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Abstract

The range of validity of the Rosenfeld and Dzugutov excess entropy scaling laws is analyzed
for unentangled linear polyethylene chains. We consider two segmental dynamical
quantities, i.e. the bond and the torsional relaxation times, and two global ones, i.e. the
chain diffusion coefficient and the viscosity. The excess entropy is approximated by either a
series expansion of the entropy in terms of the pair correlation function or by an equation of
state for polymers developed in the context of the self associating fluid theory. For the
whole range of temperatures and chain lengths considered, the two estimates of the excess
entropy are linearly correlated. The scaled bond and torsional relaxation times fall into a
master curve irrespective of the chain length and the employed scaling scheme. Both
guantities depend non-linearly on the excess entropy. For a fixed chain length, the reduced
diffusion coefficient and viscosity scale linearly with the excess entropy. An empirical

reduction to a chain length-independent master curve is accessible for both dynamic
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quantities. The Dzugutov scheme predicts an increased value of the scaled diffusion
coefficient with increasing chain length which contrasts physical expectations. The origin of
this trend can be traced back to the density dependence of the scaling factors. This finding
has not been observed previously for Lennard-Jones chain systems (Macromolecules 46
(2013) 8710-8723). Thus, it limits the applicability of the Dzugutov approach to polymers. In
connection with diffusion coefficients and viscosities, the Rosenfeld scaling law appears to
be of higher quality than the Dzugutov approach. An empirical excess entropy scaling is also
proposed which leads to a chain length-independent correlation. It is expected to be valid

for polymers in the Rouse regime.

1. Introduction

The difficulties in the direct calculation of transport properties of soft matter
systems have triggered the development of alternative techniques for their estimation. One
route is based on establishing relations between dynamic properties, on the one hand, and
structural or thermodynamic parameters, on the other [1-10]. Several phenomenological
structural correlations on the basis of intuitively selected combinations of macroscopic
quantities have been employed successfully in this context [2,3,11-13]. A possible way for
correlating transport and structural properties is the adoption of the excess entropy as
representative structural parameter. The excess entropy scaling law proposed by Rosenfeld
[9,10] has been one of the first useful attempts which has inspired further developments in
the field. The most prominent extensions are the Dzugutov [5] and the Bretonnet [7,8]

excess entropy scaling laws.

Rosenfeld developed his scaling law on the basis of arguments that provide a
macroscopic description of soft matter systems [9,10]. The derivation of the reduction

parameters is based on the assumption that the characteristic length- and time-scales of
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dynamic processes in simple monoatomic systems can be related i) to the mean interparticle
distance [, | = p~/3 where p is the atomic number density, and ii) to the average thermal
velocity of the atoms uy,, Uy = +/kgT/m where kg is the Boltzmann constant, T the

temperature and m the atomic mass. With the help of theses guantities, we observe the

following Rosenfeld (Ros) scaling for the diffusion coefficient, D, and viscosity, n:

D, = me/‘/kBT/m and g, =np’2/3/1/kaT. The final Rosenfeld entropy scaling

expressions read D, =0.6exp(0.8S_ ) andng,, = 0.2exp(-0.88€x). The parameter Sgy

is the excess entropy per atom normalized by the Boltzmann constant. Thus, it is
dimensionless. Rosenfeld’s scaling has gained much attention because it can be adapted
easily for systems of experimental interest [14-20]; the reduction parameters depend on

quantities whose estimation is simple and direct.

Dzugutov's (Dz) scaling constitutes an alternative excess entropy scaling formulation.
Its derivation is based on two arguments; for short time-scales the momentum and energy
transfer is dominated by short-range repulsive interparticle interactions which can be
described approximately as collisions between hard spheres. It conveys the microscopic
picture that each atom is “trapped” within a cage formed by its immediate neighbors. The

characteristic time-scale of this process is the collision frequency of an atom with its

surrounding cage, I's, which is given by I'y =4r. g, (1., )py/7k;T/m. Here 1, is the
distance at which the first maximum in the pair correlation function g, appears, i.e.
g, (rmax)- For longer times, all dynamic processes are influenced by the relaxation rate of
the cage; this rate is proportional to the number of accessible configurations per atom, i.e.
to the exponential of the excess entropy. These considerations form the basis of the
Dzugutov scaling which reads Dp, = D/(r2,.xk) = 0.049exp(S,). The parameter S, is the
pair entropy per atom normalized by the Boltzmann constant. In the original publication [5],

the reduction parameters of the Dzugutov scaling have been derived for a hard sphere
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system. The selection of an appropriate mapping scheme for fluids with both repulsive and
attractive interactions onto an equivalent hard sphere description improves the quality and
range of validity of this scaling law [21]. We see, that typical time-scales in the Dzugutov
approach can be related to dynamic phenomena in polymer physics, such as reptation.
When compared to Rosenfeld, the Dzugutov scaling employs only the pair excess entropy
and not the total excess entropy of the system. Moreover, the reduction parameters
characterize the microstructure of the system and not its overall macroscopic state. It has

been shown [23,24] that the Dzugutov scaling is globally less accurate than that of Rosenfeld

for short hard sphere and Lennard-Jones chains. The former scaling is only linear over a

restricted range of the excess entropy around -2.5. In the case of hard sphere chains and

alkanes, the Dzugutov scaling depends not only on excess entropy but also on a size

parameter [24].

The Rosenfeld and Dzugutov excess entropy scalings have been proposed for simple
monoatomic systems without internal architecture. In subsequent studies, the validity of the
excess entropy scalings has been examined in a variety of physical systems of higher
complexity which posses an intrinsic architecture such as liquid metals [14,22], ionic liquids
[15], network-forming ionic melts [16], hydrocarbon isomer fluids [17], alkanes [24
colloidal monolayers [18], unentangled [23,24] as well as entangled [25] polymer model
chains. The excess entropy scaling laws have been also extended to describe confined
systems [19,20,26-29]. Due to the inherent difficulties in determining the excess entropy of
such systems, possibilities to employ alternative quantities, such as the heat capacity [30] or
the effective packing density [27], have been investigated. The effective packing density is
defined as the product of the particle number density and the third power of the equivalent
hard sphere diameter of the particles. Quite generally, however, these scalings are of lower

accuracy than the excess entropy schemes [27,30].
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The adoption of excess entropy scaling laws as a practical tool to predict transport
properties has been hindered by the following reasons. i) They are empirical
phenomenological laws lacking a sound theoretical foundation. The rationalization of a well
defined theoretical background has been the topic of several studies since their introduction
[31-33]. ii) Furthermore, they have been developed for single component systems and their
extension to multicomponent samples is not always trivial. The description of
multicomponent systems leads to a challenge when scaling the mutual diffusion coefficient
[34]. Nevertheless, there have been several efforts to extend the applicability of the above
scalings to multicomponent systems [34-37]. iii) Finally, excess entropy scaling laws are valid
only when the scaled transport properties are single-valued functions of the excess entropy.
Otherwise two different states of a given system with the same excess entropy but different
dynamic properties cannot be described unambiguously. The breakdown of excess entropy
scalings in systems with thermodynamic anomalies, i.e. the observation of a diffusion
coefficient increasing with increasing density or pressure, has been discussed critically
[38,39]. Recent advances in the formulation of the excess entropy scaling laws and the
selection of the scaling factors in the context of both the Rosenfeld and Dzugutov theories

have overcome this hurdle [40-42].

The present work explores the range of validity of excess entropy scalings for both
global and segmental dynamic properties of polyethylene (PE) using molecular dynamics
(MD) simulations. Four unentangled chain lengths (n) are considered; their molecular
weights are 352, 702, 1402 and 2102 g/mol corresponding to n = 25, 50, 100 and 150 carbon
atoms. The PE entanglement length has been determined as 156 carbon atoms
corresponding to a molecular weight of 2186 g/mol [43]. We investigate the scaling of both
global dynamic properties, such as the viscosity and the diffusion coefficient, as well as of
segmental ones, such as the bond and torsional relaxation times. The two most widely

accepted scaling schemes are employed, i.e. the Rosenfeld and the Dzugutov methods. The
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excess entropy is approximated using either conformational data or an equation of state
(EoS) derived in the context of the self associating fluid theory (SAFT) [44,45]. Although the
parameters of the SAFT EoS are not directly related to the employed force field, the latter
scheme provides a computationally inexpensive and uncomplicated way of approximating
the entire excess entropy of the system taking into account all possible contributions.
Alternative methods such as thermodynamic integration are much more sophisticated and
demanding. The correlation between the two entropy estimates is investigated. The present
study extends the discussion of previous works on excess entropy scalings of idealized
Lennard-Jones chains [23,25] and hydrocarbon isomer fluids [17] to a real unentangled

polymer with a simple monomer architecture.

2. Systems and computational methods

The systems under investigation are monodisperse. They contain 100 linear PE
chains. Their chain and entanglement lengths have been given above. Each system is studied
at five different temperatures: T = 400, 425, 450, 475 or 500 K. The pressure is 101.325 kPa.
The PE chains are represented as linear strings of united atoms where only the carbon atoms
are considered explicitly [46]. A flexible bond version [47] of a specially developed PE force
field [46] is employed. A detailed description can be found elsewhere [46,47]. A spherical
cut-off distance of 1.2 nm and long-range corrections for the potential energy and the

pressure are used [48].

The initial configurations are created using a simplified “bond growth” procedure
with an initial density of 0.75 g/cm®. The only imposed restriction is that the distance
between any nonbonded pair of united atoms should exceed 0.395 nm. The configurations
are subjected to energy minimization using the Polak-Ribiére version of the conjugate

gradient method [49]. The systems are equilibrated by means of Monte Carlo simulations

Page 6 of 32



Page 7 of 32

Physical Chemistry Chemical Physics

[46]. Long MD calculations are carried out in the canonical (NVT) ensemble. The equations of
motion are integrated using the velocity Verlet algorithm. A time step of 1 fs is used. The
Nose Hoover thermostat [48] is employed and the systems are further relaxed for 10 ns. The
production runs are also performed in the NVT ensemble. The simulation time required for
the calculation of the diffusion coefficient is 150 ns. All computations are performed using

the LAMMPS code [50].

The normalized bond autocorrelation function (ACF), Pg, is defined as

A

B(t):<bij(t)'bij(0)> (1)

where (...) denotes an ensemble average, Bij(t) the normalized bond vector between the i*"
and the jth united atoms at time t. The normalized bond ACF is fitted to a modified
Kohlrausch-Williams—Watts (mKWW) function f(t). It is defined by a fast decaying

exponential with a prefactor a to describe the librational moves of the bond vectors and a

slow KWW function associated with the segmental motion of the polymer:
f(t) = aexp(—t/b) + (1 —a) exp(—[t/c]d) (2)

The area under f(t) defines the bond relaxation time t, = Jf(t)dt . The relaxation time of
0

the mKWW function can be derived analytically; i.e. tg =ab + (1 —a) cI'(d™1)/d, where T

is the gamma function [51]. The torsional autocorrelation function, P, , reads

o )60 -(os(4(0)]
(cos(6(0))cos((0)))-(cos(6(0)))

(3)

where the torsional angle ¢ is defined by four consecutive united atom carbons. Similarly to
the case of the normalized bond ACF, the mKWW expression allows an adequate description

of the time evolution of P¢. The torsional relaxation time, Ty, is also obtained by analytical

integration of the mKWW function. It agrees in its structure with tg.
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The diffusion coefficient of the centre of mass (COM) of the chains, Dcoum, is

calculated using the Einstein formalism

DCOM = limi<[rcoM,i (t) - l.COM,i (O):|2> (4)

t—o0 6t

where Ty (t) is the position vector of the COM of the i"" chain at time t. The viscosity, n,

is computed by mapping the atomistic trajectories to the Rouse model [43]. This method
predicts that the viscosity of an unentangled system is inversely related to the diffusion
coefficient according to
2
anGasT<Ree>

= 5
" 36D om ®)

where p, is the chain number density of the system, R . the universal gas constant and

Gas

R,. the end-to-end distance vector of the chains. The validity of our approach has been

already confirmed by Harmandaris et al. [43] where the crossover from the Rouse to the

entangled polymer melt regime has been studied.

3. Entropy estimation

The direct calculation of the excess entropy of a molecular system is prohibited due
to the absence of a suitable averaging formalism. Thus, several methods have been
developed to overcome this problem [52-54]. The next paragraphs provide a description of
two of these methods to calculate the excess entropy: either by an entropy series expansion

in terms of many-body correlation functions or by an EoS based on SAFT.

3.1 Configurational route
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Intuitively, it is expected that the entropy of a molecular system, S, and its internal
structure, especially its conformational properties, are tightly interconnected. A formal
proof on the grounds of statistical mechanics has been given [55], thus justifying a series
expansion of the entropy in terms of many-body correlations of the system. It reads
S = Siq + X2, S; where Sq is the entropy per atom of an “ideal gas” ensemble at the same
thermodynamic conditions as the system under consideration and S; is the atomically
normalized entropy due to correlations involving a number of i atoms. The excess entropy
per atom of the system, Sy, is defined as the difference between S and its “ideal gas”

Contribution, Sid: Sex =S— Sid = Z;.ZZ Si'

The simplest approximation to estimate S,y is to take into account only the pair
entropy, S,, while neglecting all higher order elements. The most dominant contribution to
S, is the translational part [25]. In this case the excess entropy of the system can be written

as
S =8, = _2759_[ (gz (r) 1n(g2 (r))_ g (r)+ l)rzdr (6)
0

where r is the distance measured relative to a chosen united atom reference carbon. The
pair correlation function includes all intramolecular and intermolecular pairs but excludes
the contribution from the bonded first neighbors of each united atom [23,25]. A significant
advantage of this route is that the entropy can be computed easily with small statistical
uncertainties compared to other methods [48]. The influence of the temperature on the
structure of the pair correlation function g,(r) is shown in Fig. 1 for a PE chain with 150
carbon atoms. The system is studied at three different temperatures: T = 400, 450 and 500
K. The positions of the maxima and the minima of g,(r) are located at roughly the same

interparticle distances r for all temperatures studied. Higher peaks and deeper valleys are

formed with decreasing temperature. In additional simulations, we have found that chain
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length variations have an almost negligible influence on the pair correlation function (see
Fig. S1 in Supporting Information). An increase of the chain length under constant
temperature leads to a slightly higher first peak, which should be attributed to the increased

density and cohesiveness of the system.

The variation of the pair entropy S, (per atom) with the temperature of the system
and chain length is shown in Fig. 2a. The observed negative S, values are expected as the
reference state is that of an “ideal gas” of united atoms which is characterized by complete
randomness and a lack of any kind of correlations. The employed force field reduces the
number of accessible configurations relative to the ones in the reference state of an “ideal
gas”. The computed S, values can be correlated accurately with the temperature and the
chain length of the system. The empirical formula S, = —10.2(1 — 0.126In(T))(1 —
4.27/n) is valid for all cases under consideration. The small mean square error of 3.3 10™*

shows that a factorization of S, in terms of In(T) and 1/n is possible. An increase in the

temperature and a decrease of the chain length lead both to larger absolute values of the

pair_entropy. For an infinitely long PE chain (n — <o), the system reaches a hypothetical

asymptotic entropy value which depends only on temperature; it reads S;, .. =

—10.2(1 — 0.126In(T)). Note that this extrapolation is based on unentangled PE chains, a
condition which is not valid in infinitely long real systems. The same restriction has to be
considered in connection with the asymptotic curve in Fig. 2b which has been derived within
the SAFT framework. The continuous line in Fig. 2a corresponds to such an asymptotic
entropy value for an infinitely long chain as predicted by our empirical formula for S,. A

similar factorization of S, as indicated above in terms of In(T), p and 1/n has been also

found for Lennard-Jones chain systems [25]. It reads S, = —3.188 (1 — 0.2051n(T1ﬂ) (1 -

0.374/()”) (1 + 0.091/n) where Ty and Dy are the temperature and number density of

the system in reduced Lennard-Jones units. The differences in the numerical values of the
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coefficients of these two entropy correlations reflect the differences in the employed force
fields and the simulation conditions (temperature range and pressure). We have found a

stronger chain length dependence in the PE case than in the Lennard-Jones one.

3.2 Perturbed Chain Self Associating Fluid Theory

An alternative route to the calculation of the excess entropy is to employ an EoS
which reproduces the thermodynamic properties of the system of interest. We have chosen
the Perturbed Chain (denoted as PC) SAFT EoS as it has been applied successfully to several
polymer systems [44,45,56,57]. An advantage of this approach over the configurational
route is that an estimate of the total excess entropy is obtained which takes into account all
possible entropy contributions due to many-body correlations. Nevertheless, the PC SAFT
EoS has several parameters, which in almost all cases have been optimized against
experimental data. Although, in principle, such data sets can be obtained from molecular
simulations, this task is computationally very demanding. As a matter of fact such an
approach has been rarely employed. Despite recent advances [58,59], it is still not possible
to parametrize directly the PC SAFT EoS on the basis of interaction parameters of an
atomistic force field. Thus, an internal consistency between the SAFT excess entropy and the

adopted force field is not guaranteed.

The PC SAFT EoS is not formulated in terms of the excess entropy of a system but
attempts to model the excess Helmholtz free energy, Aqox. The excess entropy is then
obtained by temperature differentiation of the excess Helmholtz free energy. For
monodisperse PE systems, Ay is written as the sum of a hard chain reference contribution,
Aexhe, and a dispersion contribution, Aey gisp l€ading to Aey = Aexne T Aexdisp [44,45]. The

first term describes the excluded volume effects in the system. The second attractive term is
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treated as a perturbation of the reference system. A complete description of the PC SAFT

EoS and its elements can be found elsewhere [44,45]. PC SAFT EoS has been successful in

predicting the vapour-liquid equilibrium and the liquid density of pure polyethylene melts

over a wide range of thermodynamic conditions as well as the solubility of small ethylene

molecules in polyethylene melts [45]. The parameters for both low density and high density

PE have been tested [44]; the differences in the calculated entropies are negligible.

The variation of the SAFT based excess entropy, Sgapr, With the temperature and
the chain length is shown in Fig. 2b. Increasing chain lengths lead to larger negative Sqapt
values. For the two shorter systems, we find that the estimated excess entropy depends
strongly on the chain length. When the systems approach the entangled regime, Sqapt
reaches a limiting n independent curve. Such a saturation is also observed for S,, as

predicted by the empirical factorization of S, in terms of 1/n and In(T). A similar scaling of

Scapr With 1/n has been identified in a previous study for short unentangled Lennard-Jones

chains [23]. A comparison of the excess entropy estimates for PE and Lennard-Jones chains

under the same thermodynamic conditions and chain lengths has revealed considerable

differences in their actual values. The Scapr values for PE are 50 % up to 100 % larger than

the corresponding Scapr ones for Lennard-Jones chains. The differences between the two

estimates are enlarged with increasing chain length. This discrepancy should be attributed to

the less flexible structure of a PE chain relative to a Lennard-Jones chain with the same

length. The decreased flexibility is caused by the adoption of angle-bending and torsional

potentials in the PE force field.

The correlation of Sgppr With S, is presented in Fig. 3. In the same figure, we have

also incorporated Scapr - S, data for short unentangled Lennard-Jones chains which are

available in the literature [23]. They are shown by a continuous blue line. This correlation

intends to quantify the influence of two different employed models on the excess entropy.
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The PE data form a master curve for all chain lengths and temperatures considered. A linear
correlation of the form Sgapp = 1.82 + 1.88S, with R? = 0.99 is valid for the entire
entropy domain in our study. The values of Sgppr closest to zero (i.e. right hand side of Fig.
3) are less negative than those of S,. In this entropy region, S, predicts a less “disordered”
state than Sgapr. This observation is in contrast with the a priori expectation that Sgppt
should be larger in magnitude than S,. Remember that the former entropy estimation takes
into account all possible many-body interactions while the latter neglects all entropy
contributions that are higher than of the pair type. The observed entropy grading should be
attributed to the parametrization procedure of the PC SAFT EoS. Its elements have been
obtained for much longer systems than the ones at hand. In contrast to linear Lennard-Jones
chains, a fragmentation of the entropy domain into two regimes is not necessary. We
assume that this improved correlation between the two entropy estimates can be explained
by the fact that the PC SAFT EoS takes into account correlations beyond the intramolecular
bond ones [23,25] while Lennard-Jones SAFT EoS neglects any information of intramolecular

ordering beyond the bond distribution. When comparing the data of the PE systems with the

ones of the Lennard-Jones chains, we observe smaller differences between S, and Sqagt in

the PE case. Given that the adoption of angle and torsional potentials increases the stiffness

of a molecule and restricts the motion of the atoms, this behavior is an indication of an

increased contribution of the pair entropy to the overall excess entropy. We also notice that

the slope of the entropy correlation in the PE systems is steeper than the one in the

Lennard-Jones chains cases.

4. Dynamic properties

The concept of “strongly correlated fluids” [60,61] provides a theoretical framework

to justify the existence of several phenomenological laws in molecular systems such as the
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excess entropy scaling law. A fluid is classified as “strongly correlated” when the fluctuations
of the potential energy from its thermodynamic average are well correlated to the
fluctuations of the virial. The corresponding correlation coefficient should be greater than
0.9. The variation of this correlation coefficient with respect to the temperature for various
chain lengths is shown in Fig. 4. The observed correlation is rather weak and the correlation
coefficient ranges between 0.61 and 0.65, i.e. it is too small to justify the label “strongly
correlated”. Both an increase of the chain length or a temperature decrease cause slightly

higher correlation coefficients.

4.1 Scaling of segmental relaxation times

In the subsequent sections we discuss the scaling behavior of segmental and global
dynamical properties with the two adopted excess entropy estimators. All dynamic
quantities of interest are made dimensionless according to either the Rosenfeld or the
Dzugutov scaling laws. The scaling behavior of the bond and the torsional relaxation times is
presented first, followed by an analysis of the entropy scaling of the diffusion coefficient and

viscosity.

Our starting point is the examination of excess entropy scalings of two segmental
dynamic properties: the bond, tg, and torsional, tp, relaxation times. Both the Rosenfeld
and the Dzugutov theories provide a characteristic short time-scale which may serve as
normalization factor in such cases. In the context of the Dzugutov scaling, the segmental
relaxation time can be made dimensionless by the inverse of the collision frequency I's. The
normalization factor based on the Rosenfeld scaling is defined as the ratio of the mean
interparticle distance [ and the mean thermal velocity of the particles uy,. Both tg and 1t

are expected to depend only weakly on the chain length [46,47].
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The correlation of the Rosenfeld or Dzugutov scaled bond relaxation times, Tg gros
and Tg p,, With Sgppr as well as S, is presented in Fig. 5. Irrespective of the employed scaling
scheme and the way the excess entropy is estimated, the data can be approximated by a
single master curve for all chain lengths and temperatures considered. The Dzugutov and
Rosenfeld theories postulate that any normalized dynamic property should scale linearly
with an exponential of the excess entropy [5,9,10]. In contrast to this expectation, the
master curves in Fig. 5 show a nonlinear behavior. Guided by similar findings in previous
studies, where the segmental dynamics of hydrocarbon isomer fluids [17] and water [62]
have been studied, we have fitted the data by the series expansions given in Table 1. For the
TBRos - S Case, an attempt to fit the data to a linear expression has been also made. The
resulting expression reads ln(TB_ROS) = —6.09 — 4.77S, with R? = 0.86. Both fitting curves
are presented in Fig. S2 in the Supporting Information where the limitations of a linear fit are
illustrated. Similar trends are observed for the remaining three cases. The observed
scattering of the data in the S, case is slightly smaller than in Sgapr . The regression
coefficient R? for the Rosenfeld scaling amounts to R?> = 0.91 when Sgapr is adopted and to
R? = 0.93 for the S, approximation. This splitting seems to be caused by the fact that S, is
extracted from the simulation data while Sgarr is not linked to them. The difference

between the two R? values is however too small to allow an unambiguous explanation.

Additionally, we have analyzed the relation between the Rosenfeld or the Dzugutov
scaled torsional relaxation time, Tt res and Ty p,, and both excess entropy estimates. These
correlations are shown in Fig. 6. A similar behavior as already discussed for the scaled bond
relaxation time is observed. Also the data of Fig. 6 can be mapped by nonlinear master
curves. The expressions providing accurate fits are given in Table 2 together with the
regression coefficients. We observe that the scaled t vary in a much smaller range than the

scaled tg. When the coefficients of the present PE excess entropy scalings are compared
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with the coefficients of similar expressions for hydrocarbon isomer fluids [17], we can
conclude that such correlations are system specific; they are not transferable to materials

with a different chemistry.

4.2 Diffusion coefficient scaling

An important molecular transport property is the diffusion coefficient, D, . Both

the Dzugutov and Rosenfeld excess entropy scalings have been developed initially for simple
systems such as monoatomic fluids [5,9,10]. Their application to molecular systems with a
more complex architecture requires a simple modification of the scaling parameters. A
molecular version of the Rosenfeld scaling is obtained when the atomic number density, p,
and the atomic mass, m, are replaced by the chain number density, p,, and the mass of a

polymeric chain, my,. The reduced Rosenfeld diffusion coefficient, Dcompros, reads

D comres = DCOMPLB/\/kBT/mn .

The original Dzugutov scaling has also been adapted to take into account the

molecular characteristics of the entire polymeric chain. The reduced Dzugutov diffusion

- _ 2 .. .
coefficient reads D gy p, —DCOM/(rmaXFE’n)where the collision frequency is equal to

T, =418, (L )pa/mk T/ m, . In the following, we will test the usefulness of linear

Nl

correlations of the form ln(DCOM‘SCaled) = A(n) + a(n)Sey for both scalings (Ros, Dz).

The variation of the two scaled diffusion coefficients, D¢om ros @and Deom pz With
the entropy estimates Sgapr and S, is presented in Fig. 7. As anticipated, we have found that

DcouMm is reduced with increasing chain length following the scaling predicted by the Rouse

theory [43]. The Rouse theory is based on the physical picture of an unentangled polymer

chain reptating along the contour of a tube which is dictated by the presence of the
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surrounding chains. Given that the excess entropy becomes more negative with increasing

chain length (see Fig. 3), it is expected that the scaled values of the diffusion coefficient are
also reduced with decreasing values of the excess entropy. Such a trend has been observed
in Lennard-Jones chain systems for both the Rosenfeld and the Dzugutov schemes [23,25].
For the studied PE chains this is only valid for D¢owm ros- In contrast to this behavior, Dcom pz
becomes larger when the chain length is increased. Although this connection between
Dcom,pz and the excess entropy seems to be unphysical, it does not prevent the applicability

of the Dzugutov scheme for excess entropy correlations in polymers.

For a given chain length, a linear dependence of the natural logarithm between the
scaled diffusion coefficient and the excess entropy is observed. The scaling parameters in
each case can be related to the chain length; the resulting expressions are given in Table 3.
For infinitely long chains, a limiting value for all parameters can be derived. The limitations
of such an extrapolation have been emphasized already in connection with Fig. 2, i.e. the

neglect of entanglements. A dependence of the scaling parameters on 1/n has been

detected. The same functional dependence of the scaling parameters on 1/n in long

Lennard-Jones chains has been observed previously [25]. Nevertheless, it differs from the

behavior for short unentangled ones [23] where a weaker /1/n dependence of the scaling

parameters has been identified. In the Dzugutov scheme, we observe that the system with

the shortest chains, i.e. n = 25, differs from the other chains. A closer inspection of the
Dzugutov scaling factors reveals that this deviation should be attributed to the chain density
dependence of Iy . Both 1y, ¢ and g(rmax) have an almost constant value which depends
very weakly on the temperature and the chain length (see Fig. 1 and Fig. S1 in Supporting
Information). Our simulations confirm previous findings that the mass density and the chain
density depend nonlinearly on n [46]. This dependence induces stronger p,, variations as a

function of n for shorter PE chains than for longer ones [63]. The Rosenfeld scaling employs
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a non-integral power (less than one) of the chain density, i.e. p;/3, which prevents observing
an increased value of the scaled diffusion coefficient with larger in absolute magnitude
excess entropy values. Such a trend between the scaled diffusion coefficient and the excess
entropy has not been observed previously in studies of Lennard-Jones chains [23,25]. The
empirical correlations given in Table 3 imply that the coefficients ag,s and ap, increase with
increasing n. Since we employ the excess entropy per molecular segment (i.e. per carbon
atom) rather than per molecule (i.e. for the whole PE chain), we assume that the increased
values of apys and ap, with increasing chain length are a manifestation of increasing

intramolecular contributions to the excess entropy.

The elements Ar,s and Ap, in the correlations for the diffusion coefficient depend

on n in all cases considered. This finding is in line with previous studies for Lennard-Jones

chains [23,25] as well as hard sphere chains and alkanes [24]. Let us come back to the

correlation ln(DCOM‘Scaled) = A(n) + a(n)Sex. When correlating ln(DCOM‘Scaled) — A(n)
directly with the two excess entropy estimates, a single master curve for all chain lengths is

found; see Fig. S3 in the Supporting Information. This allows the interpretation of A(n) as a

hypothetical limiting diffusion coefficient when the excess entropy of the system is zero.

Note that the statement is only valid in the absence of phase transitions.

A major difference between the present study and two previous ones [23,25], which
have dealt with chain molecules, refers to the conditions under which the simulations have
been performed. The temperature range considered in the manuscript at hand varies from
8.7 up to 10.9 in Lennard-Jones units while the maximum value in the previous studies
[23,25] has been 5.0. Similarly, the adopted scaled number density ranges between 1.71 and

2.08 while the maximum value considered previously has been 0.9 [23,25]. Nevertheless, we

have attempted a comparison between a recent [23] and the present work. The variation of

the scaled Rosenfeld diffusion coefficient with Scapr for PE and Lennard-Jones chains is
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shown in Fig. 8. The data for the Lennard-Jones chains have been obtained from the

respective correlation given in Goel et al. [23]. Although the two excess entropy scalings

share the same qualitative features, the actual values in the Lennard-Jones case depend

stronger on the chain length. This behaviour is caused by the differences in the chemical

nature of the two systems. It might be that a better agreement between the two excess

entropy scalings can be found if the Lennard-Jones and PE systems are mapped by

equivalent freely jointed chains.

The two scalings considered so far lead to correlations with chain length dependent
parameters. To avoid this dependence, we have attempted to develop an empirical scaling
leading to correlations with parameters depending only on the architecture and the
chemistry of the polymer. For this purpose, we have adopted the characteristic length-scale
I'max Of the Dzugutov scaling and the characteristic time-scale of the atomic version of the
Rosenfeld scaling. Guided by the Rouse theory, which predicts that the diffusion coefficient
is inversely proportional to the number of Kuhn segments of the polymer chain, we have

also included the factor n/c, in our scaling, where ¢ is the characteristic ratio of the

polymer chain. The final reduced diffusion coefficient reads

Dcomr = Deom (n/cn)/(rmax‘/kBT/m). The variation of the Dcomp with the SAFT

entropy estimate Sgapr is shown in Fig. 9. We observe that the two longest PE systems fall

into the same linear master curve while a satisfactory agreement is also noted for the

system with 50 carbons per chain. The data have been fitted to the equation ln(DCOM,F) =

1.698Sgarr — 0.058 with a regression coefficient R> = 0.92. We expect that the developed
scaling will be applicable to polymers which are in the Rouse regime. The employed

parameters should depend only on the architecture and chemistry of the chain.
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4.3 Viscosity scaling

For the present problem, the reduction parameters of the original Rosenfeld scaling

have been adjusted in a way that they describe chain instead of atomic properties. The
molecular version of the Rosenfeld viscosity scaling is 1, = npf“/m. Similarly, a
molecular version of the Dzugutov viscosity scaling has been developed [14]. The scaled
Dzugutov viscosity, 1p,, for a molecular system reads 1, = nrmax/(FE’nmn) . It should be

noted that the viscosity has been determined by employing the Rouse model as expressed
by Eq. (5). This means that the viscosity is related to the inverse of the diffusion coefficient
of the PE chains and, thus, no pronounced differences in the accuracy for the viscosity and
the diffusion coefficient as well as for their scaling behavior are expected. We have

confirmed the validity of our approach to compute the viscosity by performing independent

calculations for the shortest PE system using the Green - Kubo stress relation. The obtained

viscosity values were characterized by higher statistical uncertainties than those based on

the Rouse model while the observed differences between them were always less than 10 %.

Thus, the results from the two approaches are in good agreement; differences are rather

small.

The variation of the scaled viscosity with Sgapr and S, is shown in Fig. 10. The
observed scattering is similar to the one encountered in the case of the diffusion coefficient.
In the present work, we focus on the development of a linear correlation which reads
In(Mscateq) = B(n) + B(n)Sex for a given chain length. It is possible to correlate the
coefficients of each scaling quantitatively with the inverse of the chain length. These
correlations are given in Table 4 for both scaling schemes. A limiting value for the scaling
parameters is reached for very long PE chains. In analogy to the Dzugutov scaled diffusion
coefficient, a differing behavior of np, is again observed for the shortest chain length which

should be attributed to variations of the chain density with increasing chain lengths.
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5. Conclusions

The present simulation study has explored whether dynamic properties of a real
polymer scale with its excess entropy. Four unentangled PE systems over a wide range of
temperatures have been considered in our approach. We have studied both segmental
dynamic properties, such as the bond and the torsional relaxation times, and global ones,
such as the viscosity and the diffusion coefficient. The excess entropy is approximated either
by employing the PC SAFT EoS or by using a series expansion of the excess entropy in terms

of the pair correlation function.

We compared the predictions of the two ways to approximate the excess entropy.
Despite the fact that the parameters of the SAFT EoS are not directly linked to the employed
force field and that SAFT has been parameterized against experimental data describing the
thermodynamic properties of considerably longer chains, a simple linear correlation
between the two estimates is valid for all chain lengths and temperatures considered. For all
dynamic properties considered, both excess entropy approximations lead to scalings of
almost the same quality which share the same characteristic features. Therefore, in
consideration of their linear correlation, they appear to be equivalent for the case of

unentangled polyethylene chains.

The scaling of the segmental dynamics leads always to a master curve, irrespective
of the scaling scheme and the way the excess entropy is approximated. Contrary to the
original theories, the scaled segmental dynamics does not depend linearly on the excess
entropy. We have established correlations which are valid for the entire entropy domains.
The coefficients of these correlations do not dependent on the chain length. Both scaling

laws provide expressions of the same quality.
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The diffusion coefficient and the viscosity scale linearly with the excess entropy
when the chain length is fixed. The scaling parameters correlate well with the inverse of the
chain length. The applicability of the Dzugutov scheme to PE samples is limited when
analyzing the scaled diffusion coefficient. It predicts the rather unphysical result that the
scaled parameter increases with increasing chain length. The quality of the excess entropy
scaling is improved when employing the Rosenfeld instead of the Dzugutov scheme as well
as S, instead of Sgapp. We have also developed and tested the applicability of a set of
reduction parameters which provides a chain length-independent excess entropy scaling.
We expect that this scheme is valid for short unentangled linear polymer chains in the melt
state, i.e. in the Rouse regime. In the case of the diffusion coefficient and the viscosity, the
Rosenfeld scheme works better than the Dzugutov method in the limit of short chains which

exhibit a stronger density dependence as a function of the chain length.
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Table 1: Rosenfeld and Dzugutov excess entropy scaling correlations and regression
coefficients R? for the reduced bond relaxation time.

Rosenfeld scaling

Dzugutov scaling

In(Tg ros) = -9-726 -10.21Sgpp -1.735S83 557

In(tg p,) =-7.068 -10.44Sgppr -1.733S2 51

R’=0.91 R’=0.93
In(tg ros) = -40.10 -36.39S, -7.3055% In(tg,p,) = -38.26 -37.17S,-7.3865%
R’=0.93 R*=0.94

Table 2: Rosenfeld and Dzugutov excess entropy scaling correlations and regression
coefficients R? for the reduced torsional relaxation time.

Rosenfeld scaling

Dzugutov scaling

In(TrRos) = 5.236 — 0.717Sgzp7-0.05852 457

ln(TT’DZ) =7.955 _0'837SSAFT _0'017S§AFT

R?=0.93 R?=0.92
In(TrRos) = 2.768 -2.634S, -0.410S2 In(trp,) = 4.629 -3.305S, -0.435S3
R*=0.94 R’=0.93

Table 3: Rosenfeld and Dzugutov excess entropy scaling parameters for the reduced

diffusion coefficient ln(DCOM_ROS) = ARos + ORosSex and ln(DCOM,Dz) = Ap, + ApzSex-

ARos XRos

ADZ Upy
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Sex,SAFT

0.083 /n-2.861

-11.14 /n+1.221

-110.4 / n+1.247

-34.56 / n + 1.867

S

19.05/n-1.776

-15.51/n+2.182

-154.0/n+4.328

-54.87 / n +3.337

Table 4: Rosenfeld and Dzugutov excess entropy scaling parameters for the reduced viscosity
In(Mros) = Bros * BrosSex and In(np,) = Bp, + PpzSex-

BRos

BRos

BDz

BDZ

Sex,SAFT

-79.01 /n +0.908

-12.42 / n - 1.595

-88.37 /n +0.366

-11.97 /n-1.434

S

-121.6 /n-1.261

-38.28 /n-2.818

-137.8 /n-1.954

-35.85/n - 2.544




Page 27 of 32 Physical Chemistry Chemical Physics

1.4 ! T
—T =400 K
—T =450 K
=T =500K

1.2+ 1

:/DN
1.0F
0.8;__ i 1
04 0.8 1.2

r [nm]

Figure 1. Structure of the pair correlation function g,(r) of a polyethylene chain with 150
carbon atoms as a function of the distance r measured relative to a chosen reference carbon
atom. First neighbors on the same chain are excluded. g, (r) is presented for three different
temperatures at a pressure of 101.325 kPa.
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Figure 2. Temperature and chain length dependence of the pair entropy S, (part a) and the
excess entropy based on SAFT, Sgapt, (part b). Temperatures between 400 K and 500 K and
chain lengths between 25 and 150 carbon atoms have been considered. The pressure of the
systems has been fixed to 101.325 kPa. The full line in both diagrams refers to the
asymptotic entropies for an infinitely long polyethylene chain.
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Figure 3. Correlation of the SAFT excess entropy, Sgapr, With the pair entropy, S,, for chain
lengths between 25 and 150 carbon atoms. Temperatures between 400 K and 500 K have
been considered. The continuous red line refers to the best linear fit between S, and Sgapt
for the polyethylene systems while the continuous blue line to the best linear fit obtained by

Goel et al. [23] for unentangled Lennard-Jones chains.
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Figure 4. Correlation coefficient between the fluctuations of the virial and the fluctuations of
the potential energy as a function of temperature for various chain lengths.



Page 29 of 32 Physical Chemistry Chemical Physics

(®)

SAFT

6 10
(©) (d)

E 5 8

il . & o
= = 6
2 4

2.8 24 20 -1.6 2.8 24 2.0 -1.6
SZ SZ

Figure 5. Correlation between the natural logarithm of both the Rosenfeld and the Dzugutov
scaled bond relaxation time and the excess entropy, approximated either by SAFT, SgagT, OF
the pair entropy, S,. We have adopted the same chain length symbols as adopted in Figs. 2
to 4. The red continuous lines correspond to the guadratic fits given in Table 1.
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Figure 6. Variation of both the Rosenfeld and the Dzugutov scaled torsional relaxation time
with the excess entropy, approximated either by SAFT or the pair entropy. The temperatures
and chain lengths chosen correspond to the same setup as employed in the other

correlation schemes. The red continuous lines correspond to the quadratic fits given in Table
2.




Physical Chemistry Chemical Physics

-4
F\g AN
= =
3 3
o) 6 e
= =
[ ]
-7 9.5 *
2.8 24 20 -1.6 2.8 24 20 -1.6
SsarT SeAFT
-4 -8.0
d
~ - (d g
;-5 ;-8.5 .
: 3 -
A 6 A 90 e’
£ £ .
K 9.5 ®
2.8 24 20 -1.6 2.8 24 20 -1.6
S s,

2

Figure 7. Variation of both the Rosenfeld and the Dzugutov scaled diffusion coefficient with
the excess entropy, approximated either by SAFT or the pair entropy. The temperatures and
chain lengths chosen correspond to the same setup as employed in the other correlation
schemes. The red continuous lines correspond to the linear fits given in Table 3 for a chain

length of 150 carbon atoms.
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Figure 8. Variation of the scaled Rosenfeld diffusion coefficient with the SAFT excess entropy
for PE and Lennard-Jones chains. The temperatures and chain lengths chosen correspond to
the same setup as employed in the other correlation schemes. The lines represent the data
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for the Lennard-Jones chains as considered in Goel et al. [23]. The length of the Lennard-
Jones chains increases from top to bottom of the plot.
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Figure 9. Variation of the proposed scaled diffusion coefficient with the SAFT excess entropy.
The temperatures and chain lengths chosen correspond to the same setup as employed in
the other correlation schemes.
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Figure 10. Variation of both the Rosenfeld and the Dzugutov scaled viscosity with the excess
entropy, approximated either by SAFT or the pair entropy. The temperatures and chain
lengths chosen correspond to the same setup as employed in the other correlation schemes.
The red continuous lines correspond to the linear fits given in Table 3 for a chain length of

150 carbon atoms.
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