectric spectroscopy and rheological measurements. The main conclusion was that the segmental relaxation is more sensitive to
pressure variations than terminal relaxation, which also
agrees with the more recent studies of Roland et al.11 through
dielectric measurements on PPG samples at pressures in excess of 1.2 GPa.
Guided by these experimental studies, and in an effort to,
共a兲 predict the dependence of segmental and chain dynamics
on pressure and temperature separately or on density, 共b兲
investigate whether the two dependencies are different or
not, and 共c兲 compute the relative contributions of volume and
thermal energy to the dynamic response, all from first principles, we have extended our recent MD simulation study of
cis-1,4-PB to significantly lower temperature and higher
pressure conditions than previously addressed, using a C120
cis-1,4-PB model as a test system. Since details on the forcefield parameterization are reported in Ref. 1, these will not
be repeated here; thus, the work presented in this paper is
organized as follows. Section II discusses the molecular
characteristics of the simulated polymer, and the temperature
and pressure conditions at which the simulations were carried out. Section III reports the predictions of the atomistic
MD simulations for 共a兲 the time decay of the DACF of the
simulated cis-1,4-PB system as a function of temperature and
pressure 共Sec. III A兲, 共b兲 the dielectric loss spectrum and its
shift with temperature and pressure in scaled coordinates
共Sec. III B兲, and 共c兲 the relative contributions of thermal energy and density to segmental dynamics 共Sec. III C兲. Section
IV is concerned with issues of terminal relaxation in the
system and how chain relaxation compares to the segmental
dynamics under isobaric or isothermal conditions. The paper
concludes with Sec. V discussing the major findings of the
present work and future plans.
II. SIMULATION DETAILS

The model used in the cis-1,4-PB simulations is the
same with that employed in our recent work on the study of
static and dynamic properties of the same polymer in the
melt state 共T 艌 298 K兲 at P = 1 atm.1 It is a united atom
model in which every CHn group in the chain is represented
as a single interaction site 共see Fig. 1兲, based on the descriptions proposed by Gee and Boyd18 and Smith and Paul3 from
quantum chemistry calculations. With this united atom
model, a strictly monodisperse 32-chain cis-1,4-PB system
with 128 carbon atoms per chain 共herein referred to as the
C128 cis-1,4-PB system兲 was simulated in this paper in the
isothermal-isobaric 共NPT兲 statistical ensemble, at temperatures ranging from 430 to 195 K and pressures from 1 atm to
3 kbars 共see Table I兲.
Initial configurations for the two simulated systems were
created using CERIUS2 software19 followed by a minimization
procedure.20 These were subsequently subjected to an exhaustive preequilibration run via a long NVT MD simulation
at P = 1 atm and at a density value equal to the experimentally measured one at T = 413 K, followed by a long NPT
MD production run at the same conditions for about 50 ns.

FIG. 1. United atom model for the structural unit of cis-1,4-PB 共a兲 and the
vector M of its dipole moment 共b兲.

Subsequent MD simulations at progressively lower temperatures were started from the equilibrated configurations obtained at the end of the MD simulations at a higher temperature. Similarly, fully equilibrated configurations obtained
from long MD runs at low pressures were used as initial
configurations for the MD runs at the higher pressures. The
equations of motion were integrated by using a multiple-time
step algorithm 关the reversible reference system propagator
algorithm 共rRESPA兲21 method兴, with the small integration
step selected equal to 1 fs and the large one equal to 5 fs, in
all MD runs. The duration of the MD production runs varied
from 50 ns for the higher temperatures and lower pressures
up to 1 s for the lower temperatures and higher pressures.
All MD runs were carried out with the large-scale atomic/
molecular massively parallel simulator 共LAMMPS兲 code22 that
can run on any parallel platform supporting the MPI library.
To also simulate the cis-1,4-PB system under isochoric
conditions, the temperature and pressure conditions were
carefully chosen so as to correspond 共in many cases兲 to the
same density for the simulated system. This was achieved by
trial-and-error MD runs, and the 共T , P兲 pairs located are
listed in Table II. For comparison, we mention that the
experimentally accepted glass transition temperatures at P
= 1 atm are between 160 and 175 K for infinitely long
cis-1,4-PB.2,23
TABLE I. Temperature and pressure conditions at which the C128 cis-1,4-PB
system has been simulated.
T 共K兲

P 共kbar兲

195
225
270
310
343
380
413
430

1.013⫻ 10−3
1.013⫻ 10−3
1.013⫻ 10−3,0.5,1.0,2.5
1.013⫻ 10−3,1.5,2.5
1.013⫻ 10−3,1.0,1.5,2.0,2.5
1.013⫻ 10−3,1.0,1.5,2.0,2.5,3.0
1.013⫻ 10−3,1.0,1.5,2.0,2.5,3.0
1.013⫻ 10−3,1.0,1.5,2.0,2.5,3.0
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TABLE II. Different temperature and pressure pairs corresponding to the
same density for the simulated C128 cis-1,4-PB system.
Density 共g / cm3兲

T 共K兲

P 共kbar兲

0.94± 0.01

270
413

1.013⫻ 10−3
1.5

0.97± 0.01

225
270
343
380
430

1.013⫻ 10−3
0.5
1.5
2
2.5

0.98± 0.01

310
343
380
430

1.5
2
2.5
3.0

III. SEGMENTAL RELAXATION

The local or segmental relaxations in the simulated cis1,4-PB system were evaluated in terms of the time decay of
its DACF, and its dependence on temperature and pressure
separately, or density.
A. Dipole moment time autocorrelation function

The monomer of cis-1,4-PB bears a component of the
dipole moment vector M perpendicular to the chainbackbone 共see Fig. 1兲, therefore segmental dynamics in cis1,4-PB can be studied by dielectric spectroscopy.24 What is
measured in the dielectric experiments25–27 is the complex
dielectric permittivity defined as
* = ⬘ + i⬙ ,

共1兲

where ⬘ and ⬙ denote the real and imaginary parts of the
permittivity, which are measured as a function of frequency,
, temperature, T, and more recently pressure, P. The characteristic dielectric relaxation time is then obtained by analyzing 共fitting兲 the experimental data with an empirical equation, such as the Havriliak and Negami equation.28 The
complex dielectric permittivity is an experimental observable
which can also be extracted from the MD simulation data for
the time autocorrelation function of the system dipole moment through the following relation of linear response
theory:26
⬘ + i⬙
= 1 − i
⌬

冕

⬁

⌽共t兲exp共− it兲dt.

共2兲

0

In Eq. 共2兲, ⌽共t兲 is the dipole moment autocorrelation function defined as
⌽共t兲 =

具M共t兲 · M共0兲典
具M共0兲2典

共3兲

and ⌬ the dielectric strength, given by
⌬ =

4具M2典
.
3VkBT

共4兲

The dipole moment vector M共t兲 that appears in Eq. 共3兲 is the
single-chain dipole moment calculated as the sum of all

FIG. 2. Time autocorrelation function of the dipole moment, ⌽共t兲, at different temperatures along an isobar as obtained from the present MD simulations with the C128 cis-1,4-PB system, in log-linear coordinates. The symbols represent the best fittings to the simulation data according to the
piecewise continuous function of Eq. 共5兲 of the main text.

monomer dipole moment vectors along a chain at time t,
with brackets 具¯典 representing ensemble averages over all
chains in a system volume V. This happens because the ensemble average in the DACF is dominated by the self-共a
chain with itself兲 time correlations; in contrast, contributions
from cross correlations 共a chain with a different chain兲 expressing the collective character of dipole relaxation are
unimportant,29 something which was also verified in the
present MD study. By assigning a dipole moment vector to
each monomer of cis-1,4-PB, the time evolution of the
DACF can be tracked in the course of the MD simulation
and then used in Eqs. 共2兲–共4兲 to extract ⬙ = ⬙共兲.
In Fig. 2, ⌽共t兲, as predicted from our MD simulations, is
plotted 共continuous lines兲 as a function of time in log-linear
coordinates along the different isothermal paths. Similar to
the behavior of the torsional time autocorrelation functions
of the 1 and 2 dihedrals along the cis-1,4-PB chain,1 ⌽共t兲
exhibits a rapid decay at times less than 1 ps 共primitive or
noncooperative relaxation兲, followed by a rather slow decorrelation at later times, which was in all cases 共even at the
lowest temperatures and highest pressures studied兲 accessible
by our MD simulation. All curves, and especially the higher
temperature ones, show the same structure. One sees a shorttime hump, followed by a quasilinear region leading into the
long-time ␣ relaxation.30 The bend between the two regions
occurs at about 1 ps for all temperatures, suggesting that the
bond angle vibrations and torsional librations inducing a fast
reorientational motion on the dipoles 共and not activated transitions兲 are responsible for the hump. A closeup of the decay
of ⌽共t兲 with t in Fig. 3 confirms that the time scale of the
hump is independent of the temperature.
The experimental evidence31 for the nearly exponential
decay of ⌽共t兲 at subpicosecond time scales 共or, equivalently,
for the existence of a crossover at time tc between 1 and 2 ps兲
comes from a number of measurements, including, for example, quasielastic neutron-scattering measurements on
poly共vinylchloride兲 共PCV兲,32–34 high-frequency dielectric
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decaying stretched exponential or Kohlrausch-WilliamsWatts 共KWW兲 function capturing the decay of ⌽共t兲 beyond
tc = 1 ps,

⌽共t兲 =

冦

冋 冉 冊 册
冉 冊

1 + A1 exp −
A2 exp −

t
− 1 , t ⬍ tc
0

t − tc

␤d

d
kww

,

t ⬎ tc

冧

.

共5兲

In Eq. 共5兲, 0 is the characteristic relaxation time in the subd
and
picosecond regime, A2 = 1 + A1关exp共−tc / 0兲 − 1兴, and kww
d
␤ the characteristic relaxation time and the stretching exponent parameters of the KWW function fitting the DACF; the
corresponding 共total兲 correlation time, dc , is obtained from
the integral of ⌽共t兲 from t = 0 up to t = ⬁:
FIG. 3. Same as with Fig. 2 but in linear coordinates and for times up to 1
ps to emphasize that the time scale of the short-time behavior 共primitive
dynamics兲 is independent of temperature. The symbols represent the best
fittings to the simulation data according to the piecewise continuous function of Eq. 共5兲 of the main text.

dc =

冕

⬁

⌽共t兲dt.

共6兲

0

As shown in Figs. 2 and 3, the modified exponential
function ⌽共t兲 = 1 + A1关exp共−t / 0兲 − 1兴 fits 共open symbols兲 the
dynamics in the region t ⬍ tc共⬇1 ps兲 almost perfectly, that is
the true short-time decay of the computed curve is not exponential but superexponential. The corresponding primitive or
noncooperative relaxation time  p is then easily found as the
integral of this function from t = 0 up to t = tc:  p = 共1 − A1兲tc
+ A10关1 − exp共−tc / 0兲兴. Also accurate are the fits 共filled symbols兲 in the longer-time region, t ⬎ tc共⬇1 ps兲, with the KWW
function 共see Fig. 2兲. The primitive relaxation time  p was
found to change only infinitesimally with temperature and
pressure. At P = 1 atm, for example, its value increased from
0.76 to 0.90 ps as the temperature was decreased from 430
down to 225 K, or from 0.84 to 0.85 ps as the pressure was
raised from 1 atm to 2.5 kbars 共keeping T constant, equal to
310 K兲.
Best-fit values for ␤d for all the studied temperature and
pressure conditions are summarized in Table III. Values of ␤d
characterizing the stretched exponential decay of the DACF
in cis-1,4-PB for times beyond 1 ps are found to vary between 0.60 and 0.82 in the temperature range of 195–430 K
共for P = 1 atm兲. They are also observed to decrease somewhat
as the pressure is raised.

measurements on glassy and nonglassy ionic conductors,35
etc., performed at temperatures well above Tg where the
primitive relaxation time becomes short 共on the order of 10
ps or less兲. In the context of the coupling model,31,36 tc marks
the onset of chaos 共the passage from noncooperative to cooperative dynamics兲 caused by the anharmonic 共nonlinear兲
nature of the interactions between the basic molecular units
共e.g., monomers in polymers or small molecules in glassforming van der Waals liquids customarily modeled as
Lennard-Jones fluids兲; therefore, its value should be insensitive to temperature variations.
In calculations involving Fourier transforming ⌽共t兲 with
respect to t to obtain the dielectric relaxation spectrum, it is
often convenient to describe the time dependence of ⌽共t兲 via
analytical expressions. Based on the above observations for
the two different 共the rapid at short and the slow at long time
scales兲 modes of decay, computed ⌽共t兲 curves can be fit
quite accurately piecewise by two analytical expressions.
The first is a fast-decaying exponential describing the initial
decorrelation at times up to tc = 1 ps, and the second a slowly

TABLE III. Numerical values of the stretching exponent ␤d of the KWW function employed to fit the MD
predictions for the time decay of the DACF at long time scales 共beyond 1 ps兲 in the simulated C128 cis-1,4-PB
system, as a function of temperature and pressure 关see Eq. 共5兲 in main text兴.

␤d
P 共kbar兲

T 共K兲

195
225
270
310
343
1.013⫻ 10−3 0.60± 0.03 0.62± 0.03 0.67± 0.03 0.70± 0.02 0.74± 0.02
0.5
¯
0.66± .02
¯
¯
1
¯
0.65± .02
¯
¯
1.5
¯
¯
0.69± 0.03 0.72± 0.03
2
¯
¯
¯
0.70± 0.03
2.5
¯
¯
0.68± 0.03
¯
3
¯
¯
¯
¯

380
0.73± 0.01
¯
0.73± 0.03
¯
0.72± 0.03
0.72± 0.03
0.70± 0.03

413
0.80± 0.01
¯
0.79± 0.03
0.79± 0.03
0.77± 0.03

430
0.82± 0.01
¯
0.81± 0.03
0.81± 0.03
0.80± 0.03
¯
0.76± 0.03 0.79± 0.03
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TABLE IV. Computed values of activation volume, ⌬Vd, and their temperature dependence for the simulated cis-1,4-PB system. Superscript d is used
to emphasize activation volumes calculated from relaxation times computed
on the basis of the time decay of the dipole moment time autocorrelation
function 共DACF兲.
T共K兲

270

310

380

430

⌬V 共cm / mol兲

14.2

7.8

6.5

5.4

d

FIG. 4. 共a兲 Temperature dependence of the relaxation times, cd, as obtained
from the present MD simulations with the C128 cis-1,4-PB along two different isobars. Dashed lines denote the best fits to the simulation data with a
VFT function. 共b兲 Pressure dependence of the relaxation times, cd, as obtained from the present MD simulations with the C128 cis-1,4-PB at three
different isotherms in a log-linear plot. Dashed lines represent the best linear
fits to the simulation data.

The curve representing the time decay of the DACF was
always found to lie between the curves representing the time
decay of the torsional autocorrelation functions 共TACFs兲 for
the 1 and 2 dihedrals along a cis-1,4-PB chain 共results not
shown here兲, indicating that ⌽共t兲 describes the relaxation of
a cis-1,4-PB segment extending at most two adjacent monomers along the chain. In general, the total correlation times
estimated either from the torsional or the dipole moment
time autocorrelation functions exhibit the same temperature
and pressure dependences. In Figs. 4共a兲 and 4共b兲 the correlation time dc describing the time decay of the DACF is
plotted as a function of temperature along the isobar, or as a
function of pressure along an isotherm. Figure 4共a兲 shows
that the temperature dependence of dc can be captured quite
well by a modified Vogel-Fulcher-Tammann 共VFT兲
function9,37 of the form;

冉 冊

dc = d0 exp

D dT
,
T − Td0

共7兲

where Dd is a dimensionless parameter and Td0 the “ideal”
glass transition temperature or the Vogel temperature. The

3

values providing the best VFT fits to the MD simulation
data are log共d0 / ns兲 = 共7.3± 0.2兲, Dd = −共4 ± 1兲, and Td0 = 共100
± 5兲 K.
Figure 4共b兲, on the other hand, shows that dc increases
exponentially with increasing pressure. From the best-fit
slopes of the −log共dc 兲 vs P plots, values of the activation
volume ⌬Vd associated with cis-1,4-PB local dynamics can
be determined, through ⌬Vd = 2.303RT共 log dc /  P兲T;
these are reported in Table IV and are found to increase
with decreasing temperature: ⌬Vd increases from 共5.4
± 0.2兲 cm3 mol−1 at T = 430 K to 共14.2± 0.2兲 cm3 mol−1 at
T = 270 K. According to Papadopoulos et al.,9 dielectric
spectroscopy 共DS兲 measurements on P2VP have shown that
the activation volume for the ␣ relaxation slightly above Tg
is very high, but falls rapidly with increasing temperature
approaching the monomer volume at T ⬃ Tg + 70 K. Similar
results have been obtained by Floudas et al.38 for cis-1,4-PI.
For cis-1,4-PB, the values of ⌬Vd extracted from our MD
simulation data are consistent with 共although slightly smaller
than兲 the time-resolved optical microscopy measurements
of Kirpatch and Adolf10 on different molecular weight
cis-1,4-PB samples, according to which the activated volume
varies between 19 and 35 cm3 mol−1 in the temperature
range of 323–303 K.
It is also interesting to mention that if one neglects the
primitive or noncooperative subpicosecond relaxation regime
in the DACF 关see Eq. 共5兲兴 and fits the entire ⌽共t兲 vs t curve
with a KWW function 共this is usually what the experimentalists do, since the regime of the noncooperative relaxation
is not easily accessible兲, then the computed best-fit ␤d values
show a stronger pressure dependence than those reported
here on the basis of Eq. 共5兲; as a consequence, the computed
⌬Vd values are larger and hence closer to the experimentally
measured ones.
B. Dielectric spectrum

A direct comparison of our MD simulation predictions
against experimental data for segmental dynamics in
cis-1,4-PB can be performed at the level of the normalized
dielectric loss spectrum, ⬙ / ⌬, which is the experimental
observable in DS. ⬙ / ⌬ has been calculated here by Fourier
transforming 关see Eq. 共2兲兴 the piecewise analytical representation of ⌽共t兲 关Eq. 共5兲兴 with respect to t allowing us to obtain
⬙ / ⌬ over the range of frequencies  between 107 and
1012 s−1. For even higher frequencies 共 艌 1012 s−1, shorttime period: t 艋 tc = 1 ps兲, such a calculation, unfortunately, is
not possible due to the numerical inaccuracies associated
with the Fourier transform. To overcome this, the method
employed by Doxastakis et al.39 and Saiz et al.40 was em-
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ployed, based on the analytical expressions proposed by Williams et al.41 for approximating the KWW function for low,
⬁

冉
冊 冉

冊
冊册

 *共  兲 −  ⬁
共KWW兲n−1 n + ␤ − 1
⌫
= 兺 共− 1兲n−1
0 − ⬁
⌫共n兲
␤
n=1

冋 冉

⫻ cos

共n − 1兲
共n − 1兲
+ i sin
2
2

共8a兲

and high 关−1 艋 log共KWW兲 艋 −4 when ␤ ⬎ 0.25兴,
⬁

共− 1兲n−1 ⌫共n␤ + 1兲
 *共  兲 −  ⬁
=兺
n␤
⌫共n + 1兲
0 − ⬁
n=1 共KWW兲

冋 冉 冊 冉 冊册

⫻ cos

n␤
n␤
− i sin
2
2

共8b兲

frequencies. Computed ⬙ / ⌬ spectra over a wide range of
frequencies, , are shown under various isobaric and isothermal conditions in parts 共a兲 and 共b兲 of Fig. 5. In their common
frequency range, the high-frequency results for ⬙ / ⌬ calculated by means of Eq. 共8b兲 共symbols兲 and through a direct
application of Eq. 共2兲 共solid line兲 are compared in part 共c兲 of
Fig. 5, and for all practical purposes coincide.
The curves shown in Fig. 5共a兲 present a single peak characteristic of the ␣-relaxation process, which shifts to lower
frequencies 共longer times兲 with decreasing temperature. In an
analogous manner, as the pressure is raised to high values,
the relaxation of the dielectric spectra slows down 关see Fig.
5共b兲兴. The shape of curves reported in Fig. 5 is in excellent
qualitative agreement with measured DS spectra for a variety
of 1,4-PB samples,42,43 indicating that the MD simulation
captures the time scales of segmental motion almost accurately. However, due to the differences in microstructure 共the
simulations use 100% cis-1,4-PB while the experiments are
carried out on PB samples containing in general totally different cis-trans-vinyl contents兲, it is not possible to carry out
a strict quantitative comparison between experimental data
and the simulation predictions of the present study.
Figures 6 and 7 show the temperature and pressure dependences of the position of the peak, max, in the dielectric
spectrum. max is seen to decrease with decreasing temperature 共keeping pressure constant兲 or with increasing pressure
共keeping temperature constant兲. For example, its value drops
from 1.7⫻ 1011 to 1.2⫻ 108 s−1 when T is decreased from
430 to 195 K 共keeping P constant, equal to 1 atm兲, or from
7.8⫻ 1010 to 4.6⫻ 1010 s−1 when P is raised from 1 atm to 3
kbars 共keeping T constant, equal to 380 K兲. For comparison,
experimental data42,44 and data from previous simulations
with a random copolymer of 1,4-PB 共Ref. 45兲 have been
included within Fig. 6. In general, for the same temperature
and pressure conditions, the present MD simulations predict
somewhat higher max values than those of the literature,
which is attributed to the different microstructure of the experimental samples or of the simulated PB system 共containing a significant portion of trans-1,4 and 1,2-vinyl units兲.
Computed max values are observed to follow a different
dependence with temperature than with pressure. The temperature dependence, in the range of 195–430 K studied
here, obeys the Vogel-Fulcher 共VF兲 function,

FIG. 5. Predicted dielectric loss spectrum and its variation with: 共a兲 temperature 共at P = 1 atm兲, and 共b兲 pressure 共at T = 310 K兲. Included in part 共c兲
of the figure 共symbols兲 is the part of the spectrum computed on the basis of
Eq. 共8b兲 referring to high frequencies.

log max = log 0 +

B
,
T − T0

共9兲

with the best-fit values of the parameters as follows:
log共0 / Hz兲 = 共12.5± 0.5兲, B = −共433± 2兲 K, T0 = 共97± 1兲 K.
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FIG. 6. MD-based predictions for the dielectric loss frequency at the
maximum of the spectrum, max, plotted against inverse temperature,
at P = 1 atm.

The pressure dependence of max, on the other hand, is described in accordance with the variation of the DACF relaxation times with P under isothermal conditions, that is
through a linear function of log共max兲 with P. To the best of
our knowledge, there exist no experimental data available in
the literature for the pressure dependence of max for PB
with which we could compare the predictions of the present
MD study.
In order to test the validity of the time-temperature and
time-pressure superposition principles, the computed dielectric loss spectra from the present MD simulations are shown
in Figs. 8 and 9 in the form of ⬙ / max
⬙ vs  / max plots,
through small vertical and horizontal shifts that bring their
peaks on top of each other. By observing then whether the
normalized ⬙ / max
⬙ vs  / max curves superimpose or not,
we can pronounce on the validity of the two superposition
principles. According to Fig. 8, all scaled curves corresponding to temperatures between 430 and 270 K do superimpose,
demonstrating the validity of the time-temperature superposition principle for 100% cis-1,4-PB in this temperature
range. However, as the temperature is lowered below 270 K

FIG. 7. MD-based predictions for the pressure dependence of the dielectric
loss frequency at the maximum, max, at T = 310 K and T = 380 K.

J. Chem. Phys. 124, 084906 共2006兲

FIG. 8. Normalized dielectric loss data, as obtained from the present MD
simulations with the C128 cis-1,4-PB system, plotted against normalized frequency at different temperatures 共P = 1 atm兲.

共e.g., down to T = 225 or 195 K in Fig. 8兲, the obtained
⬙ / max
⬙ vs  / max curves are seen to somewhat widen 共i.e.,
to open up兲 both from below 共low frequencies兲 and above
共higher frequencies兲; such a behavior indicates a deviation
from the time-temperature superposition principle as T is
lowered below 225 K, signaling the emergence of additional
relaxation mechanisms beyond the primary or ␣ relaxation.
Although in the literature there is a strong experimental evidence that 100% cis-1,4-PB does not exhibit a ␤ relaxation46
due to its tight chain packing, a future work will investigate
this issue in more detail by extending the present MD simulations for cis-1,4-PB at even lower temperatures 共within a
few degrees of its Tg value兲.
⬙ / max
⬙ vs  / max plots at different pressure conditions
共keeping the temperature constant, equal to 310 K兲 are presented in Fig. 9, demonstrating also the validity of the timepressure superposition principle 共therefore, the absence of

FIG. 9. Normalized dielectric loss data, as obtained from the present MD
simulations with the C128 cis-1,4-PB system, plotted against normalized frequency at different pressures 共T = 310 K兲.
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FIG. 10. Predicted relaxation times for the simulated C128 cis-1,4-PB plotted
against density at different temperature and pressure conditions, on a loglinear plot. Dotted and dashed lines represent the best fits to the MD simulation data with a VFT function.

any additional relaxation mechanisms at high frequencies兲
over the studied range of pressures 共1 atm–3 kbars兲.
C. Relative contributions of thermal energy and
density to segmental relaxation

The study of the combined effect of T and P on segmental relaxation can be used to test the validity of free volume
theories and energy landscape models for the dynamics of
glass-forming materials. According to the former 共free volume theories兲, segmental relaxation is entirely determined by
the available amount of free volume in the system. Given the
one-to-one correspondence between the system specific volume and system free volume, free volume theories propose
that systems with the same density should essentially follow
a similar relaxation process, i.e., there should be no change
in their segmental relaxation times under isochoric conditions. To test this hypothesis, torsional or dipole moment
autocorrelation times are plotted in Fig. 10 as a function of
density to obtain what is known as a “density representation
of PVT data.”9 To this end, in Fig. 10, we display plots of
−log共dc 兲 as a function of density for the simulated polymer
as obtained via different variations in temperature and pressure. We immediately observe then that the local relaxation
times at a fixed density are larger at lower temperatures, in
full agreement with the experimental measurements of Kirpatch and Adolf.10 It is also observed that the local relaxation
times change more dramatically under isobaric 共solid lines兲
than under isothermal 共dashed lines兲 conditions. Undoubtedly, temperature has a dominant contribution to segmental
relaxation compared to pressure.
The density dependence of correlation times displayed in
Fig. 10 is described quite accurately with a modified VFT
function,
log共dc 兲

=

log共0兲

冉 冊

D 
+
,
 − 0

共10兲

where D is a dimensionless parameter and 0 the ideal glass
density. Best-fit values for the VFT equation parameters are

FIG. 11. MD-based predictions for the QV / Q P ratio of the activation energies under constant volume and under constant pressure as a function of
density for the C128 cis-1,4-PB system. Filled symbols indicate QV / Q P
values obtained with Eq. 共11兲 and open circles QV / Q P values obtained with
Eq. 共12兲.

as follows: log共0 / ns兲 = 共3.2± 0.2兲, D = 0.3± 0.2 and
0 = 共1.05± 0.05兲 g cm−3, under all studied isobaric conditions.
We have further calculated the ratio QV / Q P of
the activation energies under constant density, QV
= −RT2共 ln dc / T兲V, and under constant pressure,
Q P = −RT2共 ln dc / T兲 P, which takes values between 0 and 1.
In fact, the ratio QV / Q P can be calculated directly from the
−log共dc 兲 vs  plots of Fig. 10 through:9
共 ln dc /兲T
QV
=1−
.
QP
共 ln dc /兲 P

共11兲

How QV / Q P changes with density, for different T and P
conditions in the simulated polymer, is demonstrated in
Fig. 11. The lines in the figure are guides for the eye indicating isobaric 共the dotted ones兲 and isothermal 共the dashed
ones兲 conditions. QV / Q P values well below 0.5 indicate density as the controlling parameter of local dynamics whereas
QV / Q P values above 0.5 indicate the thermal demand associated with activated local motion as the controlling parameter of local dynamics. According to the plots of Fig. 11, for
the cis-1,4-PB system: 共a兲 the ratio QV / Q P is always larger
than 0.5 for all studied densities, revealing the dominant contribution of thermal energy to segmental relaxation. 共b兲 The
ratio QV / Q P lies between 0.71 and 0.88, which agrees remarkably well with the time-resolved optical spectroscopy
measurements of Kirpatch and Adolf.10 共c兲 Temperature has
a strong effect on QV / Q P along isobaric curves. 共d兲 The ratio
QV / Q P is practically insensitive to pressure variations.
The ratio QV / Q P can also be calculated independently
from9

冉 冊冉 冊

P
QV
=1−
QP
T

V

T
P

,
cd

共12兲

where 共 P / T兲V can be extracted from the present simulation
data for the PVT properties of the C128 cis-1,4-PB system
and 共T /  P兲d from the data presented in Figs. 4共a兲 and 4共b兲.
c
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FIG. 12. Predicted relaxation times describing segmental 共filled symbols兲
and chain 共open symbols兲 relaxations, as a function of the combined variable T−1V−␥, for the C128 cis-1,4-PB system.

Unfortunately, the narrow interval over which isochoral MD
simulation data at different temperature and pressure conditions coincide does not allow us to obtain the full QV / Q P
spectrum 共i.e., QV / Q P values for all simulated densities兲. Despite this, however, we managed to reliably calculate QV / Q P
with Eq. 共12兲 for three different density points and the results
obtained are shown in Fig. 11 with open circles indicating
their consistency with the values obtained from Eq. 共11兲.
Quite recently, Casalini and Roland12,47 proposed a universal scaling of local relaxation times based on the assumption of an inverse power law of the form 共r兲 ⬀ r−3␥ for an
effective repulsive potential governing primarily the liquid
structure 共with the attractive forces playing the role of a
background potential兲, where r denotes the intermolecular
separation and ␥ is a material parameter. With such a scaling,
Casalini and Roland12 and Ngai et al.48 found that the relaxation data for both the segmental and normal modes obtained
from dielectric relaxation measurements on PPG and 1,4-PI
can be fairly well described as a function of the combined
variable T−1V−␥, and practically superimpose. Guided by this
idea, Fig. 12 reports plots 共filled symbols兲 of the segmental
relaxation times as a function of the combined variable
T−1V−␥, for the C128 cis-1,4-PB system. For completeness,
also shown in Fig. 12 共open symbols兲 is the scaling of the
chain longest relaxation time for the same system 共calculated
from the time decay of the chain end-to-end unit vector autocorrelation function, as explained in detail in the next section兲 with the combined variable T−1V−␥. All segmental and
all chain relaxation times are observed to drop onto the same
straight line, with the best fits 共dashed lines兲 to the simulation data being obtained for a value of the scaling exponent ␥
equal to 2.8± 0.2. The values of ␥, that more accurately fitted
the experimental dielectric relaxation spectra of PPG and
1,4-PI, were 2.5± 0.35 and 3.0± 0.15, respectively.12
IV. GLOBAL „CHAIN… DYNAMICS

The simulation results presented in Sec. III have addressed mainly the aspects of local dynamics in cis-1,4-PB.
By employing pressure as an additional thermodynamic vari-

able either in atomistic MD simulations or in experiments
such as dielectric spectroscopy is very advantageous, since it
allows investigating not only how 共for example兲 the segmental ␣ relaxation is split from the more localized ␤ relaxation
but also how the local 共segmental兲 and global 共chain兲 relaxations are affected under different thermodynamic conditions. To this end, based on dielectric spectroscopy measurements on a type-A polymer 共PI兲, Floudas and Reisinger7 and
Floudas et al.38 have reported that the external pressure exerts a stronger influence on the dynamics of segmental mode
than on the dynamics of the longest normal mode, which,
consequently, should result in a crossing of the two modes at
a high enough applied pressure, higher than 14 kbars.7,38
Similar conclusions have been drawn by Roland et al.11
Floudas and co-workers17,38 for other polymers. The dynamics of the segmental mode has also been reported to be more
sensitive 共compared to that of the normal modes兲 to temperature changes 共keeping pressure constant兲,49–52 leading to the
crossing of the two relaxation modes at a temperature approximately 10% higher than Tg.
Terminal relaxation in the simulated polymer system can
be evaluated through the time decay of the autocorrelation
function for the chain end-to-end unit vector, 具u共t兲u共0兲典. Following Ref. 1, by fitting the simulation data with a stretched
exponential 共or KWW兲 function, one can calculate the characteristic longest orientational relaxation time, R, describing
the decorrelation of the highest normal mode 共the Rouse
time兲 in the simulated system. Computed R values are plotted 共open symbols兲 as a function of temperature in Fig.
13共a兲; for comparison, also included within Fig. 13共a兲 are the
corresponding correlation times, dc , characterizing segmental
relaxation 共filled symbols兲. It is immediately observed that,
like segmental relaxation times, chain relaxation times are
described quite accurately by a modified VFT equation,

冉 冊

R = R0 exp

D RT
,
T − TR0

共13兲

with the best-fit values of the VFT parameters as
follows: log共R0 / ns兲 = 共4.5± 0.2兲, DR = −共4.5± 0.2兲, and TR0
= 共118± 5兲 K. For comparison, we recall from Sec. III A that
the corresponding best VFT fits describing segmental
relaxation in cis-1,4-PB were log共d0 / ns兲 = 共7.3± 0.2兲,
Dd = −共4 ± 1兲, and Td0 = 共100± 5兲 K. Interestingly enough, the
segmental and chain relaxation times are influenced equally
by temperature variations in the studied temperature range
195–430 K for cis-1,4-PB.
The pressure dependence of segmental and chain relaxation times in the simulated polymer is shown in Fig. 13共b兲.
Similarly to the pressure dependence of segmental relaxation
times 共see Sec. III A above兲, the logarithm of the chain relaxation times, −log共R兲, is also observed to vary linearly
with pressure, with a slope very close to that of the curve
describing the pressure dependence of the logarithm of the
segmental relaxation time, −log共dc 兲. Like temperature, and in
contrast to what is measured experimentally,7,11,17,38 the pressure is predicted here to exert the same influence on both
relaxation modes 共segmental and terminal兲. This can be explained either in terms of the different molecular architecture
of the simulated polymer compared to that of the samples on
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FIG. 13. 共a兲 Relaxation times describing segmental 共filled symbols兲 and
chain 共open symbols兲 relaxations in the C128 cis-1,4-PB as a function of
temperature on a log-linear plot 共P = 1 atm兲. Dashed lines represent the best
fits to the MD simulation data with a VFT equation. 共b兲 Relaxation times
describing segmental 共filled symbols兲 and chain 共open symbols兲 relaxations
in the C128 cis-1,4-PB system at T = 380 K as a function of pressure on a
log-linear plot. Dashed lines represent the best linear fits to the MD simulation data.

which the experimental studies have been carried out 共being
mostly type-A polymers兲24 or by the fact that the lowest temperature addressed in the present simulation study is several
degrees above the glass transition temperature 共Tg = 160
-175 K兲 共Refs. 2 and 23兲 of the simulated polymer.
V. CONCLUSIONS

We have presented the results from long atomistic MD
simulations of a C128 cis-1,4-PB system under different temperature and pressure conditions concerning aspects of its
segmental and chain relaxation processes, and thoroughly
compared them against available experimental data. Computed time autocorrelation functions for the dipole moment
are described in terms of two regimes: An initial, short-time
regime extending to ca. 1 ps at all temperatures and pressures
studied, and a longer-time regime where the relaxation slows
down leading to the principal ␣ relaxation of the polymer.
The transition between the two regimes is rather sharp. In the
subpicosecond regime 共also known as primitive or ␣ relaxation in the context of the coupling model兲, dynamics is

close to exponential. Dynamics in the second regime, on the
other hand, is well described by a stretched exponential 共or
KWW兲 function. The characteristic relaxation times of the
two different regimes were computed and analyzed as a
function of temperature and pressure.
The MD-based predictions for the total correlation time,
dc , characterizing segmental relaxation in cis-1,4-PB at temperatures as low as 195 K and at pressures as high as 3 kbars
support a VFT dependence on temperature and an Arrheniustype of dependence on pressure. Computed values for
the activation volume governing segmental relaxation in
cis-1,4-PB compare quite satisfactorily with reported experimental values from dielectric spectroscopy measurements.
Results have also been reported for the shape of the dielectric loss spectrum of cis-1,4-PB, obtained by Fourier
transforming the computed DACF with respect to time, under the isothermal and isobaric conditions. The dielectric
spectrum exhibits only one peak representative of the ␣ relaxation, whose position shifts towards lower frequencies as
the temperature is decreased or as the pressure is increased.
A Vogel-Fulcher 共VF兲 equation is observed to describe the
temperature dependence of its frequency at the maximum of
the spectrum, max; the pressure dependence of max, on the
other hand, is captured better with an Arrhenius-type of
equation. Normalized ⬙ / max
⬙ vs  / max plots have also
been analyzed on the basis of the time-temperature and timepressure superposition principles over the range of temperature 共430–195 K兲 and pressure 共1 atm–3 kbars兲 conditions
covered in the present simulations.
The computed values of the ratio QV / Q P, quantifying the
relative contribution of thermal energy and volume to segmental relaxation, were always found to be above 0.5, indicating temperature as the controlling thermodynamic variable governing segmental relaxation in cis-1,4-PB, and in
excellent agreement with the recently reported experimental
data based on time-resolved optical spectroscopy.10
By carrying out the MD simulations for times on the
order of hundreds of nanoseconds 共and up to 1 s, in a few
cases兲, we have also been able to track the dynamics of the
slowest normal mode in the simulated polymer. Simulation
results for the temperature and pressure dependences of the
Rouse times describing terminal relaxation in the polymer
show that, in the regime of conditions studied here, segmental and chain relaxations in cis-1,4-PB are influenced similarly by pressure and temperature variations.
Future work will address dynamics in cis-1,4-PB at even
lower temperatures 共within a few degrees above and below
its Tg value兲 in order to elucidate the issues related to the
origin of glass transition 共the arrest of segmental dynamics at
low enough temperatures兲 for this polymer. Analyzing aspects of its segmental relaxation on the basis of the coupling
model will also be pursued.
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