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We present a detailed analysis of the configurational temperature (7., for its application to
polymeric materials using nonequilibrium molecular dynamics (NEMD) and nonequilibrium Monte
Carlo (NEMC) methods. Simulations were performed of linear polyethylene liquid C;gH;sg
undergoing shear and elongational flows. At equilibrium, 7, is equal to the set point temperature
of the simulation. An aphysically large decrease in T, is observed in the NEMD simulations for
both flows, especially at strong flow fields. By analyzing separately the individual contributions of
the different potential interaction modes to the configurational temperature, it is found that the
bonded modes (which constitutes almost 99.5% of the total) dominate the total T, over the
nonbonded ones; i.e., bond-stretching (=86.5%), bond-bending (=~11.8%), bond-torsional
(=1.2%), nonbonded intermolecular (=0.4%), and intramolecular (=0.1%) Lennard-Jones. The
configurational temperature of the individual modes generally exhibits a nonmonotonic behavior
with the flow strength and a dramatic change beyond a critical value of flow strength; this is mainly
attributed to the dynamical effect of strong molecular collisions occurring at strong flow fields. In
contrast, no such behavior is observed in the NEMC simulations where such dynamical effects are
absent. Based on the principal physical concept of the configurational temperature, which represents
the large-scale structural characteristics of the system, we propose to exclude the dynamical effects
exhibited by the individual interaction modes, in obtaining a physically meaningful 7., as the
configurational entropy of the system should not be affected by such factors. Since (a) the main
difference between equilibrium and nonequilibrium states lies in the change in the overall (global)
structure (represented by the bond torsional and nonbonded modes), and (b) the local, very short
structure (represented by the bond-stretching and bond-bending modes) is barely changing between
equilibrium and nonequilibrium states and its contribution to the total system configurational
entropy is negligible compared to the large-scale structural changes, in order to accurately describe
the structural changes occurring at nonequilibrium states by use of the configurational temperature,
we further propose that only the contributions from the bond-torsional and nonbonded modes to
AT, between equilibrium and nonequilibrium states should be taken into account to generate a
physically meaningful AT, . Applying the above hypothesis to the analysis of the simulation data,
good agreement between the NEMD and NEMC simulations (and between NEMD simulations for
different flows) is observed. Furthermore, the configurational temperature obtained in such way is
found to match remarkably well with the heat capacity of amorphous polyethylene liquids and the
flow-enhanced melting-point elevation reported in experiment. © 2010 American Institute of
Physics. [doi:10.1063/1.3415085]

I. INTRODUCTION

Traditionally the temperature is considered as a thermo-
dynamic quantity representing the average kinetic energy per
degree of freedom of the system. At the same time, it is also
well recognized as a physical quantity associated with the
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potential energy of the system via the well-known classical
virial theorem' or the generalized equipartition theorem.”
This dual nature of the temperature has been nicely recon-
ciled by Rugh,3 who demonstrated that the temperature can
be calculated from a geometric structure of the energy sur-
face of the system using the thermodynamic relation of tem-
perature (1/T=0dS/JE) and the fundamental expression of
entropy Sp=kg In[[S(H(T')-E)dT']+C for an isolated sys-
tem with the Hamiltonian H, being equal to the energy E,
and kg is the Boltzmann constant. In this expression, C is a
constant and I' denotes the phase space consisting of all the
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positions {r} and momenta {p} of the particles in the system.
Rugh derived a fundamental equation for the temperature of
a material,

1 VH
kﬂ—r=<"'(w>>’ W

where the angular brackets represent an ensemble average,
and the gradient vector involves all the degrees of freedom in
I'. Tt is thus seen that the intrinsic structure of the energy
surface of the system is directly related to the system’s tem-
perature.

Evans and co-workers™ recognized the importance of
the above expression and demonstrated its great potential
value in practical applications using Monte Carlo® (MC) and
molecular dynamics5 (MD) simulations of simple fluids. A
further generalization of Rugh’s discovery was carried out by
Jepps et al..® who derived the equation

1 (VBO)

kzT  (VH-B(I))’ @

where B(I) is an arbitrary vector field with the restrictions
such that both the numerator and the denominator be larger
than zero and finite, and that the numerator grows more
slowly than eV, with N being the number of atoms in the
system. They showed that Eq. (2) is valid not only for the
microcanonical ensemble but also for other statistical en-
sembles (e.g., canonical, grand canonical, etc.). They further
showed that with a proper choice of B(I") accounting for the
periodicity, it can also be applied to a periodic system em-
ployed in practical MD and MC simulations. It is also rec-
ognized that with the special choice of B(I')=VH/|VH|?,
Eq. (2) is the same as the original expression, Eq. (1).

A particularly important expression regarding the tem-
perature arises with the choice of B(I')=VU, where U
=U(r,,r,,...,ry) is the potential energy of an N-particle
system,

1 (SLVF)
kBTconf_ <EZIF12> .

3)

In this expression, F; is the total interaction force acting on
particle i. In this equation, 7, is called the “configurational
temperature” since it is only related to the system configura-
tion based on the particle positions without regard to the
particle momenta. The configurational temperature calcu-
lated by Eq. (3) is known to be very accurate [i.e., close to
the temperature calculated from Eq. (1) and also the kinetic
temperature] and statistically reliable (i.e., less affected by
system-size effects), and thus has been applied to various
physical systems (e.g., chain molecules,” confined fluids,®
charge-stabilized colloidal systems,9 polypeptides,10 gravita-
tionally driven inhomogeneous systems, = etc.) under equi-
librium or nonequilibrium conditions. Recently, the configu-
rational temperature expression has been further extended for
physical systems involving hard-core or discontinuous
potentials.12 Also, Braga and Travis'® derived a set of evolu-
tion equations incorporating the Nosé—Hoover thermostat al-
gorithm based on the configurational temperature. Accord-
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ingly, Eq. (3) is adopted in this study for the analysis of the
configurational temperature.

The configurational temperature has also been applied to
nonequilibrium systems under flow.””*!* In particular, Del-
hommelle and Evans' carried out direct nonequilibrium MD
(NEMD) simulations of a short n-alkane (decane) under
shear flow and investigated the relationship between the con-
figurational temperature (7., and the kinetic temperature
(Tyin» Which is based on the center-of-mass molecular kinetic
energy) with respect to the flow field. They observed that
while T, is close to the imposed Ty;, at low shear rates, it
deviates (increases) significantly from the set value of Ty, at
high shear rates (with increasing the shear rate), and vice
versa. They ascribed this phenomenon to the insufficiency of
the molecular kinetic thermostat for removing the heat from
all the internal (atomistic) degrees of freedom under strong
flow fields. Although their interpretation is considered to be
correct (as they further analyzed it in later work'?), a further
analysis is necessary for a deeper understanding of the mi-
croscopic origins. We address this issue here through a de-
tailed analysis of the results from NEMD (Ref. 16) and non-
equilibrium MC (NEMC) (Ref. 17) simulations of a short,
unentangled (CsgH;sg) linear polyethylene liquid under
shear, as well as under planar and uniaxial elongational
flows; i.e., the individual contributions of different interac-
tion modes to the configurational temperature are separately
analyzed using the analytical formulas derived in Sec. II.

In conjunction with the use of the temperature expres-
sions [Egs. (1)—(3)] for nonequilibrium systems under exter-
nal flow fields in this study, we note some subtle points. As
has been well recognized by researchers in the nonequilib-
rium thermodynamics and statistical mechanics in the past,
there still remains a certain degree of ambiguity in the defi-
nition and the operative concept of the system temperature of
nonequilibrium states. Whereas all the different definitions
for the temperature (e.g., 1/T=4S/JE, Lagrange multiplier to
the system energy, the average kinetic energy per degree of
freedom or equipartition theorem, and the thermodynamic
force for the heat flux) have rigorously proven to be the same
as each other under equilibrium conditions, they are gener-
ally considered to be different in nonequilibrium states.
These quantitative differences depend on the applied field
strength and may be dependent on the applied thermody-
namic formalism; for example, using extended irreversible
thelrmodynamics,18 Casas-Vazquez and Jou' showed that the
temperature based on the heat flux or 1/T=4S/JE with the
nonequilibrium entropy is calculated as smaller (at least by
the second order of perturbations or heat fluxes) than the
temperature based on the kinetic energy. On the basis of
advanced nonequilibrium thermodynamic frameworks be-
yond linear irreversible thermodynamics20 (such as the ex-
tended irreversible thermodynamics,18 the matrix model,21
the generalized bracket formalism,”> and the GENERIC
formalismsn), an implicit assumption in applying Egs.
(1)—(3) to nonequilibrium systems is essentially that the de-
pendence of the nonequilibrium entropy on the external per-
turbations is not affected by the energy content of the system.

Furthermore, by invoking the assumption of a local or
quasithermodynamic equilibrium but with an extended form
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of fundamental thermodynamic relations [e.g., Egs.
(14a)—(14c), (15a), (15b), (16a), and (16b) below], the origi-
nal idea of the configurational temperature developed under
the equilibrium conditions can be extended to flowing non-
equilibrium systems, which is standard protocol in modern
nonequilibrium thermodynamic formalisms.'®* > Accord-
ingly, by expanding the statistical ensemble [see, for ex-
ample, Eq. (17) below], we can reformulate the expressions
of the configurational temperature for nonequilibrium sys-
tems under an external field. In Appendix A, we derive a
generalized expression for the configurational temperature
by employing a generalized statistical canonical ensemble
accounting for all the (extensive) thermodynamic state vari-
ables and the associated thermodynamic fields (Lagrange
multipliers).

This paper is organized as follows. In Sec. II, we present
the analytical expressions of calculating T, for each indi-
vidual interaction mode. (The detailed derivations are pro-
vided in Appendix B.) In Sec. III, we describe the simulation
(NEMD and NEMC) methodology and the systems em-
ployed in this study. The simulation results are presented in
Sec. IV, and a summary is offered in Sec. V.

Il. ANALYTICAL FORMULAS FOR THE
CONFIGURATIONAL TEMPERATURE MODES

In this section, we present the analytical expressions that
enable us to investigate separately the individual contribu-
tions to the configurational temperature from the individual
interaction modes that are typically involved in the simula-
tion of polymeric materials [i.e., the bond-stretching, bond-
bending, bond-torsional, and nonbonded Lennard-Jones (LJ)
intelractions].24 The configurational temperature of each
mode can then be expressed formally as

1 _ <25V 1V Fl type>
O

(4)

kB Tconf,lype i type>

Since the analytical expressions for the force shown in the
denominator on the right side of Eq. (4) can be readily de-
rived, here we focus only on the formula for V-F. (We
should note that the total 7., would not be a simple com-
bination of the individual types, as a coupling between dif-
ferent interaction modes occurs.)

In the derivation of the analytical formula for V-F, it is
convenient to use the relative position vectors and the center-
of-mass position vector (Rg;) of the particles since the poten-
tials used herein (and therefore the forces as well) are typi-
cally independent of Rg; (i.e., homogeneity of space). For the
bond-bending interaction, for example, the convenient set of
variables would be {r,-r,,r,—r;,R} instead of {r,,r,,r3}.
All the potentials and forces considered here are assumed to
be independent of Rg.

Let us first consider the simplest case of the two-body
interaction modes, such as the bond-stretching and the non-
bonded LJ interactions, which are further assumed to be de-
pendent only on the magnitude (r,) of the relative position
vector (r,=r;-r,) but not the direction. Together with
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Newton’s third law (i.e., F,=—F;), we can derive the follow-
ing expression for V-F. (The detailed derivation is presented
in Appendix B.)

U 2 dU(rlz)) )

V.-F=- 2( 5
dr12 o dr12

As an example, for a harmonic bond-stretching potential

Ugulr12) =k (ria—reg)*/2, Eq. (5) gives rise to

\E =_2kstr(1 + 2 (7‘]2— eq)) (6)

Similarly, we derive the expression of V-F for the non-
bonded LJ interaction.

For the bond-bending interaction where three atoms are
involved, we use {a,b,R;} for the basis set of variables
where a=r;-r,, b=r;-r,, and Rg;=(r,+r,+r3)/3 rather
than the original set {r,,r,,rs}. Through the transformation
rule between the two sets [see Egs. (B4)—(B6)], V-F is found
to be

d d d
VoF=o Rt B o F
r Jr r3
( J L?Uben 07 &Uben J anen)
+
db b b

2{ ( IUpen )[(&cos 0)(6'005 0)
d cos O\ d cos 6 da da,
+(o’?cos 0><&cos 6) ((9cos 0>(é’cos 9)}
da, ab b, b,
X( IUpen { 1% r?cos& 1% (&cos&)

ﬂcos& da,\ da, da,\ db,

d [dcos 6
+ . (7)
b\ db,
where cos #=a-b/(|a||b]). Using Egs. (B10)—-(B12) in Ap-

pendix B for the first and the second derivatives of cos 6
with respect to a and b, we obtain the expression for V-F as

V.2 (&zUben)<L+L cosa)
- a6" J\|a]> " [b]> |al[b|

cos 0 IUp, [ 1 1 1
+ & Ly — )t @®
sin® 96 \|a]* |b|* |al|blcos @

Equation (8) can be applied to an arbitrary form of the bend-
ing potential as a function of 6; e.g., for a simple harmonic
bending potential such as Upey(60)=kpen(6— 6e5)*/2, it be-

comes
1 1 cos 6
V.F=-2k <—+—— )
ben{ la]* " [b]*  [a][b|
cos O 1 1 1
e (g- ) . (9
sme(|a|2 b |a||b|cosa)( eq)} ®)
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Lastly, for the bond-torsional interaction where four atoms
are involved, the variable set is chosen as {a,b,c,Rg},
where a=r;-r,, b=r,-r;, c=r3-r,, and R;=(r|+r,+r;

d J
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+r4)/4. A similar procedure as in the bond-bending mode
case leads to the following expression for V-F (refer to Ap-
pendix B for details):

d d d
V-F=—F+ —Fh+ - F+ - F=-2
ory or, ory 7 dry

dcos ¢

( U\, )[(ﬂ cos ({))(acos (j)) ((9 cos d))(& cos d))
d cos ¢ da, da, " b, b,

(&cos¢>(&cos¢> <8cos¢><&cosd)> (

"\ e, dcy )\ da, ob, |
i(&comﬁ) i(&comﬁ) i(&cosd))

AN A AN AN

o

where cos ¢=(axXb)-(bX¢)/|axXb|bXc| (taking =0 as
the cis-configuration). In order to evaluate V-F, we need to
know the formula for the first and the second derivatives of
cos ¢ with respect to {a,b,c}. To save space in the main
text, we provide all the formulas in Appendix B [see Egs.
(B33)—(B45)], with which V-F can be calculated for an ar-
bitrary form of Uy ().

lll. SIMULATION METHODOLOGY AND SYSTEMS
STUDIED

A. Simulation methodology

The following set of evolution equations (p-SLLOD
algorithm16 with the Nosé-Hoover thermostat®) was em-
ployed in NEMD simulations at constant temperature and
density,26

Pig

mj,

qia = ' P Vll,

pia = Fia —Pia* Vu- MmiQiq Vu-Vu- BQgpia’

(11)

N
ST

2
. Piq
De= 2 E m_ —dnkgT,

ia

where q,,, p;,» and F,, are the position, momentum, and
force vectors of atom a in molecule i, of mass m;,. The d
denotes the dimensionality, and n the total number of atoms.
{and p ¢ are, respectively, coordinatelike and momentumlike
variables of the Nosé—Hoover thermostat, which controls the
temperature of system at a desired level. (It is known to be
the only one that can generate the true canonical ensemble,
i.e., constant T and p.”) Q=dNkgT7* (7, the relaxation time
parameter) is the mass parameter of the thermostat. Vu rep-
resents the velocity gradient tensor of the imposed flow field:

d cos qﬁ)(&cos qb)] 2( AU\ )[i(&cos q§)
b, dc, ~ "\ 9 cos ¢/| da,\ da,

d [ dcos

HE)

ab,\ dc,

|
0 0 0

Vu=|y 0 0| for planar shear flow (PCF), (12a)
0 00
g 0 0

Vu=|0 —-g 0| for planar elongational flow (PEF).
0 0 O

(12b)

Note that the term m,,q,,- Vu- Vu in the momentum equation
in Eq. (11) vanishes for planar Couette flow (PCF).

The above equations of motion [Eq. (11)] were inte-
grated by an efficient multiple time step algorithm, the
r-RESPA  (reversible  reference  system  propagator
algorithm),27 where two different time scales for a MD step
were used; the large one for the slowly varying forces (cor-
responding to the nonbonded intermolecular and intramo-
lecular LJ interactions, Nosé—Hoover thermostat, and the
flow field) and the small one for the rapidly varying forces
(involving the bond-stretching, bond-bending, and bond-
torsional interactions); the large and small time steps were,
respectively, 2.39 and 0.48 fs for PCF, and 2.30 fs and 0.46
fs for planar elongational flow (PEF). The relaxation time
parameter 7 of the thermostat was set equal to 0.24 ps.

The boundary conditions used in the NEMD simulations
were the well-known Lees—Edwards boundary conditions®®
for PCF and the Kraynik—Reinelt boundary conditions”
(KRBCs) for PEF. In applying the KRBCs, we chose the
following set of the three integer parameters in Ref. 29: k
=3, Ny;=2, and Nj,=-1. This is known to be a good set in
the case of the square lattice in the extensional plane (i.e., the
x and y dimensions of the simulation box are the same) un-
dergoing planar elongation, leading to the Hencky strain ¢,
=~().9624 for the spatial periodicity and the initial orientation
angle of the simulation box 6,~31.718°. The time period 7,
for the temporal periodicity in the KRBCs was then deter-
mined from g,=&t,. For details of the KRBCs, we refer read-
ers to the original article.”’ Furthermore, for details of the
implementation of the KRBCs in NEMD simulations, read-
ers are referred to the literature.'®*°
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In addition to the NEMD simulations, NEMC simula-
tions were performed using a recently developed thermody-
namically well-founded MC (the so-called GENERIC MC)
methodology,”’3 ' the underlying principles of which are
based on a rigorous formulation of nonequilibrium
thermodynamics.23 Since the detailed fundamental aspects of
the GENERIC MC method can be found in the literature,”’31
here we present only some basic equations that are directly
involved in the simulations. As a nonequilibrium structural
thermodynamic variable, we adopted the second-rank con-
formation tensor ¢, which is defined as2>323

3(R.Rp)
Cap= <R2>eq > (13)

where R denotes the chain end-to-end vector and the sub-
script eq the equilibrium condition. The conformation tensor
is a very effective physical quantity capable of representing
the overall deformed structure of short-chain polymeric sys-
tems under diverse flow fields. It is seen from Eq. (13) that at
equilibrium (without flow), € is equal to the unit tensor, &.
Based on the well-known notion of a purely entropic spring
force of polymer network theory,32 Wwe can separate tempera-
ture effects for the Lagrange multiplier (the conjugate ther-
modynamic field variables corresponding to €), leading to a
general thermodynamic expression for the internal energy
function of a nonequilibrium polymeric systems under flow,

E=TS - PV+ uN + NkgTa:¢, (14a)
implying that™
dE=TdS — PdV + pdN + kzTa:d(N¢), (14b)

together with the extended Gibbs—Duhem thermodynamic
relation.

—8SdT + VdP — Ndu — N¢:d(kgTe) = 0. (14¢)

By applying the Legendre transforms™* to Egs. (14a) and
(14b), we can derive all other thermodynamic functions; e.g.,
the extended Helmholtz free energy A and Gibbs free energy
G of the nonequilibrium polymeric system are

dA(T,V,N,N€) = — SdT — PdV + udN + ksTa:d(N¢),
(15a)

A=-=PV+ uN + NkzTe:C, (15b)

and
dG(T,P,N,a) =— SdT + VdP + udN — N¢:d(kgT ),
(16a)

G=uN, (16b)

respectively.

In this study, the NEMC simulations were carried out in
an expanded semigrand statistical ensemble {N ,NVTu"a},
in which the indicated variables are held fixed:'" the num-
ber of chains, N, the average number of atoms per chain, N,
the system volume V, the temperature 7, the spectrum of
chain relative chemical potentials, p*, controlling the distri-
bution of chain lengths in the system (and thus the system
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polydispersity), and the thermodynamic field e accounting
for flow effects. The field a couples with the conformation
tensor € and effectively drives the system away from its
equilibrium state. The corresponding probability density
function in the ensemble {N NVTu"a} is

pNChNVTM a(rl’rZ’ Y V)

sLns

-~ exp|:_B( U(rlsr29 3rn7V)

Nep Nep
—2 MZNk—kBTa:E 6]() N (17)

and thus the system configurations are sampled based on the
modified Metropolis criterion,

N NVTp™ @
Pace

Nep Nep
~ exp|:— ﬁ(AU— E A(pNy) ~ kBTa:E Agk)] )
k=1

k=1
(18)

where B=1/kgzT. Here n(=N., X N) is the total number of
atoms in the system, r; the position vector of the ith atom, U
the potential energy of the system, u; the relative chemical
potential of the chain of length k-mers, and ¢, its conforma-
tion tensor. The uniaxial elongational flow (UEF) field was
imposed in the NEMC simulations via the following form of

a, 0 0
a=| 0 a, 0 [, (19)
0 a

where a,=a, =-a,/2. As has been shown in detail in the
literature (see, e.g., Refs. 17 and 31), the Lagrange multiplier
a represents the external flow field and has a close relation-
ship with the real flow field (i.e., velocity gradient tensor).

The well-known chain-connectivity altering end-
bridging MC move™ was used in the simulation in order to
drive the system very efficiently to the steady state at a given
value of a,,. A small polydispersity index (=1.083) was cho-
sen in conjunction with the end-bridging move. Other MC
schemes [together with the end-bridging move (50%)] em-
ployed in the simulation for rigorous phase-space sampling
were the reptation (10%), the end-mer rotation (2%), the flip
(6%), and the concerted rotation (32%) moves.> >

B. Systems studied

The polymer melt system was prepared with 160 linear
C,gH,sg molecules in a rectangular box (enlarged in the
stretching (x) direction) with the dimensions (xXy Xz in
units of Angstroms) of 130.5X 54X 54 A3 for the NEMD
simulations of PCF and the NEMC simulations of UEF. The
system for the NEMD simulations of PEF was composed of
192 C,5H,ss molecules in 101 X 101 X45.2 A3, These large
box dimensions were chosen to minimize any undesirable
system-size effects (especially under strong flow fields where
molecules are highly stretched and oriented), based on the
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184906-6 C. Baig and B. J. Edwards

fully stretched maximum chain length |R|,,,=99.4 A; i.e.,
with the equilibrium C—-C bond length (1.54 A) and C-C—-C
bending angle (114°) in the all frans-configuration. The mean
chain end-to-end distance at equilibrium is (R2>;é2
=38.6+0.8 A for the C;gH;sg melt at 7=450 K and p
=0.7638 g/cm3. Thus, the stretching dimensions of the
simulation box were at least larger than |R|,,,,, and the other
dimensions were approximately 20%-40% larger than
(R)eg-

A broad range of strain rates were simulated correspond-
ing to Weissenberg numbers (Wi) (defined as the product of
the longest relaxation time of system, N\, and the imposed
strain rate) in the interval 0.2 =<Wi=1500. The longest relax-
ation time was calculated as A=2.3 0.2 ns for the C;gH ;53
melt at T=450 K and p=0.7638 g/cm?, as measured by the
time integral of the stretched-exponential curve describing
the autocorrelation function for the chain end-to-end vector.

For both NEMD and NEMC simulations, polymer melts
were modeled by the Siepmann—Karaboni—-Smit (SKS)
united-atom potential model,36 which has been widely used
for simulating n-alkane systems under flow,”*?® with the ad-
dition of a harmonic flexible bond-stretching potential
adopted in the NEMD simulations. In order to avoid unnec-
essary repetition, here we present only the main features of
the potential model (for details, see, for example, Refs. 24
and 36). The bond-stretching, bond-bending, bond-torsional,
and interatomic LJ interactions, respectively, are given by

Ustr(l) = %kstr(l - leq)2’ (20&)
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Uben( 0) = %kben(e_ Heq)zv (ZOb)
3
Utor(¢) = E am(cos ¢)m’ (2OC)
m=0
and
12 6
ULJ(rU)=48U|:<gll> —<gll> :| (20d)
rij I’ij

The parameter ky/kp and ky,/kp are equal to

452900 K/A? and 62 500 K/rad? respectively, and ao/kg
=1,010 K, a,/kz=2,019 K, a,/kz=136.4 K, and a3/kg=
—3,165 K. The equilibrium bond length and bond angle are
leg=1.54 A and 0oq=114°. The LJ energy and si%e param-
eters (e/kg and o) are equal to (47 K and 3.93 A) for the
CH, united atom and (114 K and 3.93 A) for the CH;. For
the LJ interactions between different atoms (e.g., i and j), the
Lorentz-Berthelot mixing rule was employed as ¢
=(g;e;)""* and 0;;=(0;+0,)/2. The cutoff distance of the LJ
interactions used in this work was 2.5 ocyp.

IV. RESULTS AND DISCUSSION
A. NEMD simulations of simple fluids

In order to appreciate the basic aspects of the configura-
tional temperature, we have first conducted a NEMD study
of simple Weeks—Chandler—Andersen®’ (WCA) and LJ fluid
systems. A total of 500 particles were used for each system.
The potential models are given by38

$(r) = 4H(g)n‘(gﬂ_[(£>lz‘(£>6” or 7= e (21)

with 7., =2"%0 for the WCA model and r.,=2.5 o for the
LJ fluid. The NEMD simulations were performed at the re-
duced temperature 7=0.722 and number density p
=0.8442.

In Fig. 1(a), we present the configurational temperature
T,ons With respect to the applied (dimensionless) strain rate
¥ [=9(mo?/e)"?] in PCF and PEF. At low to intermediate
strain rates, no significant change in T, appears in each
system [Fig. 1(a)], indicating that the system configuration is
not significantly altered from the equilibrium state. With the
further increase in the flow field, however, T, is observed
to deviate from the set temperature, which is particularly
noticeable in the systems under PEF. At a certain critical
strain rate for each system, T, starts to decrease and then
exhibits a sharp upturn after reaching a minimum. In addi-
tion, in each flow the WCA and LJ fluids show quantitatively
very similar results to each other over the whole range of the
strain rate, indicating that the overall structural changes oc-
curring in the system induced by an external flow are not

significantly different between the two potential fields; i.e.,
the attractive part of the LJ potential (which is missing in the
WCA potential) does not seem to make a significant contri-
bution to the overall structure. In order to see how the struc-
tural changes are reflected in the system energy, we plot in
Fig. 1(b) the potential energy change AU (relative to the
equilibrium state) versus y*. Comparing to Fig. 1(a), for each
system the potential energy starts to deviate from the equi-
librium value at a similar critical value of ¥* to that for T,y
in Fig. 1(a) in both PCF and PEF, indicating that the struc-
tural changes are reflected consistently in both T, and AU.
Furthermore, the critical strain rate appears to be similar to
each other between the two flows.

An important observation in Fig. 1 is that all the systems
exhibit a rather drastic change of AU after the point where
the minimum of T, occurs; e.g., ¥~ 1.5 in PCF and ¥
~1 in PEE This change in AU is assumed to result from
significant dynamical molecular interactions (i.e., collisions)
under very strong flow fields. Based on the underlying physi-
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FIG. 1. Variation in (a) configurational temperature and (b) potential energy
(relative to the equilibrium values) with respect to the applied (dimension-
less) strain rate for simple WCA and LJ fluids under PCF and PEF at the
reduced temperature 7,,=0.722 and number density p=0.8442.

cal concept of the configurational temperature, we propose
that T,,; should be taken as a physically meaningful quantity
far from equilibrium only when it involves the structural
(configurational) changes in the physical system without sig-
nificant dynamical effects since the configurational entropy
of the system should not be affected by such factors; that is,
the configurational temperature should not be used in highly
nonlinear regimes where the dynamical effects (the effect of
molecular collisions) caused by the external flow fields be-
come influential. (Recall that the derivation of T,.,; was re-
stricted to equilibrium states.”) We consider T.ons to be influ-
enced primarily by the large-scale global structure of the
system rather than the local system configuration, since the
latter contribution to the total system configurational entropy
is negligible compared to the large-scale structural changes.
For these simple fluids, there are very small large-scale struc-
tural changes between highly nonequilibrium and equilib-
rium states, implying that only little contribution to T, is
being provided by long-range, long timescale microstructural
changes. This proposition will be critically examined when
we consider polymeric materials containing various potential
interaction modes, which are activated at different time and
length scales.

J. Chem. Phys. 132, 184906 (2010)

B. NEMD simulations of polymeric fluids

Let us now turn our attention to polymeric materials.
First, in Fig. 2 we display the variations in the conformation
tensor components with respect to the imposed flow fields.
As evident in the figure, the rotational mechanism occurring
in shear flow®” results in a much less stretched chain confor-
mation on average (approximately up to 30% of the maxi-
mum value) than that in the planar elongational flow, where
most chains have become highly stretched with increasing
strain rate. Overall, the chain dimension in the stretching
direction of the flow is larger in PEF than in PCF, and chains
are more fully and quickly aligned to the stretching direction
in PEF than in PCF, as indicated by the order parameter in
Fig. 2(f).

In Fig. 3 we present the variations in the individual po-
tential energy modes (relative to their equilibrium values) as
functions of Wi in PCF and PEF. In both flows, the bond-
stretching energy exhibits almost a constant value up to in-
termediate flow strength (i.e., Wi=10), beyond which it is
observed to decrease steeply. In contrast, the bond-bending,
bond-torsional, and intermolecular LJ energies initially de-
crease and then exhibit a marked upturn after passing a mini-
mum. It is further noted that while the bond-torsional and
intermolecular LJ energy changes become eventually posi-
tive at high strain rates in PCF, they are always negative in
the case of PEF; this is due to the strong chain stretch and
alignment between molecules under elongation relative to
shear. This behavior directly illustrates the increasing effects
of dynamical molecular interactions as the field strength in-
creases, which was observed in simple fluids under strong
flow fields. In the case of the intramolecular LJ energy, there
appear some qualitative differences between the two flows,
as was indicated in Fig. 2. In PCF, it increases initially and
then decreases while displaying a maximum, indicating the
decrease in the chain dimension beyond a critical value of
flow strength. In PEF, it monotonically decreases, indicating
the monotonic increase in the chain dimension. These behav-
iors are directly confirmed by Fig. 2(e).

We also show the separate contributions of the bonded
and nonbonded energies to the total potential energy in the
insets in Fig. 3. Overall, the bonded energy contribution is
seen to be much larger than the nonbonded one, which is
particularly obvious in PEF. Furthermore, in both flows the
bond-stretching energy becomes the dominant part of the to-
tal at high flow strengths. Thus, we can expect that the
bonded modes (especially, the bond stretching and the bond
bending) would make a dominant contribution (especially at
strong flow fields) in determining the overall value of T,
via Eq. (3). As noted before, a physically meaningful 7,
should reflect only the large-scale structure of the system
without significant dynamical (collisional) effects.

Let us now look into the configurational temperature of
the polymer melt system under flow. In Fig. 4 we plot AT ¢
(=Tontnoneq— Tconf.eq) Versus Wi. Note that the overall value
of Tonr at low Wi is 450 K, the set point temperature. In both
flows, AT, appears to be almost constant up to intermedi-
ate flow strength (i.e., Wi=10) and then decrease signifi-
cantly with a further increase in Wi. It changes by about
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melt under PCF and PEF at T=450 K and p=0.7638 g/cm?’. The order parameter is calculated as the largest eigenvalue of the second-rank order tensor

S=(3uu-§8)/2, where u is the unit chain end-to-end vector.

—125 °C in PCF and -275 °C in PEF! This large variation
in T, is not considered as physically reasonable in view of
the structure-based configurational temperature. The origin
of this behavior can be sought indirectly from the AU shown
in Fig. 3: it is seen that not only the overall shape of the plot
of AT, versus Wi is very similar to that of AU but also the
incipient flow strength at which AT, starts to drop abruptly
coincides with that of AU.

To see directly the source of the “aphysical” phenom-
enon in T, we have analyzed separately the individual
contributions of the different potential interaction modes to

the configurational temperature. It is seen from Fig. 5 that
the total AT,,,; shown in Fig. 4 is quantitatively almost ex-
actly the same as that of the bond-stretching mode AT ¢ -
This is also obvious from the insets in Fig. 5, where the
bonded part AT, and the total AT, are shown to super-
impose. Further details have been found by separately as-
sessing the magnitudes of V?U and |VU|? involved in the
calculation of T, [see Eq. (3)] for each individual interac-
tion mode. For each quantity, the magnitude is found to
vary as bond-stretching > bond-bending > bond-torsional
>intermolecular LJ>intramolecular LJ. Quantitatively, the
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FIG. 3. Variation in the individual potential energies with respect to Wi of
the C;gH;sg melt under (a) PCF and (b) PEF using NEMD: AU, bond-
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(intermolecular and intramolecular LJ); AU, the total.

bond-stretching contribution is almost one order of magni-
tude (i.e., nine to ten times) larger than the bond-bending
contribution, which is in turn approximately one order of
magnitude (i.e., approximately ten times) larger than the
bond-torsional contribution. The intermolecular LJ contribu-
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FIG. 4. Plots of AT ot (=T contnoneq= Tcont.eq) V8 Wi Of the CogH  sg melt using
NEMD where AT, denotes the configurational temperature change rela-
tive to the equilibrium value.
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nonbonded modes (intermolecular and intramolecular LJ); AT, the total.

tion is about four times smaller than the bond-torsional and
about five times larger than the intramolecular LJ contribu-
tion. Thus, the total bonded contribution (mostly the bond-
stretching and bond-bending modes) to V2U and |[VU|? turns
out to be about 300 times larger than the total nonbonded
one. This explains why the total AT, is practically the
same as the bonded part (AT,), irrespective of the
nonbonded part (ATqu¢ ). Furthermore, AT, is quanti-
tatively very close to AT, i.e., the bond-stretching
(=86.5%), bond-bending (=11.8%), bond-torsional
(=1.2%), nonbonded intermolecular (=0.4%), and intramo-
lecular (=0.1%) LJ in V2U and |VU|?. Similarly, it is to be
expected that by neglecting (or freezing) the bond-stretching
mode (as in the original SKS model®®), the bond-bending
contribution would dominate over all the other modes and
thus determine the total AT,,; which, according to the result
in Fig. 5, is now increasing with the flow strength. This
behavior was also observed by Delhommelle-Evans'* in their
NEMD study of n-decane with constrained bond length.

As an interesting point, we note that even at equilibrium,
T.ont Of each individual interaction mode may be different
from the imposed set temperature; that is, in the equilibrium
MD simulation of C;gH;s5 melt at 7=450 K, it is found that
Toontsu=450.60.3 K, Tionrpen=4504+04 K,

Tconf,lor
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=473.8%0.5 K, Teonfinerns=394.5%0.8 K, and T onfingary
=396*+2.4 K, indicating the existence of the cross correla-
tions between different interaction modes. Similar results are
also observed in the equilibrium MC simulation. The differ-
ences between the set temperature and the configurational
temperature represented separately by the bond-torsional and
the nonbonded modes reflect the existence of the dynamical
correlations between different modes (here the bond-
stretching and bond-bending modes are to be almost not af-
fected by such correlation effects due to their very strong and
fast dynamic response). We further conjecture that an exter-
nal flow field might lead to some changes (but presumably
not very large) relative to the equilibrium state in the degree
of the correlations among different interaction modes, espe-
cially for slow interaction modes as the flow field is likely to
change (e.g., decrease) the apparent time scales of the re-
sponse of those modes.

For a further analysis, we first note that due to their very
strong interaction potential, the bond-stretching and bond-
bending modes are very fast in time scale and rapidly equili-
brated around their equilibrium values with small fluctua-
tions, not only at equilibrium but also for nonequilibrium
states, in general. However, such strong potentials make even
a small increase in the fluctuations caused by significant mo-
lecular collisions under strong flow fields to produce a huge
impact on the overall T, Such large dynamical effects
should not be included in the calculation of a physically
meaningful 7., since it cannot represent or incorporate
those effects from the thermodynamic viewpoint (i.e., the
configurational entropy does not accommodate such factors).
Furthermore, the main difference between equilibrium and
nonequilibrium states for polymeric systems generally lies in
the change in the overall (global) structure; i.e., the local,
very short structure (represented by the bond-stretching and
bond-bending modes) is barely changing between equilib-
rium and nonequilibrium states, and its contribution to the
total system configurational entropy is negligible compared
to the large-scale structural changes (represented by the
bond-torsional and nonbonded modes). Based on these facts,
we thus neglect the contribution to the total change in T.,¢
by the local interaction modes (the bond-stretching and
bond-bending), which hardly affect the global structure of
the system. Indeed, the potentials for these models were de-
termined under equilibrium conditions, and any significant
changes in them for highly nonequilibrium states is likely an
artifact of the model potentials rather than an experimentally
observed phenomenon; i.e., in reality one would not expect
such large fluctuations from the equilibrium bond distance
and bond angle as were present in the simulations.

In Fig. 6(a) we present the plot of AT, (torsnb) VETSUS
Wi in which only the bond-torsional and the non-bonded LJ
interaction modes are included in the calculation of Tgy.
Note that these modes fluctuate on a much longer timescale
than the bond-stretching and bond-bending modes. In both
flows, AT ot (tor+nb) 1S Observed to initially decrease (more
clearly seen in the inset) as Wi increases, but then increases
dramatically with a further increase in the flow strength with
the presence of a minimum (located approximately 5=Wi
=10). Qualitatively similar behavior is also observed for the
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FIG. 6. Plots of (a) AT ot (tor+nb) @Nd (b) AU(iorsnp) Vs Wi under PCF and
PEF using NEMD, including only the bond-torsional and the nonbonded LJ
contributions.

corresponding potential energy AU(psnp), as shown in Fig.
6(b), although the location of the minimum for each flow
occurs at a larger Wi value in case of AUy than
AT ¢ont (tor+nb)- This indicates the higher sensitivity to the flow
strength of the first and the second derivatives of the poten-
tial energy involved in AT, or+nb) than the potential energy
itself.

As is well known from experiment, linear polyethylenes
typically exhibit more ordered structures (i.e., chains are
stretched and aligned with each other) as the temperature
decreases and can be crystallized at low temperatures. From
a thermodynamic viewpoint, this occurs as a result of the
relative increase in the energetic effect over the entropic one
on the system structure with decreasing temperature.‘m’41 Al-
ternatively, such ordered structures can also be induced by
subjecting the system to an external flow field. Assuming
T.onr to represent the overall structure of polyethylene sys-
tems, it is therefore physically reasonable to expect that
AT o of the system would generally be negative under an
external flow field as it induces the ordering of the system
structure. Hence, we consider the sharp upturn of
AT cont (tor+nb) At certain critical Wi shown in Fig. 6(a) to be a
physically unrealistic phenomenon caused by the significant
influence of molecular collisions at strong flow fields where
T.onr 1s likely to lose its original meaning. This is likely a
consequence of the definition of T, which relies on a local
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or quasiequilibrium expression of the entropy. Thus, in order
to obtain a physically meaningful 7., that accurately de-
scribes the structural changes occurring in nonequilibrium
states, the dynamical effects exhibited by the interaction
modes should be excluded, as the configurational entropy of
the system would not be affected by such factors. This asser-
tion is further supported below and later when we analyze
the NEMC data with comparison to the NEMD results.

In Fig. 7 we plot AU gnb) Versus AT on ior+nb) fOr both
flows, only including the data up to the minima in Fig. 6. It
is evident that the data set from each flow is well represented
by a linear plot. Furthermore, the slopes from PCF and PEF
are found to be remarkably close to each other, implying the
physical consistency conferred by the configurational tem-
perature in regard to its representation of the overall system
structure. We also note that in the regime shown in Fig. 7,
AU (ir4np) is found to be almost the same as the total AU (i.e.,
AU ior4np) amounts to about 95% of AU), indicating very
little change in the bond-stretching and bond-bending ener-
gies, which we have already stated should not change much
with increasing Wi. The slope of AU versus AT o (tor+nb)s
only including the data at low strain rates near the equilib-
rium state (i.e., AU and AT ¢ orsnb)<1) plus the kinetic
contribution ~ [=0.89 J/(gK)], is  calculated as
2.5+ 1.1 J/(g K) for PCF and 2.7+ 1.3 J/(g K) for PEF. It
is interesting that these values turn out to be very close to the
experimental heat capacity42 of amorphous polyethylene of
2.67 J/(g K) at T=450 K. This result might have been ex-
pected to some extent from the fluctuation-dissipation theo-
rem of linear irreversible thermodynamics, which states that
the dynamical mechanisms occurring strictly at equilibrium
states are to be exactly the same as those occurring under
nonequilibrium conditions, as long as the applied external
perturbations are sufficiently small compared to intrinsic
thermal Brownian effects. Accordingly, the nonequilibrium
heat capacity represented by the system energy change with
respect to the change in the configurational temperature,
which is in turn caused by the change in the overall, large-
scale system structure due to sufficiently small external per-
turbations (flow fields), can be related to the equilibrium heat
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capacity represented by the energy change with respect to the
system temperature at equilibrium states. The present analy-
sis shows that the nonequilibrium heat capacity found in this
way converges quantitatively to the equilibrium heat capac-
ity, under very weak external flow fields, implying that near
equilibrium, the structural change caused by weak external
fields (directly reflected in AT,,,) could also be generated by
varying the equilibrium temperature.

C. NEMC simulations of polymeric fluids

Let us now look into the results from the NEMC simu-
lations of UEF, where the temperature is naturally imposed
via the probability density function based solely on the po-
sitions of atoms. Therefore, such large dynamical effects on
the configurational temperature (and the potential energy)
present in NEMD simulations at strong flow fields are absent
in the MC results. This further implies a potential consis-
tency between the NEMC and NEMD data for AT, in the
regime where dynamical interactions are weak. Furthermore,
in the NEMC simulations the bond-stretching energy has
been removed, as in the original SKS model.*®

In Fig. 8 we present the conformation tensor components
as functions of the field strength. As expected, with increas-
ing the field, ¢,, (¢,, and €,.) appears to increase (decrease)
steeply, especially in the intermediate range of a,, (0.3
= ,,=0.6). These results are seen to be consistent with the
NEMD results of PEF (Fig. 2). In addition, by comparing to
the NEMD result of PEF for the conformation tensor, we
roughly estimate the range of the field strength imposed by
a,, in the NEMC simulations as approximately close to that
of the NEMD of PEF.

Figure 9(a) presents the potential energy change in each
individual interaction mode. The monotonic increase in the
intramolecular LJ energy is (quantitatively) similar to that
observed in the NEMD simulation of PEF. However, the
bond-bending energy exhibits very little change even at high
field strengths; this indicates the absence of a contribution by
dynamic molecular collisions in the MC simulations, as op-
posed to the NEMD. Furthermore, in contrast to the PEF
NEMD result [Fig. 3(b)], the bond-torsional and the intermo-
lecular LJ energies are observed to monotonically decrease
with the field strength without showing a minimum, again
indicating the absence of molecular collisions in the MC
method. Also shown in Fig. 9(a) is the monotonic decrease in
the nonbonded potential energy, as again contrasting with the
concave behavior shown in the NEMD simulations of PEF.
Furthermore, although the bonded energy as well as the total
energy is shown to decrease monotonically in the NEMC
simulations, apparently similar to the PEF NEMD simula-
tions, the main sources are very different from each other. In
other words, whereas in the NEMC simulations the overall
decrease in the bonded energy results primarily from the de-
crease in the bond-torsional energy as the molecules become
more stretched with increasing the field, in the NEMD it is
mostly caused by the aphysically large decrease in the bond-
stretching energy [see Fig. 3(b)].

Also shown in Fig. 9(a) is the field energy change AUjq
(=N kT a:€) which monotonically increases with the field
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FIG. 8. Plot of the conformation tensor components of € as functions of the
field strength a,, from NEMC simulations of the C,gHsg liquid under UEF.

strength as the chains become more stretched. Further ther-
modynamic information of the field effect can be obtained by
calculating NykpT[(€:da via thermodynamic integration
[as referred to Egs. (15) and (16)], which enables us to cal-
culate the free energy change at nonequilibrium states.*
The effects of the field on the configurational tempera-
ture are shown in Fig. 9(b). In contrast to the NEMD simu-
lations, the bond-bending mode ATy e, Shows a very small
value even at strong fields where the system structure is evi-
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FIG. 9. Variation in (a) the potential energy AU and (b) the configurational
temperature AT, for the individual interaction modes with respect to «,.,.
The same notations for the subscripts as in Fig. 5 are used. The field energy
change AUy, is calculated as NykzTa: € [see Eq. (14a)].

dently highly deformed. This demonstrates again an “artifi-
cial” change in ATt caused by molecular collisions in
the NEMD simulations at strong flow fields. In contrast, the
bond-torsional (AT ot ), intermolecular (AT qouf inerry), and
intramolecular LJ (AT ot inwary) Modes are observed to de-
crease monotonically over the whole range of «,,. A particu-
larly noticeable change appears in the intramolecular LJ
mode, reflecting a highly deformed chain configuration. An
important observation is that these three modes in the MC
simulations are quantitatively consistent with those observed
in the NEMD simulations of PEF [Fig. 5(b)] within the in-
termediate range of the flow field (i.e., Wi=10), where dy-
namical artifacts in AT, are assumed to be relatively small.
Another important point in Fig. 9(b) is that the total AT, is
quantitatively almost the same as AT ¢ pen and AT oy, as in
the NEMD simulations. We have confirmed that this behav-
ior again originates from the large differences between the
interaction modes in the magnitudes of VU and |VU|?. The
relative magnitudes between the interactions are found to be
quite similar to those found in the NEMD simulations.

In Fig. 10 we plot AT o (tor+nb) aNd AU(ip4np) as func-
tions of «,,. These two quantities exhibit a very similar
(physically consistent) behavior to each other and are quali-
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FIG. 10. Plots of (a) ATt (orsnb) a0d (b) AUfgrnp) VS @y, including only
the bond-torsional and the nonbonded LJ contributions.

tatively consistent with the NEMD result shown in Fig. 6:
Only within the intermediate flow strengths (Wi=< 10), where
the dynamical artifacts of NEMD simulations are relatively
small in Ty, are the two simulations found to be fully con-
sistent with each other.

Lastly, we present the plot of AUygnp versus
AT onf (tor+np) from the NEMC simulations in Fig. 11 where
we also include the NEMD data of both PCF and PEF pre-
sented in Fig. 7. It is clearly seen that the NEMC and NEMD
data are quantitatively consistent with each other; here, how-
ever, we should notice that all the NEMC data in the whole
range of «,, are included in the figure, while only NEMD
data are presented in the restricted range of Wi. This result
further corroborates our hypothesis that the configurational
temperature would maintain a sound physical basis only by
reflecting the large-scale structural changes in the system
without an artificial dynamical contribution, which domi-
nates at strong flow fields in NEMD simulations. Further-
more, although the original derivation of T, was limited to
equilibrium states, excluding the fast timescale interaction
modes (stretching and bending) thus seems to be consistent
with the hypothesis of extended local or quasiequilibrium
that is usually assumed in nonequilibrium thermodynamics
theory.! 8,22,23

The slope of the plot of AUgunp) versus AT ot orenb)

J. Chem. Phys. 132, 184906 (2010)
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FIG. 11. Plots of AU(snb) VS AT cont (tornb) from NEMC simulations. Also
shown are the NEMD data of PCF and PEF for comparison. The solid line
represents the linear fit of the NEMC data.

using the data near equilibrium is calculated as
2.75+0.99 J/(g K), which is also consistent with the
NEMD  result [25*1.1 J/(gK) for PCF and
2.7+1.3 J/(g K) for PEF] and the experimental value* of
2.67 J/(g K). Tt has been further demonstrated in a recent
NEMC simulation study43’44 of the flow-induced polymer
crystallization under strong flow fields that the application of
AT cont (tor+nb) correctly discerns the flow-induced crystalline
phase from the simple oriented melt and even quantitatively
predicts remarkably well the flow-enhanced melting-point el-
evation that has been reported in experiment. Furthermore,
inclusion of data at higher flow strengths might enable cal-
culation of a nonequilibrium heat capacity.44

V. CONCLUSIONS

We have presented a thorough analysis of the character-
istics of the configurational temperature (7., using both
NEMD and NEMC simulations of C;4H;sg linear polyethyl-
ene melts under shear and elongational flows. The NEMD
simulations exhibited a dramatic decrease in T, at strong
flow fields (Wi=20). Such a large degree of reduction in
T.ont in NEMD is considered physically unrealistic, resulting
from the significant effects of the dynamical molecular inter-
actions (especially exhibited by the bond-stretching and
bond-bending modes). A separate analysis of the individual
contributions from the different potential interaction modes
to the configurational temperature has revealed that the
bonded modes (particularly the bond-stretching and bond-
bending modes) make a dominant contribution over the non-
bonded ones and thus determine the overall T,,;. The quan-
titative analysis of the individual contributions to VU and
|[VU|]? involved in the calculation of T, showed that
bond-stretching(=~86.5%) >bond-bending(~11.8%)
>bond-torsional(=1.2%) >the intermolecular LJ(=0.4%)
>the intramolecular LJ(=0.1%). Therefore, the bond-
stretching contribution is almost one order of magnitude (i.e.,
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nine to ten times) larger than the bond-bending contribution,
which is about one order of magnitude (i.e., approximately
ten times) larger than the bond-torsional contribution. The
intermolecular LJ contribution is about four times smaller
than the bond-torsional, but about five times larger than the
intramolecular LJ contribution. Because of this, T, in
NEMD was observed apparently to match the bond-
stretching mode (7o s)» as shown in Fig. 5. Furthermore, if
we neglect the bond-stretching mode, the bond-bending
mode (the second largest contribution) would comprise the
dominant contribution and determine the total T, leading
to the overall increase in T, with increasing flow strength
in both PCF and PEF; this is consistent with the observations
of Delhommelle-Evans'* in their NEMD study of an
n-decane system with constrained bond length.

Such dramatic and nonmonotonic changes in T, of
each individual mode observed in the NEMD simulations
due to the influence of strong dynamic molecular collisions
under strong flow fields were not observed in the NEMC
simulations (compare Figs. 5 and 9). Based on the physical
concept of the configurational temperature associated with
the structural changes in the system, we hypothesized that
such dynamical effects should not be included in the calcu-
lation of T,,;. Furthermore, as the bond-stretching and bond-
bending modes experience very fast fluctuations of short ti-
mescales and rapidly equilibrate around their equilibrium
values and are associated with only the local structure of the
chains, in order to describe accurately the structural changes
occurring at nonequilibrium states by use of the configura-
tional temperature we propose to exclude their contributions
in calculating the change in T,,; between equilibrium and
highly nonequilibrium states (as AT, should reflect mainly
the large-scale structural and long timescale changes of the
system) and thus only the bond-torsional and nonbonded
modes are taken into account to generate a physically mean-
ingful AT,

This proposition (excluding the bond-stretching and
bond-bending modes, and excluding the dynamical effects in
obtaining a physically meaningful AT, between equilib-
rium and nonequilibrium states) is supported by good agree-
ment between the NEMC and NEMD simulations when we
only include the NEMD data within the intermediate range
of strain rates where dynamical effects are relatively sup-
pressed (see Fig. 11). Under this hypothesis, the NEMD re-
sults between PCF and PEF are shown to be consistent with
each other (see Fig. 7). Further evidence arises from the fact
that AT (cor+nb) Predicts remarkably well the experimental
heat capacity of amorphous polyethylene melts* and the
melting-point elevation under flow. 4

The general features revealed from the present work are
expected to be valid for other polymeric systems as well,
although the specific quantitative aspects may be different
for various materials as they are characterized by different
potentials and force fields. We anticipate that the present
study would be useful in the application of the configura-
tional temperature for interpreting many other physical phe-
nomena (e.g., phase separation or transitions in polymeric
systems) as well as flowing polymeric materials.
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APPENDIX A: CONFIGURATIONAL TEMPERATURE IN
A GENERALIZED CANONICAL ENSEMBLE

In order to derive a generalized expression for the con-
figurational temperature for the systems under an arbitrary
set of external thermodynamic fields, as suggested by Ilg,45
we start from the generalized canonical ensemble” which
accounts for a complete set of the thermodynamic state vari-
ables and the conjugate thermodynamic fields (Lagrange
multipliers N). The probability density function pp\; under
the conditions of [A] in this ensemble can be written as

P[)\](F) (A1)

N exp( BH(T) — g xknkm),

ON) = J exp(— BH(T) - 2 xknk(r))dr, (A2)
k

where B=1/kgT, I" represents the full phase-space consist-
ing of all the N-particle positions (r) and momenta (p) in the
system, and Q(N) is the corresponding partition function of
this ensemble. We first write the statistical-mechanical ex-
pression for the average of the sum of the square of the force
acting on each particle (F;=-V,U),

N N
21 F? )= f dzpm(F)Zl F?. (A3)
Substituting Egs. (A1) into Eq. (A2), we then obtain
N | N
g,Ff om dF(ZVU VU)
Xexp(= BHD) = ENILI)). (A9

which can be rewritten as
N

2
21 Y /=om

- g xknk) + (Ek) xkv,.nk)
Xexp(— BH - g xknk)] } (A5)

dFZ V.U- {— B‘l[V,- exp<- BH

Separately evaluating the two terms in Eq. (A5), we arrive at

N N
2F )=\ X ViU
i=1 i=1

-B (E (V,U- 2 NVIT)).

i=1

(A6)

Rearranging Eq. (A6) for the temperature, we finally obtain a
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generalized expression for the configurational temperature
45
as

1 (Vi F) - G (F; - S0VAIL)) (A7)

kBTconf <EZ1F12> .
In our present NEMC simulations, the additional thermody-
namic structural variable IT and the corresponding Lagrange
multiplier A are set equal to EZCFE] and —a, respectively.
Equation (A7) is thus reduced to

1 _ ELV-Fp+ a:(E?zl(Fi . (VIZ?LKTE’I))>
kBTconf - <E:,:1F12>
6(F -F )R
i Vi-F)+ a:EﬁﬁhM
= — <R (Nl)>eq (A8)
<2?:1F,‘2> ’

where R, is the chain end-to-end vector of the /th-chain and
(RZ(N,)>eq denotes the mean-square chain end-to-end dis-
tance of length Ny-mers at equilibrium. F;; and F,’N] are the
forces acting on the first atom and the last atom, respectively
of the /th-chain. Since the force acting on an atom is statis-
tically random and furthermore only the two end atoms are
involved, the additional field term in the numerator of Eq.
(A8) is supposed to make a negligible contribution.

APPENDIX B: DERIVATION OF THE FORMULA OF V-F

In this appendix, we derive the analytical formula of
V-F involved in the calculation of the configurational tem-
perature [Eq. (4)] for each potential interaction type. For
mathematical convenience, we choose the Cartesian coordi-
nate system in all the derivations. In addition, for notational
simplicity, we employ the Einstein’s summation convention
in the mathematical expressions: if a certain index occurs
twice in a term in the expression, the term is assumed to be
summed over the repeated index for all admissible values of
the index, e.g., aabazEzzlaaba in the three-dimensional co-
ordinate systems. We first consider the two-body interaction
modes (the bond-stretching and nonbonded LJ interactions),
then the bond-bending (three-body interaction), and lastly
the bond-torsional mode (four-body interaction).

1. Two-body interaction (the bond-stretching and
nonbonded LJ interactions)

As in most cases, we assume that the two-body interaction
depends only on the relative position vector between the two
interacting atoms (say, 1 and 2), but independent of the
center-of-mass position of the two atoms. Letting r, (F;) and
r, (F,) the position (force) vectors of the first and the second
atoms, respectively, and defining rj,=r,-r, and r;,=|r|,
we can express V-F as

’
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17 d a d
V-F=—-Fl+—~F2=<———>~F,
ory Jar, Jry Jr,

J
=2—F,,

Bl
aru ( )

where we used Newton’s third law, F,=—F,. Furthermore, in
the case that the potential U (and thus force as well) is inde-
pendent of the direction of ry, (i.e., central force fields, e.g.,
isotropic materials), we can write

_0UGrp) _ 0UGrp) . UGy

F, = (B2)
(91'1 81‘12 arlz I
Putting Eq. (B2) in Eq. (B1), it is found to be
d*U 2 dU
V.F=—2< (;'2) +— (r”)). (B3)
d"lz I dr12

2. The bond-bending interaction

Assuming again the homogeneity of space (i.e., the bond-
bending potential U, does not depend on the center-of-
mass position Rg), it is more convenient to transform the
basis set of variables from the atomic position vectors
{r|,ry,r3} to the relative position and the center-of-mass
vectors {a,b,R;}, where a=r,—-r,, b=r3-r,, and R;=(r,
+r,+1r3)/3. Using the transformation rule, we can readily
find the following relations between the two sets:

d J 1{ 9
)G ), e
191‘1 )Ty Ja b.R; 3 &RG a,b
(o) ), 3l
SIS dalpr, \b/yr, 3\0RG/ap
(B5)
d Jd 1{ o
o)l e
(91'3 r.r, db aR; 3 aRG a,b

The force acting on each atom can be expressed based on the
new variable set as

_ anen _ &Uben

F] =
Jary oda
OUpen  OUpen  Upen
F2=— be — be + be i (B7)
ar, da db
Upen Upen
F3=__b=__b’

31'3 db

since JUy,/ IR;=0. Combining Egs. (B4)-(B7), we can
therefore express V-F as
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J J J
V‘F=_'F|+_'F2+_‘F3
ary or, ory
J -F (9 F J F J F
= — . —_— + —_
ga ' ga > ob * op °
2( 0 Uy 0 Upey 0 anen)
= — _ . + — - —_— —
da oJa da b db b

(B3)

In order to evaluate V-F, we need to calculate the first and

the second derivatives of cos # with respect to a and b from
a-b

cos O=+——. (B9)
|al[b]

The expressions for the first derivatives are derived as

dcos§ b, a,cosb

dae  lallb|  a]* "
(B10)

dcos @ a, b,cos b

= - .
b, lallb] [b]

where the subscript a represents the three Cartesian coordi-
nates (x,y,z). From Eq. (B10), the expressions of the second
derivatives are

ié‘ cos 6 : 2 cos 0
da, da, |a|2 ’
d dcos 0 1
— ——(1 +cos” 6), (B11)
da, db,  lallb]
iﬁ cos 6 3 2 cos 0
db, db, |b|?
Furthermore, it is also apparent that
((9 cos 6)((9cos 6) B sin®
da, da, B |a|2 ’
dcos 0\ dcos b cos O sin®
dag, b, la[[b]

(& cos 0)(&005 0) 3 sin® 6
b, ob, ) b’

In addition, the following relations are valid:

‘?Uben _ 1 (9Uben
dcos @ sinf 90

d ( Upen )_ 1 (&zUben cos aauben>
dcos O\ cos 6  sin® O\ 96 sinf 90 )’

(B13)

Now, let us evaluate V-F of Eq. (B8). First, we express
each term appearing on the right side of the last equality in
Eq. (B8) as
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1% ( AUpey J cOS 0)
«\dcos 6 da,

_(&cos 6’)i< (?Uben>

B da, ) da,\dcos 6
( &Uben) 17 (ﬁcos 6)

4| Zben | 7

dcos 0/ da,\ da,
(&cosﬂ)(&cosﬁ) d (&Uben)
da, ) dcos 0\dcos O

( Upen )i(&cos 0)
dcos 0/ da,, ’

3 anen_(acow) dc os0> d (anen)
a d cos 0\ dcos 0

da b b,
( IUpen )i(&cos 0)
d cos 0/ da,, ’

J &Uben_<¢9cosﬂ>(&cost9> d (&Uben)
b b db, ] dcos 6\d cos 6

(B14)

(B15)

AUpen |\ 0 [ Jdcos 0
4| e ) = . (B16)
dcos 0)db,\ b,
Inserting Eqs. (B14)—(B16) into Eq. (B8), we obtain
V-F=—2< J anen ‘9 &Uben_'_i' anen)
db b b

( Upen ) <(9 cos 49)(6' cos 0)
d cos B\ d cos 6 da, da,,

(&cos 0><8cos 6) (o"cos 0)(&005 0)
db b, b,

&Uben (? cos 0 i( d cos 0)
(9 cos 0 da,\ db,

J ((9 coS 0)]
+— .
db,\ b,

Substituting Egs. (B10)-(B13) into Eq. (B17), we finally ar-
rive at the expression

cos 0)

|a||b|

~ aZUben)<1 1
V'F‘"z{( 2 \faP T b

cos wam( 1 1 1 )
+ T2 ) (-
sin @ 96 \|al? |b| |al|b|cos 6

(B18)

(B17)

This equation can be applied to an arbitrary form of the
bending potential as a function of 6. For example, Uy.,(6)
=kpen(0— Oeg)*/2 as used in this study, Eq. (B18) gives rise to
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V.Fe-2k (L_'_L cos&)_'_cosﬁ(L
-\l T b2 Jallbl/ T sin 6\ [al?

1 1

+W_La||ste)(”‘9eq)}~ (B19)

3. The bond-torsional interaction

Let us again transform the variable set from the atomic po-
sition vectors {r;,r,,rs,r,} to the relative position and the
center-of-mass vectors, {a,b,c¢,R;}, where a=r;-r,, b=r,
—-r3, ¢=r3—ry, and R;=(r;+ry+r3+1,)/4. We can then find
the following transformation relations between the two sets:

J Jd 1{ 0
o) i), e
(91’1 L% 2% Ja b.c.R; 4 &RG a,b,c

J J J J
V’F=_'F1+_'F2+_-F3+—.F4
ar, or, ory ary
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R N +| —
(91'2 r, Ja b.c.R; db acRp

3Ty
1( 49
+—<—> , (B21)
4 &RG ab,c
o) ) e i)
R —_ = +{— il i
191‘3 Iy, db a,cRj; de a,b,RG4 0RG a,b,c
(B22)
J J 1( 9
— o b (B23)
ary T[,I) I3 de abR; 4 aRG ab,c

Assuming again that the bond-torsional potential U, is in-
dependent of R, we express the forces as

Fl - _ ﬁUlor’ F2 - aUtor _ aUtor,
da oa db
(B24)
& UtOl’ a UtOl’ a UtOl'
3= - Fy=——
db Je Jdc

Combining Egs. (B20)—(B24) and using a similar set of
equations to Egs. (B14)—(B16), V-F is found to be

4& W 3 Uy 0 W 3 Iy 3 Uy
= - _— _— + — -_— 4 — . —
da Jda da db Jdb b db  dec

Je de )

__5 d (&Utor ){(8cos¢)<&cos¢> (
T d cos ¢\ dcos ¢ da, da, "

X(&Cosd)) (&cosd))(&cosd'))] 2( AU o,
ob, |\ ab, oc, )| “\ocos o

i(&cos ¢> i(é’cos d))
da,\ b, ob,\ dc, '

Let us now evaluate the first and the second derivatives
of cos ¢ with respect to a, b, and ¢. Here, we define cos ¢ as
(axXb)-(bXe)

- , B26
€Os P = X bllb X ¢ (B26)

by taking ¢=0 as the cis-configuration. First, using the iden-
tity (aXb)-(bXc¢)=(a-b)(b-¢)—(a-c)|b|?, we derive

“{@xb)-(bxl=b b~ bl (B27)

9

(%a[(a Xb)-(bXc)]
=(b-c)a,+(a-b)c,—2(a-c)b,, (B28)

8005(1’))(&005(]&) (&cos¢>(&cos¢) (&cos¢)
b, ab, )\ o, dcy )\ da

a a

) i(&cos¢)+i<8cos ¢>+i(&cos¢)
da,\ da, ab,\ b, dc dc,

o

(B25)
[
%[(a X b)-(bXc)]=(a-b)b,—|b]*a,, (B29)
J B [b X ¢l )
aaaﬂa X b||b X C|] - |a % b|[|b| Ay — (a : b)ba]s (B30)
2 fla x blb x €[] = —————{|b x ¢[[Jal
b, la X b|[b X ¢| “
—(a-b)a,] +a X b|7|c[*p,
—(b-c)c,l}, (B31)
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la X b|

|b % C| [|b|2Ca - (b : c)ba]' (B32)

d
——[laxbllb < c[]=
de,

Then, from Egs. (B26)—(B32), we obtain the following relations for the first derivatives:

d b-c)b,— |b|? a-b)b,—|b|?
cosd_(b-0bulble, [ @ bbe=[bPa ] 33)
da,, l]a X b||b X ¢ la X b|
dcos¢p (b-c)a,+(a-b)c,—2(a-c)b, (a-b)a,—|al’b, (b-c)c,—|c|*b,
= ¢ p 2 , (B34)
b, l]a X b|[b X ¢| la X b| |b X ¢
d a-b)b,— b b-c)b,—|b|*
cos & _ (a-b)b, = [bl’a, [( b |2|ca} 535)
dcy l]a X b|b X ¢| [b X c|
Furthermore, the second derivatives are found to be
d dcos ¢ |b|?
7 - B36
da, da, | |2COS ¢ ( )
9 dcos ¢ 1 (a-b)[(a-b)a-¢)-]al’(b-¢)] (b-¢)[(a-c)(b-c)—[c[*(a-b)]
— =2 3 + 3 +2(a-c)
db, db, l]a X b|[b X ¢ l]a X bl b X ¢
2|a? 2P (b-o)f(a-b)a-c)=|a’(b-¢)] (a-b)[(a:-c)(b-c)—|c/*(a-b)]
+cos ¢ 5+ 5+ 5 5 + 5 5 , (B37)
laxXb[*  |bXc| la X b|*|b X ¢ la X b|*|b X ¢
d dcos ¢ [b|? 5. (B38)
— =- cos
dcy Icg b X cf?
d dcos ¢ (b-¢) (a-b)
— = 1+ + , B39
Za. b, “laxblbxe TN D LSEes ¢ (B39)
d dcos ¢ (a-b) (b-c¢)
— = 1 +sin® ¢) + . B40
b, e, “Jaxblbxe TSN D peos 4 (B40)
The second-order terms with respect to the first derivatives are also found to be
d cos ¢><ﬁ cos ¢) b]>
= , B41
( da,, da, la X b|zsm ¢ (B41)
dcos ¢ \[dcos ¢
( . )( . ):— b b Ol b)a e ~[al(b- ]+ (- bl(a- )b-0) ~[eP(a- b))
(a-b)[(a-b)(a-c)-laf’(b-c)] 2(a-¢) (b-o)(a-c)(b-c)-c[*(a-b)]
+2cos ¢ 3 + + 3
la X b’|b X ¢ l]a X b|b X ¢ |]a X b|[b X ¢|
3lal? |c|? 2(a-b)[(a-c)(b-c)—|c/*(a-b)]
+cos’ + + , B42
co ¢{ ax bP T b x cf PRVINETRE (B42)
dcos ¢ \[ dcos ¢) b*>
, B43
( 9y )( dc, |b X c|2Sln ¢ (B43)
é’cosq&)(&cosqﬁ) (a-b) (b-¢) 5
= - , Bd4
( 7a., “Tax b T bl x o I ¢ (B44)
1% 1% b- -b
( cos ¢>< cos ¢) =— ( c)zsin2 - Lcos ¢ sin® ¢. (B45)
b, dc, [b X | l]a X b||b X ¢|

Using all of these derivatives, Eqs. (B33)-(B45), together with a simple evaluation of the first and the second derivatives of
Uyo(¢p) with respect to cos ¢, we evaluate V-F in Eq. (B25).
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