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Abstract

A well-relaxed atomistic configuration of a 32-chain Cyg cis-1,4-polybutadiene (cis-1,4-PB) system has been subjected to long (on the order
of a few microseconds) molecular dynamics (MD) simulations in the NPT ensemble using the united-atom forcefield introduced by Smith et
al. [G. Smith, D. Bedrov, W. Paul, A molecular dynamics simulation study of the alpha-relaxation in a 1,4-polybutadiene melt as probed by the
coherent dynamic structure factor, J. Chem. Phys. 121 (2004) 4961-4967] on the basis of quantum chemistry calculations. This allowed us to
study the temperature and pressure dependences of the Rouse-mode relaxation spectrum of cis-1,4-PB over a wide range of temperature (ranging
from 7=430K down to 165K) and pressure (from P=1atm up to 3.5kbar) conditions. Results are presented for: (a) the time decay of the
autocorrelation function of the normal coordinates (Rouse modes), (b) the single chain intermediate coherent dynamic structure factor, Scon(g, 1),
and (c) the intermediate incoherent dynamic structure factor, Siq.(g, #), for different values of the wavevector g. By mapping our MD simulation
results onto the Rouse model, we have been able to extract a prediction for the zero shear rate viscosity of the simulated cis-1,4-PB system as a
function of temperature and analyze its fragile character. In agreement with our previous MD simulation studies on the same system [G. Tsolou,
V.A. Harmandaris, V.G. Mavrantzas, Atomistic molecular dynamics simulation of the temperature and pressure dependences of local and terminal
relaxations in cis-1,4-polybutadiene, J. Chem. Phys. 124 (2006) 084906-1-11] and in contrast to what is experimentally observed [see, e.g., G.
Floudas, T. Reisinger, Pressure dependence of the local and global dynamics of polyisoprene, J. Chem. Phys. 111 (1999) 5201-5204; C.M. Roland,
R. Casalini, T. Psurek, S. Pawlus, M. Paluch, Segmental- and normal-mode dielectric relaxation of poly(propylene glycol) under pressure, J.
Polym. Sci. Part B: Polym. Phys. 41 (2003) 3047-3052], we predict that pressure and temperature influence practically similarly all normal mode
relaxation times along the simulated C,g cis-1,4-PB chain. Furthermore, our MD simulation results predict a transition from a homogeneous to
a heterogeneous dynamical behavior in the region of wavevectors near the first (intermolecular) peak in the static structure factor, consistently
with recent neutron scattering (NS) measurements [see, e.g., B. Frick, G. Dosseh, A. Cailliaux, C. Alba-Simionesco, Pressure dependence of
the segmental relaxation of polybutadiene and polyisobutylene and influence of molecular weight, Chem. Phys. 292 (2003) 311-323; A. Arbe,
J. Colmenero, B. Farago, M. Monkenbusch, U. Buchenau, D. Richter, Intermediate length scale dynamics in glass forming polymers: coherent
and incoherent quasielastic neutron scattering results on polyisobutylene, Chem. Phys. 292 (2003) 295-309] and previous simulation studies [see,
e.g., J. Colmenero, F. Alvarez, A. Arbe, Self-motion and the alpha relaxation in a simulated glass-forming polymer: Crossover from Gaussian to
non-Gaussian dynamic behavior, Phys. Rev. E 65 (2002) 041804-1-12].
© 2007 Elsevier B.V. All rights reserved.
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glycol) (PPG) have been investigated in the last years through
a number of state-of-the-art experimental techniques such as
neutron scattering (NS) [1-6], dielectric spectroscopy [7-13],
creep and recoverable compliance measurements [14,15] and
time resolved optical spectroscopy[16,17]. Most of these mea-
surements indicate that temperature and pressure exert a stronger
influence on segmental relaxation than on terminal relaxation,
leading to a crossing of the characteristic curves describing the
local and chain relaxation times either at a low enough temper-
ature or at a high enough pressure.

Motivated by these experimental reports, we recently under-
took a systematic study [18,19] of the effects of temperature
and pressure on structural, thermodynamic and relaxation prop-
erties of model cis-1,4-polybutadiene (cis-1,4-PB) systems by
performing long atomistic molecular dynamics (MD) simula-
tions over a wide range of conditions (temperatures ranging
from 430 to 195K, and pressures ranging from 1atm up to
3 kbar). Segmental or local relaxation was investigated in terms
of the dipole moment time autocorrelation function along the
cis-1,4-PB chain while chain or terminal relaxation was probed
by analyzing the time autocorrelation function of the chain end-
to-end unit vector. These studies allowed us to reproduce the
dielectric loss spectrum of cis-1,4-PB under isothermal and iso-
baric conditions, by Fourier transforming the computed dipole
moment time autocorrelation function with respect to time. It
was further verified that the temperature dependence of the
correlation times characterizing segmental relaxation in cis-1,4-
PB follows a Vogel-Fulcher—-Tammann (VFT) behavior while
an Arrhenius-type of equation describes better their pressure
dependence [7-11], in accordance with other simulation stud-
ies [20-21] and experimental measurements [8,10,15,22-28].
However, and in contrast to what is experimentally observed
for other polymers such as PI [7,11,29-31], these MD studies
indicated that segmental and chain relaxations in cis-1,4-PB are
influenced similarly by temperature and pressure variations in
the regime of temperature and pressure conditions accessed in
the MD simulations (temperatures as low as 195 K and pressures
as high as 3 kbar).

The present work complements these studies by extending
the MD simulations for a model Cjsg cis-1,4-PB system to
somewhat lower temperatures (down to 165 K) and by analyzing
also: (a) the time autocorrelation function of each Rouse mode
[32] X, along the simulated Cj2g cis-1,4-PB chain, and (b) the
coherent [33-35] and incoherent [36,37] dynamic structure fac-
tors for different values of the magnitude ¢ of the wavevector.
Our results for the incoherent dynamic structure factor are then
directly compared with available data obtained from NS mea-
surements for the dependence of the incoherent relaxation times
on g. These data [1,4,38—41] support that for values of ¢ corre-
sponding to intermediate length scale dynamics, the relaxation
times scale as 7 ~ g~ ># where B is the stretching exponent of
the Kohlrausch—Williams—Watts (or KWW) function describ-
ing the dependence (for a given value of g) of the incoherent
dynamic structure factor on time. However, as the magnitude g
of the wavevector increases, the scaling of the relaxation times
changes to T ~ ¢~2. The different scaling of the relaxation times
in the low and high ¢ regimes is explained in the literature in

terms of the idea of heterogeneous and homogeneous dynam-
ics [42-44]: the existence of distinguishable spatial regions in
the system gives rise to the appearance of different relaxation
behaviors whose superposition is believed to be responsi-
ble for the KWW character of the corresponding structural
relaxation.

The heterogeneous dynamical behavior is usually linked with
the Gaussian or non-Gaussian character of the Van Hove corre-
lation function [37,39] describing the self-motion of hydrogen
atoms in the polymer under study. For example, recent simula-
tion studies and incoherent NS experimental data for PI [39,40]
support the transition from a homogenous (i.e., Gaussian in
character) dynamical behavior to a heterogeneous (i.e., non-
Gaussian in character) one in the region of g values where the
static structure factor presents its first peak. NS measurements
have also been carried out on PB and PIB samples by Frick
et al. [4] under different pressure conditions, and the transition
from a homogeneous to a heterogeneous dynamical region was
again observed. The experimental measurements of Frick et al.
[4] also indicated that the heterogeneous region becomes wider
as the pressure increases.

Since details of our MD simulation methodology have been
already presented in Refs. [18,19], they will not be repeated here.
We only mention that in the present paper, our MD simulations
with the Cyyg cis-1,4-PB system have been extended to temper-
atures down to 165K and, in some cases, to somewhat higher
pressures (3.5 kbar). Also, in the case of the lower temperatures
studied, we allowed our simulations to run for very long times
(up to 2.5 ws in some cases), which helped us get reliable pre-
dictions for the relaxation of the normal modes as a function
of temperature. The rest of the paper is organized as follows:
Section 2 reports our MD results on the Rouse time relaxation
spectrum along different isobaric and isothermal conditions. In
Section 3, we present results from the analysis of the single
chain intermediate coherent dynamic structure factor, Scon(g, 1),
over the entire range of the simulated temperature and pressure
conditions. Additional results for the incoherent intermediate
dynamic structure factor, Sinc(g, f), are presented in Section 4,
supporting the existence of a transition from a homogeneous to
a heterogeneous dynamic behavior. Section 5 presents our MD
predictions for the characteristic relaxation times of the Rouse
modes of the simulated system as a function of temperature and
how they can be exploited in the framework of the Rouse model
in order to estimate the zero shear rate viscosity of cis-1,4-PB
(also to verify its fragile character). The paper concludes with
Section 6 presenting a summary of the major findings of the
present simulation study.

2. The Rouse-mode relaxation spectrum

Parts a and b of Fig. 1 present typical plots of the time
autocorrelation function (X, (#)-X,(0))/ (Xp(0)2> corresponding
to the 4th and 8th normal coordinate X, of the Rouse model
[32] (p=4 and 8), respectively, as obtained from the present
atomistic MD simulations along different isothermal or isobaric
paths, in a linear-log plot. According to the Rouse model, the
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Fig. 1. Time autocorrelation function of: (a) normal mode p=4 at different
temperatures along an isobar, and (b) normal mode p =8 at different pressures
along an isotherm, as obtained from the present MD simulations with the Cj3
cis-1,4-PB system. The lines represent the best fits to the simulation data with a
KWW function, Eq. (3) in the main text.

normal coordinates X, p=0, 1, 2, ..., N— 1, are defined as

N
X, = 2Ry ¢y
=1

where £2,,, are the elements of the orthogonal matrix £ given
by

Qup = @

2=8p0 (((n - 1)/2)1971)
N N

and R, (1), n=1, 2, ..., N, the position vector of the n-th chain
bead along the chain. Each X,, represents the dynamics of the
chain which includes N/p segments. As shown in Fig. 1, the
obtained simulation curves are accurately fit with stretched expo-
nential (or KWW) functions of the form:

/SP
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Fig. 2. Temperature dependence of the relaxation time t{ for different Rouse
modes, as obtained from the present MD simulations (symbols) with the Cjzg
cis-1,4-PB system. The lines denote the best fits to the simulation data with a
VEFT function, Eq. (5) in the main text.

with rﬁww and pB” being the characteristic relaxation time
and stretching exponent parameters, respectively, and A(p) the
amplitude; the latter is introduced in order to account for the fast
relaxation of the normal modes at subpicosecond time scales
(t<1-2ps), and its best-fit value was found to be a number
between 0.8 and 1. The stretching parameter 8 was observed
to vary not only with 7 and P but also with p: in agreement with
previous MD simulations [18,34,45], its value increases with
increasing temperature or decreasing pressure, and decreases
with increasing p (corresponding to more localized motions).
For example, at =310 K and P =1 atm, 87 decreases from 0.85
to 0.54 as p increases from 1 to 64.

From the fitted tkwy and B values, one can calculate the
total correlation time, tZ, characterizing the relaxation of the
p-th normal mode through:

ray/gre

= %Tﬁww )
whose variation with temperature (at P =1 atm) for a number of
p values is shown in Fig. 2. As p increases, the normal mode
describes the dynamics of a shorter part along the Cjog cis-1,4-
PB chain; thus, the relaxation times presented in Fig. 2 cover the
entire range of length scales: the terminal relaxation (obtained
for p=1), the relaxation at intermediate length scales (corre-
sponding to p values equal to 4, 8, and 16), and the segmental
relaxation (obtained for p =32 or 64). The dashed lines shown
in the same figure indicate that, for all normal modes p, the tem-
perature dependence of t¢ is captured quite well by a modified
VEFT function [46]:

» » DrT
e 5)
0

Here, D? is a dimensionless parameter and Té’ a characteristic
temperature also known as the “ideal” glass transition or Vogel
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Values of the VFT equation parameters that best fit the simulation results for the
normal mode relaxation, Eq. (5) in the main text

Normal mode, p log(ré’) (ns) Dr T(f (K)
1 525+ 0.20 —44 4+ 04 106 £+ 8
4 5.05 + 0.05 -3.1+£0.1 114 £ 2
8 6.02 + 0.05 —34+0.1 114 £ 2

16 6.75 + 0.05 -35+£0.1 114 £ 2

24 7.22 £ 0.05 —3.7 £ 0.1 110 £ 2

32 7.44 + 0.05 —-38 £ 0.1 109 £ 2

64 7.83 £ 0.05 -39 £+ 0.1 109 £+ 2

temperature. Table 1 lists the best-fit numerical values of ‘1167 , DP
and TOP as a function of normal mode number p.

According to several experimental studies with different
polymer systems, the temperature dependencies of their seg-
mental and terminal relaxation are indeed described by a VFT
function [14,15,27]. However, the experimental data also indi-
cate that the two relaxation times should “freeze” at different
Vogel temperatures, so their curves should cross at a tempera-
ture somewhat higher than the glass transition temperature (7).
Consistently with our previous simulation studies [18], but in
contrast to these observations for other polymers, the curves
shown in Fig. 2 and the reported data in Table 1 support that (in
the temperature range covered by the present MD simulations)
temperature exerts almost the same influence on all relaxation
times (terminal, intermediate and segmental) along a cis-1,4-PB
chain. On the other hand, the estimated Top values in Table 1
imply that the normal coordinates characterizing intermediate
length scales (p =4, 8, 16) should “freeze” at T/ = (114 £ 2)K,
a value which decreases somewhat (it drops to (109 £2) K)
as p increases. This does indicate a somewhat lower “freez-
ing” temperature for the segmental relaxation as compared to
less localized motions but the difference is too small to sup-
port that the curves of the corresponding relaxation times will
certainly cross at a temperature higher than the glass transition
temperature () of the simulated cis-1,4-PB system.

Fig. 3 presents the pressure dependence of the relaxation
times along two different isothermal paths (corresponding to
T=310K in Part a, and to T=413 K in Part b of the figure), in
a log-linear plot. Results are again presented for a number of p
values covering all characteristic length scales (from the end-
to-end to the monomer scale). The calculated relaxation times
tf are observed to increase exponentially with increasing pres-
sure. Such a dependence, which is in excellent agreement with
experimental observations [7-10,16,30], allows us to extract a
prediction for the corresponding activation volume A V? through

dlog(z?
AVP = 2.303RT<Og(TC)> 6)
P ),

and analyze its dependence on normal mode number p under
different isothermal conditions. The results obtained (see also
Table 2) show that, for a given temperature, the value of AV
is practically insensitive to the p value, except perhaps for the
highest (p = 64) mode, suggesting a somewhat smaller pressure
effect on the segmental relaxation. So, overall, we can say that in
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Fig. 3. Pressure dependence of the relaxation time t{ for different Rouse modes,
as obtained from the present MD simulations (symbols) with the Cj2g cis-1,4-PB
system at: (a) 7=310K and (b) T=413 K. The dashed lines represent the best
exponential fits to the simulation data.

the range of pressures covered in these MD simulations [1 atm,
3.5 kbar], pressure exerts almost the same influence on the entire
normal mode relaxation spectrum. On the other hand, AV? is
seen to increase with decreasing temperature, which agrees with

Table 2
Computed values of the activation volume AV? for different Rouse modes, at
two different temperatures

AVP (cm® mol™!) Normal mode, p

T=310K T=413K
- 195 £ 1.5 1
20.0 £ 0.5 185 £ 0.5 2
205 £ 0.5 175 £ 0.5 4
185 £ 0.5 17.0 £ 0.5 8
19.0 £ 0.5 175 £ 0.5 12
16.7 £ 0.5 14.8 £ 0.5 16
153 £ 0.5 150 £ 0.5 24
150 £ 0.5 14.8 £ 0.5 32
92+ 05 9.6 £0.5 64
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reported literature data [7]. Furthermore, the values extracted
from our MD simulations here are noticeably larger than those
reported in Ref. [18] but in very good agreement with the values
of AVP [35-19 cm? mol 1] reported by Kirpatch and Adolf [16]
for cis-1,4-PB samples in the temperature range [303-323 K].

3. Single-chain intermediate coherent dynamic
structure factor, S¢on(q, )

Neutron scattering experimental techniques probe the relax-
ation of chain-like systems through measurements of the
dynamic structure factor S(g, t) of the system [32,37] defined
according to

1
S(g. 1) = NZ(eXP[iq - (Ra () — Ry (0)]) (N

n,m

where q denotes the scattering vector whose magnitude is equal
to g = (4m/A) sin(6/2) where A is the wavelength of the radiation
and 6 the scattering angle, and R,,(?) the position vector of chain
segment n along the chain at time ¢. From Eq. (7) it is obvious
that one can explore the entire spectrum of relaxation times for
a given polymer by changing the magnitude g of the scattering
vector q: small ¢ values (usually 0.01 < ¢ <0.1 A~1) probe the
overall chain (or terminal) relaxation, while larger g values (usu-
ally 1 <g<5A~") probe the dynamics at shorter length scales
(segmental or local relaxation).

MD simulation results are directly comparable to available
NS data since the vector R,()-R,,(0) that appears in Eq. (7)
is readily available from the atomistic MD runs. Following the
methodology described in Refs. [33,34], the normalized single-
chain coherent dynamic structure factor S¢on(g, #) is obtained
through:

Z Sin[g Ry (1)1/qRum (1)

Scon(g, 1) = .1 == ®)
S(qv 0) Z sin [gRum 0)] /anm ()

where R, denotes the magnitude of the vector R, (f)-R,;,(0)
with n £ m. Scon(g, t) has been calculated for a wide range of ¢
values ranging from 0.1 to 3.5 A~!, corresponding to cis-1,4-PB
relaxation over all possible length scales (terminal, intermediate
and local). Fig. 4 presents the obtained Scon(g, ) curves for
q=0.4 at T=413 K, and for two different pressures (P=1atm
and 3 kbar). The dashed lines in the same figure denote the best
fits to the Scon(g, #) data with a KWW function:

ﬁcoh
t
Scon(q 1) = Acon(q) exp | — <q> ©)
TKWW,coh

where again Acon(q), ‘L'I%WW’ coh and ﬂgoh denote the correspond-
ing characteristic amplitude, relaxation time and stretching
exponent parameters, respectively. Consistently with the values
of B? extracted in Section 2 from the KWW fits to the time decay
of the autocorrelation functions for the normal modes, the val-
ues of B2, are found to change smoothly with pressure, showing
also a tendency to decrease with increasing g. For example, for
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Fig. 4. Plots of the normalized single-chain intermediate coherent dynamic
structure factor, Scon(g, f), as obtained from the present MD simulations (sym-
bols) for g=0.4A~" at two different pressures (1atm and 3 kbar) along an
isotherm (7=413 K). The dashed lines represent the best fits to the simulation
data with a KWW function, Eq. (9) in the main text.

T=413K and P =3 kbar, the value of ﬁgoh decreases from 0.70
to 0.45 as g increases from 0.2 to 2.0. These values are similar to
those calculated by Smith et al. [21] for arandom 1,4-PB copoly-
mer sample by fitting MD simulation results for Scon(g, ) also
with a KWW function. More precisely, the value 0.617 £ 0.012
at g=1.44 A= is very close to the value 0.65 %+ 0.01 obtained
here for g=1.4A~!, at T=413K and P=1 atm.

Fig. 5, on the other hand, shows the variation of the
total (correlation) time, rCCOh(q), corresponding to a particu-
lar g value (as extracted from an equation similar to Eq. (4)
above) with pressure, at 7=413 K. Results are shown in the
figure for: ¢=0.2 A~! (corresponding to terminal relaxation),
g=0.3-1.0 A= (corresponding to the relaxation of intermedi-
ate length scales), and ¢> 1.0 A~! (corresponding to segmental
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Fig. 5. Pressure dependence of the relaxation time rg"h for different g values, at
T=413 K (symbols). The dashed lines correspond to the best exponential fits to
the simulation data.
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Table 3
Computed values of the activation volume AV for different wavevectors ¢, at
T=413K

g (A1 AV4 (cm?® mol 1)
0.2 230+ 0.5
0.3 19.5 4+ 0.5
0.4 205+ 0.5
1.0 21.0 £ 0.5
12 1854+ 0.5
1.8 16.5 + 0.5
26 90+ 05

relaxation). The computed relaxation times rCCOh(q) are found
to increase exponentially with increasing pressure, with charac-
teristic activation volume A VY values (obtained though a direct
application of Eq. (6)) as listed in Table 3 (at T=413K). A
direct comparison with the data of Table 2 for the relaxation
spectrum of the Rouse times confirms again that pressure exerts
practically the same influence on all characteristic relaxation
times. We also observe that in the temperature range between
310 and 430K, and independently of the magnitude of the
wavevector g considered, AV increases with decreasing 7. For
example, for g=0.4 A1, its value increases from (17£1) to
(24 4+ 1) cm? mol ! as the temperature is decreased from 430 K
down to 310 K, in excellent agreement with reported experimen-
tal data in the literature [16].

4. Single-chain intermediate incoherent dynamic
structure factor, Si,c(q, )

As already mentioned above, recent NS measurements
[38—41] have indicated that when the self-motion of the protons
inapolymer chainis studied over an extended range of g values, a
crossover from a Gaussian to a non-Gaussian dynamic behavior
is observed. Indeed, for ¢ values approximately less than 1 A~!,

the relaxation times are measured to scale as ré“c(q) x q_z/ Binc
(where ,B?HC is the stretching exponent of the corresponding
KWW function) in accordance with the Gaussian picture of
chain relaxation. However, as the range of wavevectors ¢ is
extended to larger values (>1.5A~!) probing more localized
motions, a change in the slope is observed with the relax-
ation times following a different scaling law: ri“c(q) x g 2.
The crossover is located in the region of wavevectors where
the static structure factor S(g) presents its first or intermolecular
peak (for most polymers, this is at about 1-1.5 A=) and it is
attributed to a dynamical heterogeneity, according to which, the
presence of spatially localized fast and slow regions gives rise
to different, dynamically distinguishable behaviors[43,44,47].
Deviations from the Gaussian form of the self-part of the van
Hove correlation function are often used as evidence for such a
dynamical heterogeneity.

Theoretically, incoherent NS data are analyzed in terms of the
intermediate single chain incoherent scattering function, Sinc(g,
1), obtained by taking n=m in Eq. (7):

1
Sinc(q. 1) = NZ(GXP[iq - (Ry (1) = R, (0))]) (10)

n

1.0 -f—

N T=310K,P=1atm
N B g=04A"
q ;i
0.8 A‘Q ® =08A"
‘Q ® g=12A"

Sinc(@0

1E-4 1E-3 0.01 0.1 1 10 100
time, t (ns)

Fig. 6. Plots of the normalized intermediate incoherent dynamic structure factor,
Sinc(g, 1), as obtained from the present MD simulations (symbols) for different
g values, at P=1atm and T=310K. The dashed lines represent the best fits to
the simulation data with a KWW function, Eq. (9) in the main text.

Due to the different scattering cross sections of hydrogen and
carbon atoms present in the system, what is actually measured
in incoherent NS experiments is the self-motion of the protons.
This means that a direct comparison of MD simulation results
and incoherent NS experiments is possible only if hydrogen
atoms are explicitly present in the MD trajectories. Since our
atomistic model is a united-atom one, to make such a compar-
ison possible hydrogen atoms should be explicitly considered;
this can be done by a posteriori placing them at their correct
positions along the chain backbone following (for example) the
methodology outlined in Ref. [34]. Typical plots of the Sic(q, 1)
functions extracted by such a methodology are reported in Fig. 6.
The results have been obtained for three values of the wavevector
q(=0.4,0.8and 1.2 A’l) at T=310K and P =1 atm, by means
of Eq. (10) for each hydrogen in the simulated system. Simi-
larly to the S¢on(g, ) curves, the decay of the Sinc(g, f) curves is
described quite accurately by a KWW function of the form of
Eq. (9); Eq. (4) can then be used to compute the corresponding
correlation times té“c(q). Here, it is important to note that, in
most experimental studies, the value of the stretching exponent
B . used to fit the obtained spectra is taken to remain constant for
all g values explored; for example, Frick et al. [4] fitted NS data
with a KWW function by considering ,Biqnc to be fixed, equal
to 0.45 (a value also close to other NS and DS experiments).
Here, we allowed ﬂiqnc to vary with ¢ in order to optimize the
KWW fits of our MD data; the results obtained are discussed
in Fig. 7 where the parameter ﬁiqnc is plotted against g for two
different pressures (P=1atm and 1.5 kbar) along an isotherm
(T=430K). Clearly, iqnc varies significantly with g [36,48,49].
The data presented in Fig. 7 also indicate that upon increasing
the pressure, the value of ,Biqnc decreases slightly.

The dependence of the total correlation time 7" on g under
different isothermal and isobaric conditions is shown is Fig. 8.
Part a of the figure depicts the variation of ré“c with tempera-

mnc

ture along an isobar, while Part b presents the variation of t

inc
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Fig. 8. g dependence of the relaxation time ré“c as obtained from the present

MD simulations (symbols) at: (a) two different temperatures along an isobar,
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. q .
guides for the eye to depict the regions were 7."°(g) qu/ Pine and ()
q2, respectively.

with pressure along an isotherm, in a log—log plot. The dashed
lines in the figure correspond to the power laws ré"c (@) < g2
(high g region) and 7i"(¢) o ¢~ (low g region) and have been
added as guides for the eye. The parameter y shown in the
latter scaling corresponds to y =2/(Binc), With {Binc) denoting
the average value of ﬂiqnc in the low and intermediate length
scales ({Binc) ~ 0.55 £ 0.60, depending on the temperature and
pressure conditions).

Our simulation results are clearly in support of the transition
observed in NS experimental measurements from a dynamically
homogeneous region in the low g to a dynamically hetero-
geneous one in the high g region. In all cases, the transition
is located near 1.2-1.4 A~!, which is exactly the regime of
wavevectors where the first peak shows up in the S(g) versus
q plot for the simulated cis-1,4-PB system and the given tem-
perature and pressure conditions (see, e.g., Figs. 12 and 16 of
Ref. [19]).

In a recent experimental study, Frick et al. [4] observed that
the region of the heterogeneous dynamical behavior is becoming
wider as the pressure is increased. This is not entirely obvi-
ous in Fig. 8b here, but clearly additional MD simulations at
considerably higher pressures are needed to elucidate this point
further.

5. Chain relaxation and zero shear rate viscosity

According to the prediction of the Rouse theory [32], the
relaxation times corresponding to each normal mode p should
scale withp as 7, = ‘L’1/p2 where 71(=tR) is the Rouse or longest
chain relaxation time. Fig. 9 depicts how the ratio of p2~rp/rl
scales with p. The relaxation times 7, have been calculated
through the procedure explained in Section 2; i.e., they cor-
respond to correlation times t¢ defined through Egs. (3) and
(4). If the Rouse scaling is true then all curves shown in Fig. 9
should fall on the same line corresponding to pz-rp/rl =1. The
situation is a little different: our MD-based computed relaxation
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Fig. 9. Scaling of pz-rp/r 1 with mode number p as extracted from our MD
simulations at different temperatures. The lines correspond to the cases where
pz-r,,/rl =1 (based on the formal Rouse theory), and pz-‘[p/fl =0.7.
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Fig. 10. Decay of the time autocorrelation function (Xp(t)-XP(O))/(Xp(O)Z) for
the modes with p=1, 2,4 and 6, at T=195K and P=1 atm.

times are found to deviate from the Rouse scaling in the sense
that the value of the dimensionless quantity pz-rp/rl depends
slightly on mode number p and it is always less than 1. It is
interesting, however, to note that overall, pz-rp/rl attains a con-
stant value equal to 0.7 for all modes (except perhaps for the
2nd or the 3rd), over the entire space of temperatures (above
and below the melting point, Ty, =270 K) examined. That is, to
a very good approximation, the Rouse mode relaxation times
as obtained from the KWW fittings of the time autocorrelation
functions (X, (1)-X,,(0))/ (XP(O)Z) obey a scaling law of the form
pz-rp/rl =(.7. This is a very significant result because it can be
used to extract the Rouse (or longest relaxation) time of the sim-
ulated cis-1,4-PB system even at temperatures close to the glass
transition regime (where 71 attains values which are almost three
to four orders of magnitude larger than those that can be accessed
by MD simulations—a few microseconds in the best case) by
observing the relaxation of the higher modes which relax much
faster (on time scales that can be tracked by a brute force appli-
cation of the MD method for a few microseconds, as is the case
here). For example, Fig. 10 presents the time decay of the auto-
correlation function (Xp(t)-Xp(O))/(Xp(O)z) forp=1,2,4and 6
at T=195K and P =1 atm. Clearly, in the time span of the MD
simulation (2.5 ws), the relaxation of coordinates with p=1 and
2 is incomplete; however, that of the coordinates with p =4 and 6
is complete (the corresponding values of (X,()-X,,(0))/ (Xp(O)z)
for these modes indeed fall to zero after 2.5 ws). Then, by using,
pz-rp/rl =(.7, one can get a reliable prediction for ;. Such a
methodology is more accurate to follow compared to the usual
practice in the literature (where one tries to get a prediction for
71 by extrapolating directly the function (X,(¢)-X,,(0))/ (Xp(O)z)
for p=1 to zero, which can lead to totally erroneous estimates
for 71) and should be preferred.

Following the above methodology, in Fig. 11 we present the
predictions (closed symbols) for the longest relaxation time 71 of
the cis-1,4-PB system, also for temperatures less than 225 K (for
temperatures above 225 K, the relaxation times have been calcu-
lated directly from our simulation data following the procedure
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Fig. 11. Temperature dependence of the longest (Rouse) relaxation mode, 71,

as obtained from the present MD simulations with the Cjog cis-1,4-PB sys-
tem. For temperatures 7> 225 K, the values 7| have been obtained directly from
the decay of the time autocorrelation function for the 1st mode. For tempera-
tures 7<225 K, the values of 71 have been obtained indirectly from the decay
of the time autocorrelation function of the intermediate modes using also that
pz-rp/rl =0.7 (closed symbols). The two open symbols are the estimates for 7|
based on the scaling of the formal Rouse theory (namely that p2~rp/r 1=1 for
all mode numbers p). The line denotes the best fit to the simulation data with a
VEFT function, Eq. (5) in the main text.

described in Section 2). The two open symbols in the same figure
are the estimates that one would have obtained for 7 at =195
and 180 K if the Rouse scaling had been assumed (i.e., if, instead
of p-7,/71 = 0.7, we had assumed that p?.7,/; = 1). The corre-
sponding best-fit parameter values of the modified VFT function
that the Rouse relaxation times t; should obey (dashed line
in Fig. 11) are then obtained to be: log(tg) =5.98 = 0.05 (ns),
D=—-4940.1, To=(98 £ 2) K. These should be compared to
those obtained by directly analyzing the time decay of the cor-
responding autocorrelation function at higher temperatures (see
Table 1): t1 is now predicted to “freeze” at To=(98 £ 2) K, i.e.,
at a temperature which is only 6 K lower than what had been pre-
dicted before. This is a very interesting result, indicative of the
internal consistency of the analysis of our simulation data (with
the modified VFT function) on the basis of a reliable procedure
for extracting 71 at low enough temperatures from the relax-
ation of the intermediate normal coordinates, which overcomes
the inaccuracies of previous approaches (involving dangerous
extrapolations of the time autocorrelation function for the first
mode itself by several orders of magnitude in time).

The reliable estimation of the Rouse relaxation time at low
enough temperatures offers us the opportunity to make also a
reliable estimate of a very important rheological parameter, that
of the zero shear rate viscosity,ng, of the simulated polymer.
Indeed, according to the Rouse theory, the value of t1, controls
the value of 5o for an unentangled polymer (such as the Cjag
cis-1,4-PB simulated here) through the following relation [32]:

_ 7 pRT an
no = 2 M 71



192 G. Tsolou et al. / J. Non-Newtonian Fluid Mech. 152 (2008) 184—194

110

B P=latm
1.05 4,
~
j SN
42 1.00
-~ 4 ey o~
39 | § "'-._‘_
o 095 - h 8 = S
& ! g
- - ~ —
= ==
£ 090 n.
-
| S
“m
0.85 u
0.80 r T T T T T T T T T T T

100 150 200 250 300 350 400 450
Temperature, T (K)

Fig. 12. Temperature dependence of the system density as obtained from our
MD simulations with the Cjog cis-1,4-PB system at P =1 atm. The dashed lines
represent the best linear fits to simulation data before and after the break in the
slope at the lowest temperatures. From the crossing of the two lines the glass
transition temperature is estimated to be equal to 7y =166 K.

where p denotes the system density and M the molecular weight
of the unentangled system. The temperature dependence of the
density of the simulated system at P =1 atm is shown in Fig. 12.
In this plot, we have also included density predictions from addi-
tional MD simulation runs at temperatures as low as 125 K. The
simulation data depicted in Fig. 12 demonstrate a change in the
slope of the line describing the temperature dependence of p for
a temperature which is around at 166 K; this is the temperature
where the glass transition for the simulated cis-1,4-PB system
should therefore be assigned on the basis of the present MD
predictions for the temperature variation of its density.

The corresponding predictions for the zero shear rate vis-
cosity of the simulated Cy»g cis-1,4-PB system are illustrated
in Fig. 13. The results are shown as a function of the inverse
temperature (1/7) in a log-linear plot. Also shown in the fig-
ure with the open symbols are the estimates that one would have
obtained for ng at 7= 180 and 195 K if, instead 0fp2~rp/rl =0.7,
we had assumed that p2~r,,/ 71 =1. The temperature depen-
dence of ng is captured quite well by a modified VFT function
(dashed line in Fig. 13) with best-fit parameter values equal to
log(no)=(7.2+0.01)(Pas),D=(—3.6+0.1),To=(110+ 1) K,
indicative of the fragile [50,51] character of the cis-1,4-PB poly-
mer. On the basis of rheological experiments, T is defined as
the temperature where 19 ~ 10'2 Pas. According to the data pre-
sented in Fig. 13 and the best-fit VFT function parameters, this
value for the simulated Cjpg cis-1,4-PB system is obtained for
a temperature close to 135 K. Based on this result as well as
on our prediction for the break in the slope of the temperature
variation of the density of the simulated system discussed in
the previous paragraph, we conclude that our estimation for the
glass transition temperature T of the simulated Cy2g cis-1,4-PB
system is that it lies between 135 and 166 K. This is in excellent
agreement with reported literature data for the glass transition
temperature of 1,4-PB systems [52,53].
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Fig. 13. Temperature dependence of the zero shear rate viscosity ng of the sim-
ulated Cjpg cis-1,4-PB system, as calculated through Eq. (11). Closed symbols
represent the values of 1o extracted by estimating the Rouse relaxation time
through p2~rp/r1 =0.7. The two open symbols, on the other hand, represent the
estimates for ng if 71 had been calculated according to the Rouse theory scaling,
namely that p2~rp/r1 =1 for all coordinates p. The dashed line denotes the best
fit to the simulation data with a VFT function, Eq. (5) in the main text.

In the literature, a measure of the fragile character of a sub-
stance is provided by the fragility index m [54] defined through:

_d log(t1)

_ _ dlog(mo)
d(Ty/T) |7y,

12
d(Ty/T) |7y, (12)

A direct calculation of the fragility index for the C1sg cis-1,4-
PB system based on the data presented in Figs. 11 and 13 and the
estimate for the glass transition temperature obtained from the
temperature dependence of the zero shear rate viscosity (i.e.,
T, ~ 135K) gives a value of m equal to 130. In the literature
[54,55], typical values for the index m of a number of random
copolymer systems of 1,2-PB and 1,4-PB range between 84 and
133 (depending on their composition, i.e., on the relative fraction
of cis and trans content).

6. Summary and conclusions

We have investigated the relaxation behavior of a Cyag cis-
1,4-PB system over its complete spectrum of characteristic
length scales (terminal, intermediate and segmental) through
long, atomistic MD simulations in an extended range of tem-
perature (from 430 K down to 165 K) and pressure (from 1 atm
up to 3.5 kbar) conditions. By denoting each CH; and CH unit
present in the cis-1,4-PB system as a different Rouse bead and
analyzing the long atomistic MD trajectories at different ther-
modynamic conditions, we first explored the temperature and
pressure dependence of the relaxation times assigned to differ-
ent Rouse modes. In agreement with experimental observations
and other simulation results, the temperature dependence for all
modes was seen to follow a VFT behavior while an Arrhenius
behavior was seen to describe their pressure dependence. From
the slope of the lines representing the pressure dependence of
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the Rouse relaxation times, the activation volume A VP was cal-
culated and found to be in remarkable agreement with reported
experimental measurements [16].

In a second step, we calculated the single chain intermediate
coherent structure factor Scon(g, t) along different isothermal
and isobaric conditions. By fitting the simulated curves with a
KWW function, a relaxation time was assigned to a number
of values of the wavevector ¢ analyzed. From the slope of the
curves describing the pressure dependences of this relaxation
time, the activation volume AV? was calculated and analyzed
as a function of g; AV? was found to be almost identical to the
corresponding AV? value from the normal mode analysis.

Our MD simulation results were next compared to available
incoherent NS experimental data. To this end, hydrogen atoms
were introduced along the chain in the atomistic trajectories
and their self-motion was explored through calculations of the
single chain incoherent structure factor Sjnc(g, ) for different
q values, and also as a function of temperature and pressure.
By fitting the simulated Sinc(g, ?) curves with a KWW func-
tion, the relaxation times corresponding to different g values
were computed. By plotting them as a function of ¢, a transi-
tion from a homogeneous to a heterogeneous dynamic behavior
was revealed. Consistently with previous studies and experimen-
tal measurements, this transition was seen to be located at the
region where the static structure factor, S(g), presents its first
peak (around 1.2-1.4 A‘l) [6,40,56]. The g dependence of the
incoherent relaxation times along different isobaric conditions,
up to P=3.5kbar, did not confirm the experimental observa-
tion [4] that heterogeneous region is expanded towards lower ¢
values as the pressure is increased.

In the last stage of this work, a methodology was presented
which allowed us to extract reliable predictions for the longest
or Rouse relaxation time and the zero shear rate viscosity of
the simulated system at temperatures around its glass transition
region. Our MD simulation results support that the characteristic
normal mode spectrum of relaxation times deviates slightly from
the scaling formally suggested by the Rouse theory in the sense
that the dimensionless ratio p?- Tp/T1 isnotequal to 1 for all mode
numbers p but depends slightly on p attaining values close to 0.7
for most of the modes. By assuming that the same scaling is also
followed at the lowest temperatures, we managed to calculate
first the Rouse time and then the zero shear rate viscosity near
the glass transition temperature. Both g and ng were observed
to follow a VFT behavior revealing the fragile character of the
cis-1,4-PB polymer. An estimation for the fragility index m of
the simulated cis-1,4-PB system was also reported.
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