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1. Introduction

Motivated by the wide applications of polydienes, such as

polybutadiene (PB) and polyisoprene (PI), in chemical

technology (e.g., in the automotive and electronics indus-

tries and in rubber technology),we have recently undertaken

a systematic investigation of the structure-property relation-

ships in these two polymers through detailed simulations at

the atomistic levelwith a united-atommodel.[1,2] In ref.,[1] in

particular, we presented results fromvery long (up to 600 ns)

equilibrium MD simulations of model cis-1,4-PB systems,

using fully equilibrated initial configurations, obtained with

an efficient chain connectivity MC algorithm.[2] A similar

simulation methodology had been applied in the past to

predict the terminal relaxation dynamics in linear PE.[3] The

simulations in all these cases had been restricted to

atmospheric pressure and to temperatures above themelting

point of the polymer under study (e.g., cis-1,4-PB and PE),

addressing issues related to structural, conformational and

dynamic properties, mainly as a function of chain length.

Summary: We present results for the temperature and
pressure dependence of local structure and chain packing in
cis-1,4-polybutadiene (cis-1,4-PB) from detailed molecular
dynamics (MD) simulations with a united-atom model. The
simulations have been executed in the NPT statistical
ensemble with a parallel, multiple time step MD algorithm,
which allowed us to access simulation times up to 1 ms.
Because of this, a 32 chain C128 cis-1,4-PB system was
successfully simulated over a wide range of temperature
(from 430 to 195 K) and pressure (from 1 atm to 3 kbar)
conditions. Simulation predictions are reported for the
temperature and pressure dependence of the: (a) density;
(b) chain characteristic ratio, Cn; (c) intermolecular pair
distribution function, g(r), static structure factor, S(q), and
first peak position, Qmax, in the S(q) pattern; (d) free volume
around each monomer unit along a chain for the simulated
polymer system. These were thoroughly compared against
available experimental data. One of the most important
findings of this work is that the component of the S(q) vs. q
plot representing intramolecular contributions in a fully
deuterated cis-1,4-PB sample exhibits a monotonic decrease

with qwhich remains completely unaffected by the pressure.
In contrast, the intermolecular contribution exhibits a distinct
peak (at around 1.4 Å�1)whose position shifts towards higher
q values as the pressure is raised, accompanied by a decrease
in its intensity.

3D view of the simulation box containing 32 chains of C128

cis-1,4-polybutadiene at density r¼ 0.849 g � cm�3 and
the conformation of a single C128 cis-1,4-PB chain fully
unwrapped in space.
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These studies are extended here to a wider range of

temperature (from 430 to 195 K) and pressure (from 1 atm

to 3 kbar) conditions for the cis-1,4-PB polymer, in an effort

to study thermal and pressure (or density) effects on its

structural and dynamic properties. Thework ismotivated by

the recent experimental observations (with techniques like

dielectric spectroscopy and quasielastic neutron scattering)

on the influence of hydrostatic pressure on the local dyna-

mics of polymers such as PB, 1,4-polyisoprene (PI),

poly(propylene glycol) (PPG), poly(2-vinylpyridine)

(P2VP), polyisobutylene (PIB)[4–11] and other glass-form-

ing polymers at temperatures close to the glass transition

temperature, Tg.
[12–14] This paper discusses simulation

findings for the temperature and pressure dependence of

the volumetric, structural and conformational properties of

cis-1,4-PB. Additional results about the temperature and

pressure dependence of its (segmental and terminal)

relaxation properties, the density and thermal contributions

to its local dynamics, and its dielectric spectrum along

different thermodynamic paths (isobaric, isothermal and

isochoric) have been presented in a recent publication.[15]

The rest of this paper is organized as follows. Section 2

discusses the molecular model, the molecular character-

istics of the simulated polymer and the temperature and

pressure conditions at which the simulations were carried

out. Detailed results for the thermodynamic, conforma-

tional and structural properties of the simulated system are

reported in Section 3. Also reported in Section 3 are

simulation results concerning the free volume in cis-1,4-

PB, and its variationwith temperature, pressure and density.

The paper concludes with Section 4 discussing the major

findings of the present work.

2. Molecular Model, Simulation
Methodology and Systems Studied

The model used in the present simulations is the same as

that employed in our recent work on the study of the static

and dynamic properties of cis-1,4-PB in the melt state (T�
298 K) at P¼ 1 atm.[1] It is a united atom model in which

every CHn group in the chain is represented as a single

interaction site (see Figure 1), based on the descriptions

proposed recently by Gee and Boyd[16] and Smith and

Paul[17] from quantum chemistry calculations. Details on

the force-field parameterization are given in Table 1 and

will not be analyzed further.With this united-atommodel, a

strictly monodisperse 32 chain cis-1,4-PB system with

128 carbon atoms per chain (herein referred to as the C128

cis-1,4-PB system) was simulated in this paper. In all cases,

the MD simulation was carried out in the isothermal-

isobaric (NPT) statistical ensemble, at temperatures ran-

ging from 430 to 195K, and pressures ranging from 1 atm to

3 kbar (see Table 2). To also simulate the sample under

isochoric conditions, the temperature and pressure condi-

tions were carefully chosen so as to correspond (in many

cases) to the same density for the simulated system. This

was achieved by trial and error runs, and the (T, P) pairs

located are listed in Table 3. For comparison, we mention

that the experimentally accepted glass transition tempera-

ture for infinitely high cis-1,4-PB at P¼ 1 atm is between

160 and 175 K.[18,19] Temperature and pressure were

maintained constant in the MD simulations at their pres-

cribed values by employing the Nosé-Hoover[20,21] thermo-

stat-barostat.

An initial configuration for the simulated system was

created using the Cerius2 software[22] followed by a mini-

mization procedure.[23] This was subsequently subjected to

an exhaustive pre-equilibration run via a long NVT MD

simulation at P¼ 1 atm and at a density value equal to the

experimentally measured one at T¼ 413 K, followed by a

long NPT MD production run at the same conditions for

about 50 ns. 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 config-

urations obtained from longMD runs at low pressures were

used as initial configurations for the MD runs at the higher

pressures. The equations of motion were integrated using a

multiple-time step algorithm (the rRESPA[24] method),

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 ms for the lower
temperatures and higher pressures. All MD runs were

carried out with the large scale atomic/molecular massively

parallel simulator (LAMMPS) code[25] that can run on any

parallel platform supporting the MPI library.

3. Results

A. Computational Efficiency

The fact that full equilibration of the simulated C128 cis-1,4-

PB system was achieved at all length scales in the course of

all NPT MD simulations of the present study is demon-

strated in Figure 2 which shows the decay of the auto-

correlation function hu(t) � u(0)i of the unit vector u
directed along the chain end-to-end vector with simulation

time t, for T¼ 225 K and P¼ 1 atm, for T¼ 310 K and
Figure 1. United atommodel of cis-1,4-PB. The bending angles
are denoted as y1 and y2 and the dihedrals as f1, f2 and f3.
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P¼ 2.5 kbar and for T¼ 380 K and P¼ 3.0 kbar. It can be

seen that by extending the MD simulations out to times of

the order of microseconds, hu(t) � u(0)i approaches the zero
value in almost all of these three cases, demonstrating

excellent equilibration of the system long length scale

orientational characteristics. Also remarkable is the equili-

bration of the average chain dimensions under these

conditions, as demonstrated in Figure 3 for the relaxation

of the instantaneous values of the mean-square chain end-

to-end distance, hR2i, and of the mean square radius of

gyration, hRg
2i, for the simulated system, at T¼ 225 K and

P¼ 1 atm. After a short equilibration period (which should

be commensurate with the longest relaxation time at the

temperature and pressure conditions of the simulation),

both hR2i and hRg
2i are observed to fluctuate around a

constant averagevalue,which is indicative of a fully relaxed

system. Additional results on the temperature and pressure

dependence of the average chain dimensions are reported in

Section 3(C) below.

The fact that truly bulk polymer models of cis-1,4-PB

have been successfully simulated over such a broad range of

pressures and temperatures (going down to within a few

degrees of its glass transition temperature) is very

significant, since it opens up a way to simulate the glass

transition phenomenon itself for this polymer (cis-1,4-PB),

which will be an outstanding achievement. It can also be

used to test the validity of free volume theories and

energy landscapemodels for the dynamics of glass-forming

Table 1. Molecular model for the cis-1,4-PB system (see ref.[16] and ref.[17]). For the definition of the different types of torsional angles
and of the Lennard-Jones centers, the interested reader is also referred to ref.[16] and ref.[17]

Interaction Potential Form Parameters

BondStretching Vstr ¼ 1
2
kstrðl� l0Þ2 Type kstr l0

kcal �mol�1 � Å�2 Å

1 158.5 1.54
2 183.8 1.50
3 246.9 1.34

Bending V� ¼ 1
2
k�ð�� �0Þ2 Type ky y0

kcal �mol�1 � rad�2 deg

1 115 111.65
2 89.4 125.89

Torsion Uð�Þ ¼ 1
2

P6
n¼1

knð1� cosðn�ÞÞ Type k1 k2 k3 k4 k5 k6

kcal �mol�1 kcal �mol�1 kcal �mol�1 kcal �mol�1 kcal �mol�1 kcal �mol�1

3 – 24.2 – – – –
2 1.033 �0.472 0.554 0.263 0.346 0.164
1 �0.888 �0.619 �3.639 �0.066 �0.247 �0.190

Nonbond Vij ¼ 4" �
rij

� �12
� �

rij

� �6� �
Type e rmin

kcal �mol�1 Å

1 0.0936 4.500
2 0.1000 3.800
3 0.1015 4.257

Table 2. Temperature and pressure conditions at which the C128

cis-1,4-PB system was simulated.

T P

K kbar

195 1.013� 10�3

225 1.013� 10�3

270 1.013� 10�3, 0.5, 1.0, 2.5
310 1.013� 10�3, 1.5, 2.5
343 1.013� 10�3, 1.0, 1.5, 2.0, 2.5
380 1.013� 10�3, 1.0, 1.5, 2.0, 2.5, 3.0
413 1.013� 10�3, 1.0, 1.5, 2.0, 2.5, 3.0
430 1.013� 10�3, 1.0, 1.5, 2.0, 2.5, 3.0

Table 3. Different temperature and pressure pairs corresponding
to the same density for the C128 cis-1,4-PB system.

Density T P

g � cm�3 K kbar

0.94� 0.01 270 1.013� 10�3

413 1.5
0.97� 0.01 225 1.013� 10�3

270 0.5
343 1.5
380 2
430 2.5

0.98� 0.01 310 1.5
343 2
380 2.5
430 3.0
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materials. Results from these latest efforts will be

communicated in a forthcoming publication.

B. Thermodynamic Properties

Figure 4 and 5 present the dependence of the specific

volume, u, of the simulated C128 cis-1,4-PB system on

temperature, T, and pressure, P. In particular, Figure 4

shows the variation of u with T under isobaric conditions,

while Figure 5 the variation of u with P under isothermal

conditions. Our simulation data for different isobars in the

range 1 atm–3 kbar show that: (a) u increases linearly as T is
increased along an isobar; (b) u decreases faster than

linearly when the system is isothermally compressed. In the

literature,[26–29] a common way of describing the pressure-

volume-temperature (PVT) dependencies of amorphous

polymers is through the use of the empirical Tait equation:

uðP; TÞ ¼ uð0; TÞ 1� C ln 1þ P

BðTÞ
� �� �

ð1Þ

where the parameter C is a constant equal to 0.0894, the

temperature T is in 8C and the functions u(0,T) and B(T) are
given through:

uð0; TÞ ¼ u0 expðaTÞ ð2aÞ
or, for small enough values of a, through

uð0; TÞ ffi u0ð1þ aTÞ ð2bÞ
and

BðTÞ ¼ B0 expð�B1TÞ ð3Þ
respectively. The parameter a in Equation (2a) and (2b)

denotes the value of the thermal expansion coefficient, ap,

formally defined through:

ap ¼ 1

u
@u
@T

� �
P

ð4Þ

at zero pressure.

Since, in the regime of temperature and pressure

conditions covered in the simulations, the specific volume

increases linearly with temperature along an isobar (see

Figure 4), the derivative
@uðT ;PÞ

@T

			
P
is a function only of the

pressure P. Consequently, for a given pressure, the thermal

expansion coefficient apwill vary with T in the sameway as

the inverse of the specific volume, u, varies with T. At zero
pressure, in fact, our simulation data are more consistent

with Equation (2b) above than with Equation (2a), with the

best fit values for a and u0 as follows: a¼ (7.1� 0.1)�
10�4 8C�1 and u0¼ (1.06� 0.01) cm3 � g�1. By inserting

these values in Equation (1), one can then use the Tait

equation to fit the simulation data of Figure 5 along an
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Figure 3. Running averagevalues of (a) themean-square end-to-
end distance, hR2i, and (b) the mean radius of gyration, hRg

2i, with
simulation time t. The results have been obtained from the present
NPTMD simulationswith theC128 cis-1,4-PB system atT¼ 225K
and P¼ 1 atm.
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Figure 2. Decay of the chain end-to-end vector orientational
autocorrelation function hu(t) � u(0)i with simulation time t, as
obtained from the present NPTMD simulations with the C128 cis-
1,4-PB system, at different pressure and temperature conditions.
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isothermwith only one parameter, the temperature depend-

ent parameter B, i.e., B¼B(T). By analyzing the function

B¼B(T), one can thus check if it follows the exponential

law of Equation (3) and if so, to obtain the best fit values of

B0 and B1. Fittings of the simulation data for the PVT

properties of the simulated cis-1,4-PB system with the Tait

equation are shown by the dashed lines in Figure 5 and are

seen to follow the simulation data remarkably accurately. It

was also observed (results not shown) that the functionB(T)

extracted from the simulation data followed the exponential

form of Equation (3) astonishingly well, with the best fit

values of B0 and B1 as follows: B0¼ (1.45� 0.02) kbar and

B1¼ (4.1� 0.1)� 10�3 8C�1.

The variation of the thermal expansion coefficient, ap,

with temperature and pressure for the simulated system is

reported in Figure 6. With increasing pressure, ap is seen to

decrease considerably (which reflects the decreasing rate of

compression of the system as the pressure is raised), in

excellent agreement with the experimental observations of

Barlow.[28]

As mentioned before, the simulation prediction for ap for

the C128 cis-1,4-PB system at P¼ 1 atm depends on

temperature, decreasing from (7.7� 0.1)� 10�4 K�1 at

T¼ 195 K, to (7.1� 0.1)� 10�4 at T¼ 310 K and to (6.4�
0.1)� 10�4 at T¼ 430 K. These values are consistent with

literature data reported, for example, by Paul and

DiBenedetto[30,31] for a pure cis-1,4-PB system (ap¼ 6.7�
10�4 K�1 at T¼ 298K), by Smith et al.[32] for a random PB

copolymer sample through 13C NMR experiments and MD

simulations (ap¼ 7.1� 10�4 K�1 at T¼ 353 K), by

Barlow[28] (ap¼ 7.35� 10�4 K�1 in the temperature

range 277–328 K) and by Valentine et al.[33] (ap¼ 7.5�
10�4 K�1) for a random copolymer of PB (containing only

43% cis-1,4). Anderson et al.[34] have also reported ap for a

high cis-1,4-PB sample through NMRmeasurements (ap¼
5.7� 10�4 K�1 at T¼ 296 K).

In addition to the thermal expansion coefficient, another

important thermodynamic parameter that can be obtained

from the temperature and pressure dependence of the

specific volume is the isothermal compressibility, kT,
defined through the slope of the curve describing the

variation of u with P under isothermal conditions:

kT � � 1

u
@u
@P

� �
T

ð5Þ

Using the above relation, kT can be straightforwardly

extracted from theMD simulations through the u vs. P plots

of Figure 5. To avoid numerical errors associated with the

calculation of the slopes of the curves shown in Figure 5, an

alternative andmore accurateway to calculate kT is through
the fluctuations in the system volume,V, in the course of the

Figure 4. Temperature dependence of the specific volume, u, for
the C128 cis-1,4-PB system, at various pressures. The dashed lines
correspond to linear regression fittings of the simulation data.
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equation (Equation (1) in the main text).
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NPT MD runs, according to:[35,36]

kT ¼ V2

 �� Vh i2

kBT Vh i ð6Þ

kT values calculated through Equation (6) for the simulated

polymer as a function of temperature are reported in

Figure 7. It can be observed that kT is practically

independent of T, except at the smallest pressure studied

(P¼ 1 atm)wherekT is observed to increasewith increasing
T. Isothermally increasing the pressure, on the other hand,

causes kT to decrease. As far as the numerical values of kT
are concerned, these are fully consistent with available

experimental measurements for the simulated system. For

example, the simulation prediction for kT at T¼ 270 K is

(7.3� 0.2)� 10�10 Pa�1, which coincides with the exper-

imental value reported by DiBennedetto[31] (kT¼ 7.25�
10�10 Pa�1) for a 1,4 PB sample of unspecified micro-

structure at T¼ 298 K; somewhat smaller is the value

reposted by Anderson et al.[34] for a high cis-1,4-PB sample

(kT¼ 3.6� 10�10 Pa�1) at T¼ 296 K.

C. Conformational Properties

Chain conformational properties in the simulated polymer

were analyzed here in terms of bending and torsion-angle

distributions and chain dimension parameters, such as the

mean-square end-to-end distance, hR2i, radius of gyration,
hRg

2i, and chain characteristic ratio, Cn.

The effect of temperature on the distribution of bending

and torsion angles along a cis-1,4-PB chainwas also studied

(in part) in our previous work,[1] where it was reported that,

as the temperature is decreased: (a) the height of the two

bending angle distributions increases; (b) the height of

the two torsion-angle distributions at their peak increases;

(c) the population of the trans state (at �1808) in the

distribution of thef1 dihedral increases accompanied by an

increase in the population of the two gauche states; (d) the

trans population of the f2 torsion angle distribution

decreases. Exactly the same observations are made in the

simulations of the present study where even lower temper-

atures have been accessed (down to 195 K).

On the other hand, the effect of temperature and pressure

on the overall size of the macromolecular chain can be

discussed in terms of characteristic ratio, Cn, calculated

from the simulation results for the mean-square chain end-

to-end distance, hR2i, through:

Cn ¼
R2

 �
n�l2

ð7Þ

where n denotes the number of links in the chain backbone

and �l2 the average squared skeletal bond length. The

temperature and pressure dependencies of Cn for the

simulated polymer is presented in Figure 8(a) and 8(b).

Cn is observed to remain practically constant all over the
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Figure 7. Temperature dependence of the isothermal compres-
sibility, kT, as calculated from the presentMD simulationswith the
C128 cis-1,4-PB system, at various pressures.
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temperature [225 K, 430 K] and pressure [1 atm, 3 kbar]

ranges explored in the simulations. This result agrees well

with the experimental data of Fetters et al.[37] that the ratio

hR2i/M in 1,4 PB remains the same in the temperature range

298–413 K.

D. Structural Properties

Information about local structure in a polymeric system is

provided by the intermolecular pair distribution function,

g(r), and/or the static structure factor, S(q), which is

calculated through the Fourier transform of the total pair

distribution function, gtot(r), through:

SðqÞ ¼ 1þ rN
ð1
0

4pr2
sinðqrÞ
qr

½gtotðrÞ � 1�dr ð8Þ

where N denotes the total number of atoms and r the

number density of the system. Although simulated S(q)

curves are quite difficult to compare against experimentally

obtained S(q) data due to a number of complicating factors

and the different weightings at different q regimes in real

experiments, Equation (8) provides a means for validating

the predicted intermolecular pair distribution function, g(r),

against data obtained either from X-ray diffraction or

neutron scattering measurements.[1,36,38]

The temperature dependence of g(r) for the simulated

cis-1,4-PB system is reported in Figure 9. Decreasing the

temperature causes a shift of the first peak in theg(r) pattern

corresponding to the average position of the first inter-

molecular neighbors around a reference atom to smaller

distances; this reflects the increase in the system density.

The same happens if the pressure in increased. Figure 10,

which presents g(r) profiles at different pressures keeping

temperature constant (equal to 310K), shows the position of

their first peak to shift to smaller distances (implying that

the average position of the first intermolecular neighbors

decreases) as the pressure is decreased.

Equation (8) for the calculation of S(q) is valid only if one

chemical species is present in the polymer. However, most

available experimental data for cis-1,4-PB[5,6,12,39,40] are

obtained from neutron scattering techniques on polymer

samples where hydrogen atoms are replaced by deuterium

atoms. To take into account all different species (carbons,

hydrogens and deuteriums) present in such a system,

Equation (8) has to be used with hydrogen (or deuterium)

atoms being introduced at their correct positions along the

chain backbone following the procedure described in ref.[1]

In addition, in the presence of multiple species, S(q) has to

be calculated from the Fourier transform of the H(r)

function defined through:[41]

HðrÞ ¼
X2
i¼1

X2
j¼1

xixjfifjP2
i¼1

xifi

� �2
ðgijðrÞ � 1Þ ð9Þ

where xi and xj denote the number fraction of i-type (e.g.,

carbons) and j-type (e.g., deuterium) atoms, and fi and fj the

respective scattering factors.

S(q) vs. q plots for the simulated cis-1,4-PB system

obtained with Equation (9) at two different temperatures

(keeping P constant, equal to 1 atm) are shown by the lines

in Figure 11. For comparison, also shown in the Figure (by

the symbols) are experimentally measured S(q) vs. q plots

obtained with neutron scattering[40] techniques. The agree-

ment between simulated and experimentally measured

patterns is very satisfactory across the entire q range. Some

small differences observed in the neighborhood of the
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Figure 9. Intermolecular pair distribution function, g(r), and its
temperature dependence, as obtained from the present MD
simulations with the C128 cis-1,4-PB system, at P¼ 1 atm.
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Figure 10. Intermolecular pair distribution function, g(r), and its
pressure variation, as obtained from the present MD simulations
with the C128 cis-1,4-PB system at T¼ 310 K.
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second peak are attributed to the different microstructure of

the 1,4 PB sample used in the neutron scattering measure-

ments containing a significant proportion of trans and vinyl

units.[1] Figure 11 demonstrates that temperature affects

only the position of the first peak; in contrast, the position of

the second peak remains unchanged with T. By further

analyzing the temperature dependence of the first peak

position, it can be concluded that, as the temperature is

decreased, this shifts towards larger q values (correspond-

ing to smaller characteristic intermolecular distances),

which mirrors the density increase and the tighter packing.

The shift of the first peak position, Qmax, towards lower

values with increasing temperature is demonstrated in

Figure 12, where it is observed that Qmax changes almost

linearly with temperature, in the temperature range studied.

The shift of Qmax under different temperature and

pressure conditions has been investigated by Cailliaux

et al.[6] via neutron scattering and calorimetry measure-

ments on a 1,4-PB sample. According to the arguments put

forward byCailliaux et al.,[6] the position ofQmax is directly

related to the system density, therefore, a sharp change

should be expected in the slope of the curve describing its

variation with temperature near Tg. No such change is

observed here, most probably due to the fact that the lowest

temperature explored (195 K) is well above the correspond-

ing glass transition temperature; this issue will be revisited

in a forthcoming contribution.

Frick et al.[5] have suggested that, if one accepts that the

first peak position reflects to a large extent intermolecular

correlations, then one can deduce a linear thermal

expansion coefficient from the slope of the curve describing

the temperature dependence of Qmax through:

b ¼ 1 Qmax=
� �

@Qmax=@T

� �
P

ð10Þ

Based on such a definition for b, the value for the linear
thermal expansion coefficient obtained from our simula-

tions with the C128 cis-1,4-PB system at T¼ 310 K is

b¼ (4.95� 0.05)� 10�4 K�1. Usually, the value of the

linear expansion coefficient b is smaller than that of the true

thermal expansion coefficient aP calculated from the

volumetric data. Earlier literature data[42] support that

aP 	 3b, while more recent neutron scattering experiments

suggest that aP should be only slightly larger than b.[5,39]

The latter conclusion agrees better with our results.

Pressure effects on S(q) are examined in Figure 13

showing S(q) vs. q plots at three different pressures under

isothermal conditions (T¼ 380K). In qualitative agreement

with the temperature variations described above, as pres-

sure increases (i.e., as density increases), the position of the

first peak, Qmax, shifts to higher values (smaller distances),

while that of the second peak remains unchanged. It is also

observed that with increasing pressure, the height of the first

peak in the S(q) pattern for the C128 cis-1,4-PB system

decreases. To analyze the origin of this behavior, we

calculated the relative contributions to the S(q) vs. q

patterns representing intra- and intermolecular correlations

from our MD simulations at T¼ 413 K using:

Hintra
ij ¼

X2
i¼1

X2
j¼1

xixjfifjX2
i¼1

xifi

 !2
gintraij ;

Hinter
ij ¼

X2
i¼1

X2
j¼1

xixjfifjX2
i¼1

xifi

 !2
ðginterij � 1Þ

ð11Þ

implying that S(q) can be written as the sum of intra- and

inter-molecular contributions:
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Figure 11. The static structure factor, S(q), of the simulated C128

cis-1,4-PB system, as obtained from the presentMD simulations at
T¼ 195 K (solid line) and T¼ 270 K (dashed line), and
comparison with the experimental data (triangles) of ref.[40] at
T¼ 270 K. In all cases, P¼ 1 atm.
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Figure 12. Temperature dependence of the first peak position,
Qmax, in the S(q) pattern for the C128 cis-1,4-PB, atP¼ 1 atm.Also
shown by the filled triangles are the experimental data of ref.[5]

obtained on a 1,4-PB sample.
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SðqÞ ¼ SintraðqÞ þ SinterðqÞ ð12Þ
The results for two different simulation pressures, P¼ 1

atm and P¼ 2.5 kbar, are shown in Figure 14(a) and 14(b),

corroborating that:

. the first peak in the S(q) vs. q profile has significant

contributions from both intra- and intermolecular

correlations; furthermore, its shift to higher q values

with increasing pressure is accompanied by an decrease

in its height.

. the curve representing the intensity of the intramolecular

contribution, Sintra(q), exhibits a monotonic decrease

with q, and is not affected by the pressure. In contrast, the

intermolecular contribution, Sinter(q), exhibits a distinct

peak whose position shifts towards higher q values as the

pressure is raised.

. the shift of the first peak of the intermolecular contri-

bution to higher q values with increasing pressure is

accompanied by an increase in its height, and

. with increasing pressure the position of the peak of the

intermolecular contribution shifts to higher q values, i.e.,

in the regime where the contribution of the intra part is

much smaller, the net result being a decrease in the

intensity of the first peak in the total S(q) vs. q profilewith

increasing pressure.

The intermolecular contribution to the static structure

factor, Sinter(q), can further be separated into contributions

reflecting intermolecular correlations between carbon and

deuterium atoms, as shown in Figure 15. It is observed that

the component of the curve reflecting intermolecular

correlations between carbon atoms, SCCinterðqÞ, exhibits a

peak at around 1.4 Å�1. The position of this peak shifts

towards higher q values as P is increased; simultaneously,

its height increases. The component of the curve reflecting

intermolecular correlations between carbon and deuterium

atoms, SCDinterðqÞ, also exhibits a peak, but a less intense one,
at around 1.4 Å�1, whose position moves again to higher q

values as P is increased.

That the position of the first peak S(q) vs. q pattern shifts

towards higher q values as P is increased (followed by an

increase in its height) is one of themost significant results of

the present simulation study. In fact, similar conclusions

have been very recently reported also by Narros et al.[43]

who investigated the short range order in 1,4-PB with a

chain microstructure composed of 53% trans, 39% cis

and 8% vinyl units, by combining fully atomistic MD
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Figure 13. Pressure variation of the static structure factor, S(q),
for the simulated C128 cis-1,4-PB system as obtained from the
present MD simulations, at T¼ 380 K.

Figure 14. (a) Intramolecular and intermolecular contributions
to the total structure factor, S(q), for the simulated C128 cis-1,4-PB
system atP¼ 1 atm (solid lines) and atP¼ 2.5 kbar (dashed lines).
In all cases, T¼ 413 K. (b) Same as (a) but focusing on the region
(bracketed by the dashed vertical lines) of q values around the first
peak in the S(q) vs. q plot.
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simulations and neutron diffraction with polarization

analysis on isotopically labeled samples. In fact, Narros

et al.[43] found that although the structure factor corre-

sponding to a fully deuterated sample and the partial

structure factor of the fully protonated polymer exhibit their

first main peak at very similar positions (centered at about

1.4 and 1.5 Å�1, respectively), their intensity exhibits

opposite tendencies with varying temperature: in the fully

deuterated sample, the intensity increases somewhat upon

heating whereas in the protonated one it decreases.

Additional results for the pressure dependence of the first

peak position, Qmax, for the simulated cis-1,4-PB system

are reported in Figure 16, demonstrating a linear depend-

ence of its shift with pressure. FollowingCailliaux et al.,[6] a

sharp change in the slope of the curves of Figure 16 would

reveal a transition of the system to the glassy state once

P exceeds a critical value denoted by Pg. Such behavior

has indeed been reported by Cailliaux et al.[6] for the case of

a high molecular weight 1,4-PB sample (MW> 7 000 g �
mol�1) through neutron scattering and calorimetry

measurements when the applied pressure exceeded

Pg¼ 1 400 MPa (for T¼ 295 K). No such critical behavior

was observed in the present simulation studies in the regime

of pressures accessed (and for T� 270 K).

The curves shown in Figure 16 can be further analyzed to

define a microscopic isothermal compressibility, kT,
through:[5] kT ¼ ð1=QmaxÞð@Qmax=@PÞT . The value obtained

for the C128 cis-1,4-PB system at T¼ 310 K is kT¼
(3.70� 0.05)� 10�4 MPa�1. This is more than 2 times

smaller than the corresponding value ((8.60� 0.05)�
10�4 MPa�1) predicted from the simulation data on the

basis of volume fluctuations (see Equation (6)) at the same

temperature.

Guided by the experimental observations of Frick et al.[5]

that the static structure factor of a 1,4-PB system is almost

identical along isochors, Figure 17 shows the variation of

Qmax under different T and P conditions, some of which

have been chosen to correspond to the same system density

(see Table 3). It can be observed that:

. Qmax shifts linearly to higher values with increasing

density, and

. Qmax is practically invariant (within the statistical error of

the simulation results) to isochoric changes (changes in

pressure and temperature along a constant density

thermodynamic path), in full agreement with the experi-

mental observations of Frick et al.[5] and the very recent

studies of Narros et al.[43]

Figure 15. Decomposition of the intermolecular part of the total
structure factor, S(q), for the simulated cis-1,4-PB system to
contributions from carbon-carbon and carbon-deuterium correla-
tions at P¼ 1 atm (solid lines) and P¼ 2.5 kbar (dashed lines)
[T¼ 413 K].

Figure 16. Pressure dependence of the first peak position,Qmax,
in the S(q) pattern for the C128 cis-1,4-PB system at T¼ 310 K
(open triangles) and T¼ 380 K (open squares) plotted together
with the experimental data of ref.[5] (filled diamonds).
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Figure 17. Density dependence of the first peak position, Qmax,
in the S(q) pattern for the C128 cis-1,4-PB system, at different
pressure and temperature conditions.
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E. Free Volume

Taking into consideration that changes in the systemdensity

can be driven either by decreasing the temperature or by

increasing the pressure, analyzing the dependence of free

volume around each polymer atom on temperature and

pressure variations can yield useful information about the

role played by the two thermodynamic variables (pressure

and temperature) on polymer relaxation. Following the

geometric analysis proposed by Greenfield and Theo-

dorou,[44] one can calculate the free volume around a

polymer atom by: (a) conducting a tessellation of space into

Delaunay tetrahedral and considering the center of every

Lennard-Jones (LJ) unit as a point in space [a Delaunay

tetrahedron corresponds to four neighboring atoms sur-

rounding a small ‘‘hole’’ in the bulk polymer]; (b)

increasing the size of each polymer atom to its correspond-

ing van der Waals radius (r ¼ 21=6ðs=2Þ); (c) calculating
the empty space inside each Delaunay tetrahedron. The

unoccupied volume corresponding to each atom is

calculated by summing the unoccupied volumes of all

tetrahedral in which the reference atom participates. The

method has been successfully applied so far in free volume

and excess chain-end free volume calculations within

systems such as poly(propylene),[44] small n-alkane and cis-

1,4-PI oligomer melts[45] and poly(terephthalic ethylester)

glasses.[46]

The free volume around each monomer in the simulated

cis-1,4-PB system as a function of monomer position along

the chain and its variation under isothermal conditions are

reported in Figure 18. Clearly, the distribution of free

volume is symmetric with respect to the chain midpoint.

Furthermore, the free volume around chain ends is signi-

ficantly higher than the free volume around innermonomers

along the chain; this is due to the non-connectivity of chain

ends. Further analysis reveals that in a cis-1,4-PBmonomer,

the free volume around a CH2 group is larger than around a

CH group.

The free volume varies significantly with temperature

and pressure. Figure 19 and 20 show that the total free

volume around a monomer unit, Vg
e , decreases as the tem-

perature is lowered under isobaric conditions or as the

pressure is increased under isothermal conditions, reflect-

ing in both cases the increase in the system density and the

tighter segmental packing. It is also interesting to note that

the slope of the isobaric curve describing the temperature

dependence of total free volume decreases with increasing

pressure: by raising P from 1 atm to 2 kbar (see Figure 19),

the slope decreases by 60%. As far as the variation of free
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Figure 18. Typical free volume distributions as a function of
monomer position along the chain backbone of the C128 cis-1,4-
PB, as a function of pressure (keeping temperature constant).

Figure 19. Temperature dependence of the total free volume
around amonomer unit in theC128 cis-1,4-PB, at different pressure
values. The dashed lines correspond to linear regressions of the
simulation results.

Figure 20. Pressure dependence of the total free volume around
a monomer unit in the C128 cis-1,4-PB, at different temperature
values. The solid line is used as eye guide to mark isochoric
conditions.
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volume with pressure (under isothermal conditions) is

concerned, Figure 19 shows it to change non-linearly,

following practically the corresponding change of specific

volumewith pressure (see Figure 5). In fact, if one plots the

average free volume under isochoric conditions (solid line

in Figure 20), i.e., under different (T, P) conditions that are

characterized by the same density, then a straight line with

slope equal to zero is obtained, undoubtedly demonstrating

that, for a given polymer, the total free volume is solely

determined by its density.

4. Conclusion

We have successfully simulated truly bulk models of cis-

1,4-PB over a broad range of pressures and temperatures

(going down to within a few degrees of its glass transition

temperature) with a multiple time step MD algorithm,

which allowed us to access simulation times of the order of

microseconds. Apart from opening up the way towards

simulating the glass transition phenomenon itself for this

polymer, these microsecond long MD simulations have

allowed us to analyze and obtain useful predictions for the

temperature and (mainly) pressure dependencies of specific

volume, chain characteristic ratio, intermolecular pair

distribution function, static structure factor, first peak

position in the S(q) pattern and free volume around each

monomer unit in a cis-1,4-PB system.

The specific volume was found to vary linearly with

temperature under isobaric conditions, when the reference

pressurevaried from1atm to 3kbar. Furthermore, its pressure

dependence under isothermal conditions was observed to be

accurately described by the empirical Tait equation. The

effect of temperature and pressure on the conformation of the

simulatedpolymerwas also examined through calculations of

the bending and torsion-angle distributions and chain

characteristic ratio; the latter was observed to remain

invariant to temperature and pressure changes.

Structural aspects in the simulated cis-1,4-PB system

were evaluated by calculating the g(r) vs. r and S(q) vs. q

curves under isobaric and isothermal conditions. The first

peak in the S(q) vs. q curve was found to shift to lower

q values as the density of the system was decreased

independently of the thermodynamic path followed

(increase in temperature under isobaric conditions or

decrease in pressure under isothermal conditions). Fur-

thermore, its height was found to decrease when the

pressure was increased.

Simulation predictions for the average free volume

around a monomer unit along a cis-1,4-PB chain showed

it to decrease under either isothermal compression (by

increasing the pressure) or isobaric compression (by

decreasing the temperature) following the change in the

system density in both cases. Different Tand P points along

an isochoric were found to be characterized by exactly the

same (averagevalue of) free volume for the given polymeric

sample.
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