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Synopsis

onequilibrium molecular dynamics �NEMD� simulations of a dense liquid composed of linear
olyethylene chains were performed to investigate the chain dynamics under shear. Brownian
ynamics �BD� simulations of a freely jointed chain with equivalent contour length were
lso performed in the case of a dilute solution. This allowed for a close comparison of the chain
ynamics of similar molecules for two very different types of liquids. Both simulations exhibited a
istribution of the end-to-end vector, �Rete�, with Gaussian behavior at low Weissenberg number
Wi�. At high Wi, the NEMD distribution was bimodal, with two peaks associated with rotation
nd stretching of the individual molecules. BD simulations of a dilute solution did not display a
imodal character; distributions of �Rete� ranged from tightly coiled to fully stretched
onfigurations. The simulations revealed a tumbling behavior of the chains and correlations
etween the components of Rete exhibited characteristic frequencies of tumbling, which scaled as
i−0.75. Furthermore, after a critical Wi of approximately 2, another characteristic time scale

ppeared which scaled as Wi−0.63. Although the free-draining solution is very different than
he dense liquid, the BD simulations revealed a similar behavior, with the characteristic
ime scales mentioned above scaling as Wi−0.68 and Wi−0.66. © 2010 The Society of
heology. �DOI: 10.1122/1.3314298�

. INTRODUCTION

Observations of the motions of individual chain molecules are crucial to further de-
elopment and refinement of rheological and topological models of the dynamics of
olymeric liquids. Most past modeling efforts have been aimed at the description of the
volution of bulk-averaged quantities, such as the conformation or stress tensors, under
he influence of an applied external flow field �Bird et al. �1987a, 1987b��. These pre-
veraged theories are applicable to chain liquids at low field strength, but their descrip-
ions of the rheological behavior tend to break down once the field strength drives the
uid beyond the linear viscoelastic regime. For example, simple kinetic theories of dilute
ookean dumbbell solutions are generally rendered computationally efficient by pre-

veraging the diffusion equation for the distribution of the dumbbell connector vector
ver the entire configuration space. This is accomplished by defining the conformation

�
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284 KIM et al.
ensor, mentioned above, as the second moment of the configurational distribution func-
ion �Bird et al. �1987b��. Unfortunately, this procedure implies a substantial degree of
oarse-graining of the degrees of freedom, resulting in characteristic evolution equations
or variables �again, such as the conformation tensor or the extra stress tensor� which
hange on macroscopic length and time scales. Consequently, any information that is
resent on microscopic time scales is effectively removed from the final evolution equa-
ions that describe the dynamical response of the chain liquid. This readily explains why
hese pre-averaged theories break down in the nonlinear viscoelastic regime where the
ime scales of the flow can become smaller than those associated with the time evolution
f the macroscopic variables. �Recall that as strain rate is increased, its reciprocal, asso-
iated with the characteristic time scale of the flow, decreases.� Many examples of the
ailure of pre-averaged models, especially at high strain rates, were discussed by Larson
1988�.

Many attempts have been made to extend the validity of rheological equations of state
nto the nonlinear viscoelastic regime, such as network theories �Bird et al. �1987b�� and
eptation-based modeling �Doi and Edwards �1986��. In the reptation-based model of Doi
nd Edwards �1986�, a generic chain is assumed to undergo snake-like motion within a
ontorted tube formed by neighboring chains. Consequently, motion along the chain
ontour is much less restrained than motion perpendicular to it. A characteristic time scale
s assigned to this motion, �D, which is called the “reptation” or “disengagement” time
cale; conceptually, this is the time required for the chain to disengage from its original
ube �Doi and Edwards �1986��. This time scale is generally some multiple of the fluid’s
ouse time, �R, under conditions of equilibrium.

Although the most comprehensive versions of reptation-based theories perform well at
ow shear rates ��̇�1 /�D� �Larson �1999�� and have recently attained success at inter-
ediate shear rates �1 /�D� �̇�1 /�R� �Mhetar and Archer �2000�; Islam et al. �2003��,

hey still fail to describe the rheology of entangled polymeric liquids at high shear rates
here the associated time scales become relatively small �1 /�R� �̇� �Teixeira et al.

2007��.
Until recently, light scattering and birefringence experiments were used for analyzing

he orientational and configurational changes of polymer chains undergoing flow. How-
ver, these types of experimentation were unable to track configurational changes of
ndividual polymer chains. Consequently, these measurement techniques were restricted
o examining bulk fluid properties and could not distinguish between phenomena that
ccur over disparate time scales; however, this does not mean that the dynamics of
ndividual chain molecules do not affect the observed birefringence and light scattering
atterns. Indeed, as discussed below and by Kim et al. �2009�, the tumbling motion of
ndividual chain molecules at high shear rates might be responsible for the breakdown
nder shear of the stress-optical rule in many polymeric liquids.

Relatively recent direct visualization of individual polymer chains using video micros-
opy offers the possibility to explore the motions of individual chain molecules under-
oing flow �Teixeira et al. �2005, 2007�; Smith and Chu �1998�; Smith et al. �1999�;
eDuc et al. �1999�; Schroeder et al. �2005�; Robertson and Smith �2007��. These initial
tudies have seriously called into question many of the assumptions used to model poly-
er flow dynamics. Smith et al. �1999� and LeDuc et al. �1999� simultaneously examined

ilute solutions of DNA, in which the dynamics of individual, labeled chains were visu-
lized under shear in the flow-vorticity plane using video microscopy. These results
emonstrated that the flexible polymer chains experienced both deformation and tum-
ling under shear, as a function of the Weissenberg number �Wi=�R�̇�. Schroeder et al.

2005� and Teixeira et al. �2005, 2007� visualized and tracked individual configurational
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285DYNAMICS OF SINGLE MOLECULES UNDER SHEAR
hanges of fluorescently labeled DNA solutions under steady shear flow in the flow-
radient plane for concentrations ranging from dilute to highly entangled. These experi-
ents again demonstrated the tumbling and stretching dynamics of individual chains,
hich depended on both Wi and concentration, but the evidence was more direct since

he visualization was carried out in the flow-gradient plane. They also demonstrated a
lear quasi-periodic tumbling of the individual DNA molecules in dilute solution at high
i, with a characteristic frequency for this rotation that scaled sublinearly with shear rate

s Wi0.62. For concentrated DNA solutions, two distinct time scales were observed: the
rst associated with the chain retraction dynamics �the short time scale� and the second
ossibly related to the dynamics of constraint release and contour length fluctuations �the
ong time scale�. The probability distribution of chain extension broadened dramatically
t high Wi from its approximately Gaussian shape at low Wi, which is not typical of
re-averaged bulk rheological theory. Robertson and Smith �2007� used optical tweezers
o measure the intermolecular forces acting on a single DNA chain as exerted by the
urrounding entangled molecules and found three distinct time scales: the short time scale
as determined as close to the theoretical value of the Rouse time, the long time scale
as associated with the disengagement time of reptation theory, and the intermediate

ime scale was speculated to be a second reptative process that was correlated with the
ynamics of the effective reptation tube under shear.

Despite the numerous successes of single-chain microscopy to date, experimentation
lone cannot resolve all of the outstanding issues that perplex rheologists at high Wi. The
rimary limitation of these experiments is the small number of molecules that can be
ffectively tracked simultaneously, which is especially true of dense polymer melts. A
urther limitation lies in the small number of flow geometries that lend themselves to
irect visualization; even in steady shear flow, it is difficult to view all flow planes within
he sample using the same apparatus.

Atomistic simulation of polymeric liquids offers a complementary perspective of in-
ividual chain dynamics under flow. Most nonequilibrium flow simulations to date have
ocused on the bulk rheological and structural properties of both atomistic �Moore
t al. �2000�; Baig et al. �2006�; Kim et al. �2008a�; Baig and Mavrantzas �2009�;
avrantas and Theodorous �1998�; Mavrantzas and Öttinger �2002�; Todd and Daivis

1998�� and coarse-grained �bead-rod and bead-spring chains� �Baig and Mavrantzas
2009�; Kröger et al. �1993�; Kröger and Hess �2000�; Öttinger �1996�; Doyle et al.
1997�; Venkataramani et al. �2008�� liquids. Although much new insight have been
arnered from these studies, possibly this focus on bulk behavior at macroscopic length
nd time scales has resulted in overlooking key microscopic information concerning the
olecular-scale origin of the bulk rheological and structural properties. Indeed, it has

ometimes led to inadequate explanations of observed bulk-scale phenomena �Kim et al.
2009�� as described below.

The primary advantage of simulation over experiment is that every chain within the
ample can be examined individually, not only those which were optically labeled and
nder view in the experimental apparatus. This allows much more detailed information to
e gleaned from the simulation with respect to the experiment, as statistically meaningful
orrelations can be established via averaging of the dynamical behavior of each indi-
idual chain. Also, simulations are readily amenable to topological analysis, extending
quilibrium properties such as tube diameter, primitive path length, and number of en-
anglements to nonequilibrium flow situations �Kim et al. �2008b��. Certainly, bulk-
veraged properties, such as the conformation tensor, can still be calculated, but also with

he ability to examine the effects of short time scale individual chain dynamics upon
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286 KIM et al.
hem. Ultimately, more and better information at the microscopic scale should lead to
etter rheological and structural models of polymeric liquids under flow.

This article extends the analysis of a prior simulation study �Kim et al. �2009�� aimed
t elucidating the dynamics of individual molecules comprising a linear short-chain poly-
thylene liquid, C78H158, under steady shearing flow. Both nonequilibrium molecular
ynamics �NEMD� and Brownian dynamics �BD� simulations were performed, but on
ifferent levels of description. The NEMD simulations were conducted using the united-
tom model of Siepmann et al. �1993� at the fine-grained atomistic level and the BD
imulations were performed using a dilute solution of bead-rod chains. The atomistic-
evel simulations allow a direct investigation to be made of the individual chain dynamics
f the linear polyethylene chains and hence into the microscopic origins of macroscopic
heological properties. Comparison between NEMD and BD simulations allows assess-
ent of the differences between the dynamics of individual molecules that constitute

ense liquids with respect to the corresponding dynamics of the similar chains in dilute
olution.

I. SIMULATION METHODOLOGY

. NEMD simulation

NEMD simulations of linear C78H158 were performed in the NVT ensemble using the
LLOD equations of motion of a homogeneous shear flow �Evans and Morriss �1990��,
hich are equivalent to the p-SLLOD equations of motion in this planar Couette flow

Edwards and Dressler �2001�; Baig et al. �2005b�; Edwards et al. �2006��. The Nosé–
oover thermostat �Nosé �1984�; Hoover �1985�� was used to maintain the temperature
f the liquid at a constant value of 450 K. The SLLOD equations of motion are

q̇ia =
pia

mia
+ qia · �u ,

ṗia = Fia − pia · �u − �̇pia,

�̇ =
p�

Q
, ṗ� = �

i
�

a

pia
2

mia
− DNkBT, Q = DNkBT�2. �1�

n these equations, specific molecules and atoms are distinguished with subscripts i and a,
espectively. For example, pia denotes the momentum vector of atom a in molecule i. The
ymbols qia, mia, and Fia represent the position vector, mass, and force vector in the same
ashion. The �u is the velocity gradient tensor in the equations of motion; in the present
ituation, the only nonzero component is the shear rate, �̇. The variables Q, �, and P�

ndicate the inertial mass, coordinate-like, and momentum-like variables, respectively, of
he Nosé–Hoover thermostat. The kB refers to the Boltzmann constant, and N, V, and T
re the total number of atoms, the volume of the system, and the absolute temperature,
espectively. The symbol D denotes the dimensionality of the system. Under planar
ouette shear flow, the Lees–Edwards boundary condition �Lees and Edwards �1972�� is
pplied in the gradient direction, with periodic conditions with respect to the flow and
orticity directions.

The Siepmann–Karaboni–Smit �Siepmann et al. �1993�� united-atom model for linear
lkanes was adopted in the NEMD simulations because of its extensive use for simulating
quilibrium thermodynamic properties and rheological behavior of alkanes and polyeth-

lenes. However, a bond-stretching interaction was substituted for the rigid bond in the
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287DYNAMICS OF SINGLE MOLECULES UNDER SHEAR
riginal united-atom model between adjacent atoms in the form of a harmonic potential
unction, primarily to relieve issues associated with stiff integrations at small time scales.
he five types of interaction potentials present in this model are bond stretching, bond
ending, bond torsion, and intramolecular and intermolecular Lennard–Jones �LJ�. More
etails of the exact form of the model and its parameterization adopted in this study may
e found in the literature �Baig et al. �2005a, 2006��.

In order to ensure the absence of a system-size effect, the simulation box dimensions
ere chosen carefully as 130.50�54.00�54.00 Å3 in xyz space, considering the fully

tretched length of linear C78H158 �=99.45 Å� �Baig et al. �2006��. Note that the simu-
ation box is only extended in the direction of flow since, under shear, the chains are only
pproximately fully stretched at very high shear rates where they are also aligned very
lose to the direction of flow. The density of linear C78H158 was set to �
0.7640 g /cm3, as determined from experiment. Therefore, 160 molecules and 12 480

nteraction sites were inserted in the simulation box. The magnitude of the averaged
nd-to-end vector of the test liquid at equilibrium was calculated as approximately 38 Å.
he Rouse relaxation time �or the longest rotational relaxation time�, �R, was determined
t equilibrium using the KWW method �Williams and Watts �1970�; Williams et al.
1971�; Tsolou et al. �2005�; Deschenes and van den Bout �2001�� to be roughly 2300 ps.
ased on prior experience �Kim et al. �2008b��, the type of thermostat �atomistic or
olecular �Travis et al. �1995�; Padilla and Toxvaerd �1996��� does not influence the

imulation results at the relatively low shear rates used in this study.

. BD simulation

BD simulations of the free-draining, bead-rod chain liquid were carried out under
hear flow to assess the differences between individual molecular dynamics in dense
iquids as opposed to dilute solutions. Simulations were conducted using methods de-
cribed previously �Doyle et al. �1997�; Somasi et al. �2002��. The linear macromolecules
ere modeled as freely jointed chains possessing the same contour length as the poly-

thylene molecules used in the NEMD dense liquid simulations. A test chain was com-
rised of 24 beads connected by rods of length 4.4 Å, resulting in a maximum chain
ength of about 100 Å.

In the BD simulations, there were three external forces acting on the beads, which
atisfy the equation

Fi
H + Fi

C + Fi
B = 0, i = 1,2, . . . ,Nk. �2�

he Fi
H, Fi

C, and Fi
B represent the hydrodynamic drag force, the constraint force, and the

rownian force at the ith bead, respectively. The hydrodynamic drag force is described
y Stokes drag acting on the beads

Fi
H = − ��ṙi − vi

�� , �3�

here the � denotes the isotropic drag coefficient, which is related to the largest relax-
tion time of the model fluid. The ṙi and vi

� are the velocity of the bead and streaming
elocity profile at bead i, respectively. The constraint force that maintains constant bond
ength �a� between adjacent beads is

FC = Tiui − Ti−1ui−1,
i
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288 KIM et al.
ui = �ri+1 − ri�/a . �4�

i represents tension between the beads and ui refers to the orientation of rod i. The
rownian force that describes collisions between neighboring beads is

�Fi
B�t�� = 0,

�Fi
B�t�F j

B�t + 	t�� = 2kBT�
ij
�	t� 	
2kBT�
ij

	t
. �5�

he 
 represents the Dirac delta function and the 
ij refers to the unit tensor.
The set of evolution equations for the position vectors of beads is obtained by com-

ining Eqs. �3�–�5� with Eq. �2� and integration subject to the constraints

dri = 
vi
� +

Fi
C

�
�dt +�2kBT

�
dWi, i = 1,2, . . . ,Nk,

�ri+1 − ri��ri+1 − ri� − a2 = �2, i = 1,2, . . . ,Nk − 1, �6�

sing the iterative technique developed by Liu �1989� and proven to be optimal for this
ize of chains by Somasi et al. �2002�. The dWi is a Wiener process and the �2 is the
pecific tolerance.

The model described in the preceding paragraphs constitutes a dilute polymer solution.
he BD simulations were performed by matching the longest relaxation time of the
ead-rod model to the equilibrium value of the Rouse time as extracted from atomistic
imulation, 2300 ps. Although the NEMD simulations were conducted with a dense
iquid, the C78H158 fluid contains very few entanglements �Kim et al. �2008b�; Foteinopo-
lou et al. �2006��. Consequently, comparison of the NEMD and BD simulation results
ould lead to some interesting conclusions, since the dilute solution analysis of the BD
imulations examines the individual chain dynamics of a molecule in isolation, based on
he prescribed value of the Rouse time, whereas the atomistic NEMD simulations analyze
he individual chain dynamics of molecules comprising a dense liquid at the same value
f the Rouse time. Thus the relevant dynamical properties can be compared at equivalent
alues of Wi. This contrast between individual molecules �free-draining BD� and molecu-
ar liquids �atomistic NEMD� should reveal similarities and differences between the two
ases and could lead to new insight into the universality and diversity of the dynamics of
ndividual chains in macromolecular solutions and melts.

. Brightness distribution for configurations of chain molecules

The dynamics of individual DNA molecules have been observed under shear using
ideo fluorescence microscopy during the past decade �Smith and Chu �1998�; Smith
t al. �1999�; LeDuc et al. �1999�; Teixeira et al. �2005�; Schroeder et al. �2005�; Rob-
rtson and Smith �2007��. In this technique, the internal configuration of the chain is
elated to the brightness of the signal as measured under a microscope since the indi-
idual DNA molecules are fluorescently marked. In other words, the brightness changes
ccording to the configurational distribution of chains at a specific spatial location. For
xample, the coiled configuration appears brighter than other conformations because the
adius of gyration of the chain is smaller.

In a similar vein to the experimental brightness measurements, the same idea has been
pplied to simulation data to classify numerous configurations of chain molecules and to

rack the configurational changes of specific molecules as a function of Wi �Venkatara-
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289DYNAMICS OF SINGLE MOLECULES UNDER SHEAR
ani et al. �2008��. The analysis presented below follows exactly the scheme of Venka-
aramani et al. �2008� and will not be explained here. Figure 1 displays the configuration
lasses of the chain molecules considered in this work: they are, in order of increasing
agnitude of the end-to-end vector, coil, fold, dumbbell, kink, half-dumbbell, and

tretched.

II. RESULTS AND DISCUSSION

. Dynamics of the end-to-end vector

NEMD simulations were performed for the liquid C78H158 at equilibrium and under
hear at Wi ranging from 0.001 to 1000. A plot of the mean-squared, end-to-end vector,
Rete

2 �, versus Wi is displayed in Fig. 2 �Kim et al. �2008b��. �Note that the error bars in
ll cases of the atomistic simulation data presented in the figures below are approximately
qual to the sizes of the symbols themselves.� This quantity provides a determination of

2

Stretched

Half-Dumbbell Coil

DumbbellKink

Fold

Direction of
extension

Brightness
distribution

Direction of
extension

Brightness
distribution

Direction of
extension

Brightness
distribution

IG. 1. Representative configuration classes of chain molecules as defined by the brightness distribution of
enkataramani et al. �2008�.
he absolute extension of the molecules. At low values of Wi, �Rete� assumes its quiescent
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290 KIM et al.
alue of 1500 Å2. As Wi approaches unity, �Rete
2 � begins to increase as the chain mol-

cules begin to extend due to the hydrodynamic forces imposed by the shear field. In this
i regime, the free energy change of the fluid, relative to its equilibrium value, is

ominated by the entropic configurational reduction as the molecules extend, thereby
rastically diminishing the number of allowable distributions of the chains’ constituent
tomic units. Once Wi increases beyond unity, the nonlinear viscoelastic regime begins,
herein the time scale of the shear flow becomes smaller than the Rouse time. As Wi

ncreases from a value of 1 to about 40, a very dramatic increase is observed in �Rete
2 �,

hich has traditionally been used to explain the onset of shear-thinning behavior in
olymeric liquids beyond a Wi of unity; i.e., the deformation and preferential orientation
f the chains relative to the flow direction relieves some of the hydrodynamic stress
mparted to the molecular segments by the shear field. This results in a value of the shear
tress that increases slower than the kinematics of the shear field would suggest.

The �Rete
2 � curve in Fig. 2 begins to attain a maximum at a Wi value of approximately

0. This behavior is unexpected based upon that of bulk-averaged rheological theories,
hich mandate that the chain extension should either increase continuously as Wi is

aised or else reach a plateau value as the chains approach their maximum extension. The
Rete

2 � decreases substantially after attaining its maximum value of 3000 Å2 �correspond-
ng to a value of �Rete� of 55 Å� at higher Wi, ultimately saturating at Wi on the order of
000.

The NEMD simulation results for the polyethylene liquid C78H158 can be compared
nd contrasted to the behavior of the free-draining bead-rod chain at corresponding Wi
sing BD. In these simulations, five values of Wi were examined: one in the low Wi
inear viscoelastic regime �Wi=0.4�, at the transition to the nonlinear viscoelastic regime
Wi=1�, during the Wi regime where �Rete� is increasing dramatically �Wi=10�, at the
aximum value of �Rete� �Wi=100�, and at a very high value �Wi=780� after the maxi-
um has been achieved.
Results of the BD simulations are also presented in Fig. 2. At the lowest two values of

i, the mean-squared, end-to-end distance is much smaller than the values computed
rom the NEMD simulations. This is as expected since the freely jointed bead-rod model

Wi

0.1 1 10 100 1000

<R
et

e2 >
(

2 )

0

500

1000

1500

2000

2500

3000

BD
NEMD

Å

IG. 2. The mean-square chain end-to-end distance, �Rete
2 �, for C78H158 as a function of Wi from the atomistic

EMD �open symbols� and BD �filled symbols� simulations.
oes not contain the excluded volume effect associated with the intramolecular potential



e
t
t
t
d
w
b
b
2
e

b
c
i
a
O
s
d
c
t
p
T
i
i
t
s
l
t
c
m

e
o
N
�
h
i
T
g
d
f
a
r
o
b
t
C
l
c

291DYNAMICS OF SINGLE MOLECULES UNDER SHEAR
nergy or any of the other four potential energy contributions either �see previous sec-
ion�. Hence the bead-rod chains are much more tightly coiled on average than those of
he NEMD simulations, which are relatively stiff in comparison. A Kuhn step analysis of
he polyethylene chains in the dense liquid reveals that seven rods would be sufficient to
escribe a coarse-grained version of the polyethylene molecule; however, these rods
ould have a length of 15 Å, which is too large to catch the fine-scale dynamics of
ending that are required to assume the hairpin-like tumbling structures, as described
elow. �The present chains are too short for this analysis to apply in a strict sense.� Here,
3 rods of length 4.4 Å are used in order to capture the high shear rate behavior ad-
quately and the low shear rate behavior is not of direct interest.

For all values of Wi beyond unity, however, �Rete
2 � is almost quantitatively the same

etween the two model liquids. Indeed, the maximum chain extension of the bead-rod
hain is the same as that of the atomistic model and it occurs at the same value of Wi. It
s very curious that these two vastly different models, one for a dense liquid and one for
n infinitely dilute solution, provide the same values of �Rete

2 � for large values of Wi.
ther research groups have found similar interesting behavior of molecular extension in

olutions by comparing data over large variations of concentrations ranging from very
ilute to semi-dilute. Hur et al. �2001� studied the dynamics of DNA solutions of con-
entrations ranging from 10−5c� to 6c� using fluorescence microscopy. Their results for
he mean fractional extension of the chain molecules indicate that this quantity is inde-
endent of concentration when it is normalized by the contour length of the molecule.
he value of this extension asymptotes to a value of 0.4 at high Wi, which is again

ndependent of the solution concentration. This is in contrast to the value of about 0.55 �it
s the square of the extensions that appear in Fig. 2� at the maximum chain extension in
he NEMD simulations of C78H158. There is no evidence of this maximum in the BD
imulations of Hur et al. �2001�. However, the critical value of Wi where the two simu-
ation results show evidence of attaining a plateau �BD� or maximum �NEMD� is roughly
he same value of approximately 75. Stoltz et al. �2006� also noticed that the fractional
hain extension was independent of concentration in BD simulations of a bead-spring
odel representing DNA solutions at concentrations varying from infinitely dilute to 2c�.
The seemingly bizarre behavior of �Rete

2 � with Wi was first observed by Morriss
t al. �1991� and later by Cui et al. �1996� in NEMD simulations of shear flow for liquids
f n-alkanes with chain lengths up to 24 carbon atoms. Moore et al. �2000� performed
EMD simulations of C100H202 under shear and observed a limiting plateau value of

Rete
2 � at high values of Wi. Moore et al. explained the maximum by comparing the

ydrodynamic pressure of the simulation to the potential LJ energy of intermolecular
nteractions; i.e., the energetic interactions of united-atoms on separate macromolecules.
hey hypothesized that it occurred due to a balance between two opposing phenomena
enerated by the shear field. The expected �from bulk-averaged rheological theories�
eformation and orientation of the macromolecules were generated by the hydrodynamic
orces at low Wi; however, for high values of the shear rate, they argued that the high
mount of kinetic energy imparted to the atomic units of the chain molecules induces a
andomizing Brownian-like collisional force, which causes the chains to retract from their
verly extended configurations. Moore et al. based this hypothesis on the simulated
ehavior of the intermolecular LJ potential energy used in the SKS model. To illustrate
his, Fig. 3 reproduces data of Kim et al. �2008b� for the intermolecular LJ potential of

78H158; the same qualitative behavior is observed for all short-chain polyethylenes simu-
ated to date. Data display a clear decrease at low Wi, followed by a minimum value that

orresponds to the value of Wi where the maximum occurs in Fig. 2. Subsequently, there
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292 KIM et al.
s a very sharp rise in the LJ potential energy with increasing Wi. The sign convention of
he energetic expressions used herein is standard: the interparticle force is negative for
ttraction and positive for repulsion. Therefore, the decrease in the potential energy at
ow Wi implies a situation in which the extension and preferential orientation of the chain

olecules are attractive; i.e., once extended and aligned, the chains are able to pack more
losely with each other. At high Wi, however, the potential energy becomes much more
epulsive and thus the atomistic units on different chains must be revisiting their less-
xtended and less-oriented configurations from low values of Wi. The hypothesis that
hese repulsive forces are due to increasingly violent interactions as the kinetic energy of
he atomic units is augmented by the increase in the magnitude of the imposed hydrody-
amic shear force is thus a natural deduction from the intermolecular LJ energy data.

Although the data presented thus far seem to support the hypothesis of Moore et al.
2000�, there are two inconsistencies which call into question this analysis. First, note
rom Fig. 3 that the values of the intermolecular LJ potential energy in the high Wi
egime are actually smaller in absolute magnitude than the equilibrium value. This im-
lies a more repulsive system configuration than exists under quiescent conditions and
ence implies that the chain-like molecules inhabit configurations that are more entropi-
ally favorable than those which exist when there are no hydrodynamic forces within the
ystem. This appears to contradict the principle of maximum entropy within the perspec-
ive of Moore et al. since a purely randomizing Brownian-like force could not produce an
ntropic state higher than that which is present at equilibrium. The second inconsistency
an be deduced from the data of Baig et al. �2006�, who performed NEMD simulations of
lanar elongational flow of the same short-chain polyethylene as modeled herein. Plots of
he intermolecular LJ potential energy versus elongation rate from the cited article dis-
lay a much more dramatic decrease in this energy for low and intermediate values of
longation rate as the molecules become highly extended and oriented in the direction of
ow �Baig et al. �2006��. At the highest values of elongation rate examined, the LJ energy
eaches a plateau value that is much lower than its quiescent value. This plateau occurs as
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293DYNAMICS OF SINGLE MOLECULES UNDER SHEAR
hese high values of elongation rate, the hypothesis of Moore et al. still mandates that
rownian-like collisional forces would cause a reduction in the extension and orientation
f the chains, which is not observed in the simulation data.

Kim et al. �2009� recently proposed an alternative mechanism to explain the maximum
bserved in the �Rete

2 � versus Wi curve of Fig. 2. They hypothesized that the primary
ontributor to the observed behavior was the development of a significant degree of
ingle-chain rotation or tumbling at high Wi. Although the system is dominated by the
ntropic effects at low Wi, the vorticity imposed by the shear field ultimately results in
olecular chain tumbling events which occur with greater frequency, on average, with

ncreasing Wi. As the chain tumbles, it assumes a configuration that takes on a hairpin-
ike structure at high Wi, which Smith et al. �1999� likened to pulling a rope over a
ulley. This chain configuration increasingly narrows in width as Wi increases until the
wo chain segments �i.e., the two sides of the rope rotating around the pulley� are essen-
ially nearest neighbors. This idea allows a rationalization of the behavior of the inter-

olecular LJ potential energy in shear and planar elongational flow, which was described
bove. Again, the entropic configurational effect dominates the system at low Wi, which
nduces more energetically favorable side-to-side interactions between neighboring
hains. This is manifested by the decrease in the intermolecular LJ energy for low values
f Wi. However, once the molecules begin to tumble with increasingly hairpin-like con-
gurations at higher Wi, the intermolecular LJ energy increases dramatically as separate
hains are effectively pushed farther away and screened from each other as different
egments of the same chain pass by each other during the tumbling event. Note that these
airpin-like configurations are not present at equilibrium, which explains the fact that the
ntermolecular LJ energy at high Wi does not assume the equilibrium value.

Further evidence confirming this explanation is provided by examining the behavior of
he intramolecular LJ potential energy, which is also displayed in Fig. 3. This energy is
ssociated with the interactions of atoms on the same chain that are separated by more
han three bonds. At low values of Wi, the intramolecular LJ energy is only marginally
igher than its equilibrium value; however, it increases dramatically in the nonlinear
iscoelastic regime, when Wi�1, and attains a maximum at nearly the same Wi as
pparent from Fig. 2. This is the expected behavior one should observe as the chain
olecules extend under shear; i.e., the atoms on the same chain are pushed farther apart

nd hence a less negative value of the intramolecular LJ energy. At high Wi, the energy
ecreases dramatically, ultimately falling below its equilibrium value. This is consistent
ith the notion of chain tumbling, since separate segments of the chain move past each
ther in close proximity. Also, the exclusion of different chains from the immediate
icinity of a tumbling molecule creates a situation in which the intramolecular LJ energy
ust be lower than the equilibrium condition, since the atomic units of the same chain are

loser together at high Wi during a tumbling event than they are under quiescent condi-
ions. Data for the intramolecular LJ energy under planar elongational flow of Baig et al.
2006� displayed a monotonically increasing intramolecular LJ potential energy, which
as due to the continuous stretching of the chain molecules in the flow direction.
Dunstan et al. �2004� performed steady shearing experiments on semi-dilute solutions

f polydiacetylene 4-butoxycarbonylmethylurethane in chloroform. Optically polarized
heometry was performed on the solutions, revealing significant segmental orientation
nd distortion in the shear-vorticity plane. At low shear rates, the behavior of the mol-
cules was similar to that described above, which is consistent with pre-averaged rheo-
ogical theories; i.e., the chains extend and orient relative to the direction of flow. How-
ver, at higher shear rates, a maximum occurs in the segmental extension, with a

ubsequent decrease in this quantity with further increase of shear rate. Dunstan et al.
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294 KIM et al.
escribed these high shear chain configurational changes as “balling,” since the chains
ppear to become less oriented and extended as the shear rate increases beyond the
aximum. However, it is evident that this bulk-average rheo-optical measurement might

imply be responding to the onset of rotational motion, which reduces the ensemble
verage of the extension of the end-to-end vectors of the chain molecules. Note that these
olecules contain a significant degree of side-chains, which could result in more coiled

han hairpin-like rotation at high shear rates beyond the maximum.
Further evidence of chain tumbling is provided by Fig. 4, which displays the prob-

bility distribution of finding a chain with an end-to-end vector of a certain magnitude.
he distributions at the five values of Wi presented in this figure correspond to the
ertical lines in Fig. 2. These values of Wi were chosen to depict the behavior in the five
egimes of interest: one in the linear viscoelastic regime, one at the transition from linear
o nonlinear viscoelasticity, one in the regime of dramatically increasing chain extension,
ne at the maximum chain extension, and one at very high Wi beyond the maximum.
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According to Fig. 4�a� of the NEMD simulations, the distribution at the lowest value
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295DYNAMICS OF SINGLE MOLECULES UNDER SHEAR
f Wi=0.39 displays the expected Gaussian behavior, with the peak centered around a
alue of �Rete� that is very close to the equilibrium value of 38 Å. As Wi is increased to
nity, the distribution retains its Gaussian character and the peak location shifts to higher
alues of �Rete�. This is the expected behavior from a pre-averaged rheological theory.
owever, at the same time, the peak of the distribution is decreasing in height and the
hole distribution is widening. This behavior has also been observed by Morriss et al.

1991� for liquids decane and eicosane. These trends are not expected from pre-averaged
heories and indicate that the degree of alignment around the preferred direction of
rientation is diminished by the increasing hydrodynamic shear forces within the liquid.
hen Wi ��1� is well within the nonlinear viscoelastic regime, where the average

xtension of the molecules is increasing rapidly �see Fig. 2�, the distribution has widened
onsiderably and has developed a rudimentary shoulder on its left side. The peak of the
istribution has continued to shift to longer values of �Rete�, corresponding to the increas-
ng extension of the molecules. For larger values of Wi, it is apparent that the distribu-
ions become inherently bimodal, with a high “stretch” peak at large values of �Rete�, and
second “rotational” peak at low �Rete�. No hint of a rotation peak appears in the decane

imulations of Morriss et al. �1991�; however, their simulations of the longer molecule
icosane begin to display similar behavior at the highest shear rates

As the degree of chain tumbling increases with Wi, the average value of �Rete� must
ecrease since this quantity must become relatively small as the chain ends of the hairpin-
ike structure pass each other during mid-cycle. Thus, on a time-averaged basis, the
istribution is smeared to the left side of the stretch peak and to such an extent that a
econd rotational peak develops at high Wi. Note that the stretch peak at Wi=782 corre-
ponds to �Rete�
80 Å, which is approaching the maximum extension of 99 Å. Further
ote that the rotational peak occurs at �Rete�
20 Å, which is less than the equilibrium
alue of 38 Å; this implies that the chain ends during the tumbling cycle are closer
ogether on average than they are under quiescent conditions since the chain ends are
umbling with the kinked, hairpin-like configurations. At the same time, the overall av-
rage of the chain extension is determined from Fig. 2 as �Rete�
53 Å, which corre-
ponds to neither the stretch nor the rotational peak in Fig. 4�a�.

Some of the characteristic behaviors of the distribution of chain lengths described
bove have been observed before in experiment. Teixeira et al. �2007� observed the
idening of the distribution with shear rate in concentrated DNA solutions when indi-
idual molecular tumbling events were contributing significantly to the dynamics of the
iquid. However, the mean of the distribution continuously shifted to the right, indicating
significant, continuous domination of the probability distribution by its stretching com-
onent. Smith et al. �1999� also observed this widening of the distribution with shear rate
n their dilute DNA solutions; however, one can observe a slight degree of bimodality
which might be due to statistical error� in their distribution at the highest value of Wi
76 �see their Fig. 4 �Smith et al. �1999���. This value of Wi is approximately the same
s that at which the present simulations begin to reveal a bimodality in the distribution
Wi
80� as evident from Fig. 4�a�.

Figure 4�b� displays the corresponding probability distributions as calculated from the
D simulations at the same five values of Wi as stated above. At the lowest value of Wi,

he distribution is again Gaussian. As Wi increases, the distribution begins to widen as the
ransition zone to the nonlinear viscoelastic region is surpassed. For high values of Wi,
he distributions become extremely wide, covering almost the full range of reasonable
alues of �Rete�. Note that the distribution continues to extend to lower values of �Rete�
ith increasing Wi, as in the NEMD simulations, and that there is a significant probabil-
ty of finding chains with �Rete� values that are lower than the equilibrium value. Although
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296 KIM et al.
here is no hint of bimodality in these distributions, it is readily apparent that the same
hysical phenomena are involved in this system: the chain molecules are tumbling be-
ween highly stretched and barely extended configurations.

The tumbling dynamics of a single, random individual chain from the NEMD simu-
ation are displayed in Fig. 5�a� at the highest value of Wi=782. The value of �Rete�
hanges dramatically with time in a quasi-periodic fashion. It oscillates between very
xtended chain configurations, near the fully extended length of 99 Å, and very low
alues that are less than the equilibrium extension of 38 Å. As demonstrated below, these
ow values of �Rete� correspond to the folded configurations of the hairpin-like molecular
onformations as the chain ends pass each other during a tumbling cycle. Note that �Rete�
pends more time in the stretched configurations, on average, than it does in folded
onformations. Meanwhile, the orientation angle, 
, measured with respect to the direc-
ion of flow, undergoes dramatic fluctuations that correspond to the changes in the mag-
itude of the end-to-end vector. Indeed, the orientation angle flips sign at exactly the
ame times as the minima in the �Rete� time variation. This again indicates that the chain
nds approach each other very closely during the tumbling cycle. Nevertheless, the ori-
ntation angle remains at a small, positive value of approximately 5 degrees, on average,
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hich corresponds very well to the value expected from pre-averaged rheological theo-
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297DYNAMICS OF SINGLE MOLECULES UNDER SHEAR
ies. The fact that the value of �Rete� is essentially large on average and that the value of
attains a value of approximately 5 degrees at high Wi explains why the pre-averaged

heories give the predictions that they do. It also demonstrates that the pre-averaged
heories fail to describe the small time scale tumbling dynamics of the molecules; i.e.,
hey are coarse-grained out of the system description during the averaging process. �Baig
nd Mavrantzas �2009� also recently witnessed this in their multiscale simulations.� Note
hat this molecule spends most of its time with a positive orientation, but once it is tipped
nto a negative orientation, it quickly tumbles back into a positive orientation with the
wo ends of the chain swapping places. These negative configurational excursions are
nduced by either hydrodynamic or Brownian forces.

It is possible to speculate concerning the highly elliptical, hairpin-like rotation at high
i. When viewed from a perspective involving more than one molecule, i.e., when

iewing an individual molecule along with its set of nearest neighbors, it is apparent that
reptative type of dynamical mechanism is in operation, even though the liquid is not

ven remotely entangled. The rotating molecule is essentially diffusing through tube-like
tructures that are composed of the highly stretched surrounding molecules. A hydrody-
amically induced Brownian excursion of a stretched chain end into a negative orienta-
ion often results in the chain diffusing out of its original tube-like structure into a similar
ube below it in the flow-gradient plane. The rotating chain is essentially diffusing from
tube-like structure at a higher velocity into one directly below it with a lower velocity,

ust as one would expect from a rotating rigid particle suspended in a solvent undergoing
hear flow. However, in the present case, the surrounding molecules inhibit the allowable
hain configurations during the rotational period to those which are highly elliptical
hairpin-like�.

The type of tumbling mechanism just described can, in principle, be very much dif-
erent than what is observed for a liquid composed of flexible polymer chains suspended
n dilute solution, as simulated using BD. �Rete� and 
 for a chain from the BD simulation
t Wi=782 are plotted versus time in Fig. 5�b�. It is evident from this figure that the
umbling of the chain molecule is again occurring in a hairpin-like configuration; how-
ver, in this case, it is apparent that the time dependence is decidedly periodic in nature
ather than merely quasi-periodic as in the NEMD simulations of Fig. 5�a�. This is due to
he assumption of the free-draining bead-rod chain in the BD simulations, which elimi-
ates all intermolecular effects that constrain the tumbling motion in the dense liquid of
he NEMD simulations.

Plots of the components of the radius of gyrations tensor vs. time �not shown� dis-
layed remarkable differences between rotation of the chain molecules in the NEMD and
D simulations. In the dense liquid case, the xx-component of the gyration tensor fluc-

uated within a relatively narrow range of values with intermediate extension. However,
n the case of the free-draining chains, this component oscillated dramatically between
ighly extended and very low values, especially at high Wi. In both cases, the other
omponents did not change much with time although there was a marked difference in
he yy-component of the gyration tensor with the dense liquid attaining a much higher
alue. This suggests that the chain molecules are rotating with very different configura-
ional motion than is suggested by Fig. 5. In the dense liquid, the chains tumble in a
ighly extended conformation as if on a conveyor belt. However, the free-draining chains
xperience an almost complete retraction or recoil collapse to a configuration that is more
ightly coiled than at equilibrium during the nexus of the tumbling cycle. �This is not
rohibited because of the neglect of excluded volume effects.� Further evidence of this
onfigurational motion will be discussed below.
Figure 6 depicts the probability that a specific macromolecule has an orientation angle
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298 KIM et al.
hat is positive or negative. This probability is 0.5 for either positive or negative orien-
ation under quiescent conditions. At low Wi, the probability of a positive orientation
rows steadily in the regime where the orientation angle is dropping rapidly from the
uiescent value of 45 degrees to its high Wi limit of about 5 degrees. This probability
aturates at roughly 0.65 at high Wi, indicating that the theoretical pre-averaged value of
he orientation angle has been attained. This confirms that the individual chain behavior
isplayed in Fig. 5�a� is consistent with the pre-averaged theories after the coarse-
raining step �the averaging� has been performed.

BD simulations of the free-draining chains exhibited behavior that was quantitatively
onsistent with that of the NEMD simulations at the lowest two values of Wi, but the
hains had a smaller probability of exhibiting a positive orientation at high Wi than the
EMD liquids. This is due to the fact that the BD free-draining chains are tumbling with
reater frequencies at high Wi as expected �compare Figs. 5�a� and 5�b�; also see Fig. 10
elow�; therefore, on a time-averaged basis, chains spend more time inhabiting the nega-
ive quadrants. In the case of the dense liquid, Brownian forces cause the foremost chain
nd to dip eventually into the fourth quadrant in the gradient plane, thereby inducing a
umbling cycle. This is a less common event in the dense liquid than in the free-draining
hain, since the chain end must diffuse around neighboring chains to execute the entry
nto the fourth quadrant.

. Chain configurations and characteristic time scales

Figure 7 displays data for the probability density function of the possible chain con-
guration classes at four values of Wi. The configuration classes are aligned from left to
ight in order of increasing molecular extension of the end-to-end vector. As expected,
ildly extended configurations dominate the conformational space of the macromol-

cules at low Wi. There are relatively few coil configurations relative to folded ones since
hese molecules are too short in length to allow the occurrence of many tightly coiled
onformations, as defined by the brightness distribution described above. For these short-
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IG. 6. Probability distribution of positive and negative end-to-end vector orientations in the dense liquids
NEMD simulations� at four values of Wi.
hain liquids, the molecules are relatively stiff, even though much longer polyethylene
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299DYNAMICS OF SINGLE MOLECULES UNDER SHEAR
hains are very flexible; there are only seven Kuhn segments at equilibrium. This relative
tiffness also explains the occurrence of the more highly extended configurations, half
umbbells, and stretched, even at this low value of Wi. However, one must keep in mind
hat these classifications are based on the brightness distribution defined in the previous
ection; in this definition, the configurations are based on shape, rather than absolute
ength. For example, consider two pieces of string with the same length; one is tightly
tretched so that the end-to-end vector assumes its maximum value and the other has a
avy character with a small period and amplitude. Both of these strings will be classified

s stretched configurations, even though the second one has a much shorter end-to-end
ector than the first.

Increasing Wi from the linear viscoelastic regime to the transition region �Wi
1�
educes the number of chains occupying tightly coiled or folded configurations and pro-
otes configurations of intermediate extensions. As Wi increases further into the nonlin-

ar viscoelastic regime, the number of coiled configurations is reduced further and the
robability of highly extended configurations, such as half dumbbells and stretched, is
ramatically increased. Even so, the probability of finding a less extended fold configu-
ation is still significant. This is due to the fact that the chains are rotating with greater
requency and in an increasingly elliptical fashion: this demands that the fold configura-
ion becomes more prominent. At very high Wi, the number of highly extended molecules
ontinues to increase and the number of folded and coiled configurations remains ap-
roximately constant. These trends become more obvious when comparing the plots of
i=0.39 and Wi=782 of Fig. 7: one again observes a rather bimodal distribution of chain
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onfiguration classes at high Wi, whereas it is essentially Gaussian at low Wi.
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300 KIM et al.
Roughly the same qualitative behavior as depicted by Fig. 7 can be seen in the BD
imulation data of the 15-segment bead-spring chain model of dilute macromolecular
olutions of Venkataramani et al. �2008�. Furthermore, the new BD simulations reported
erein compared favorably to those of the NEMD simulations, except that there were far
ewer of the relatively extended half-dumbbell and stretched configurational states near
he equilibrium state; this is to be expected since the degree of extension of the chains in
his Wi regime was much smaller than for the dense liquid due to the absence of intramo-
ecular and intermolecular potential energies in the free-draining, bead-rod model �refer
o Fig. 2�. Furthermore, at high Wi, the free-draining solution showed a much higher
ercentage of coiled configurations, whereas the dense liquid chains showed a greater
ercentage of folded conformations. This is due to the differences in the configuration
umbling cycles �extended in the dense liquid and tightly coiled in the dilute solution� as
escribed above.

In order to analyze further the simulation data, �Rete� was split into three regions,
elative to the distributions of Fig. 4: in units of Å, region 1, �0,40�; region 2, �40,65�; and
egion 3, �65–100�. These three regimes were defined relative to the distributions of the
owest �0.39� and highest �782� Wi that were simulated. Region 1 contains the rotational
eak at high Wi and region 3 contains the stretch peak. At low Wi, regions 1 and 2 each
ontain about half of the stretch peak.

Figure 8 displays a histogram of the probability distribution function at the four values
f Wi indicated on the plot for the dense liquid model used in the NEMD simulations. At
he lowest value of Wi, the highest probability lies in region 1, with the remainder in
egion 2 and practically no molecules in the highly stretched region 3. There is a signifi-
ant difference in the probabilities of regions 1 and 2 because the separator between these
wo regions is not centered at the peak �refer to preceding paragraph�. At Wi=0.98, the
robabilities in the first two regions are about equal, which is a result of the fact that the
istribution function remains almost Gaussian, but the peak has shifted to a slightly
igher value of �Rete�, thus making the demarcation line between regions 1 and 2 more
early centered at the peak. Stretched chain configurations in region 3 also begin to
ecome evident at this value of Wi. At Wi=97.8, all three regions have roughly the same
robabilities, with the rotational configurational probability slightly favored; however, the
tretch region 3 now has a significant probability of occurrence. As Wi is increased to
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82, the probability of region 1 increases from its previous value at Wi=97.8, which is
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ue to the hydrodynamic augmentation of the chain tumbling dynamics; i.e., more chains
re rotating and with greater frequencies, creating more folded structures on a time-
veraged basis. At the same time, the number of chains in stretched configurations has
ecreased from the previous value of Wi as the molecules spend less time in stretched
onfigurations due to the increasing frequency of the tumbling behavior.

The behavior of the chains in the BD simulations is qualitatively and quantitatively
imilar, except at the lowest two values of Wi. At those shear rates, there were almost no
ontributions to the regions 2 and 3 probabilities, which again reflects the lack of inter-
ead repulsive forces in the free-draining chain model.

The mechanistic dynamics of the chains can be investigated through calculation of
ime correlation functions for the components of Rete. This allows determination of char-
cteristic time scales intrinsic to the dynamical chain processes.
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Aust et al. �2002� examined time correlations of the components of the gyration tensor
or a dilute polymer solution via NEMD simulation and demonstrated that the average
hain angular velocity approached the theoretical value of the vorticity �−�̇ /2� as �̇

0. As the shear rate increased, the chain became increasingly elongated and its angular
elocity dropped relative to the vorticity of the shear field �Aust et al. �2002��.

Figure 9�a� displays data for the correlation �Rx�t�Ry�t+��� with respect to observation
ime at values of Wi=0.98, 97.8, and 782 for the dense liquid NEMD simulations. Note
hat the correlations �Rx�t�Rx�t+��� and �Ry�t�Ry�t+��� displayed the same qualitative
ehavior as indicated in the figure and that similar plots were obtained at all values of Wi
nvestigated. Cross correlations between other off-diagonal pairs of components of Rete

xhibited no correlations. These data reveal definite correlations between certain compo-
ents of Rete, with characteristic time scales that are dependent on Wi. At low values of
i, within the linear viscoelastic regime, the typical behavior is observed in which the

hain relaxation is dominated by the longest relaxation time, �R. However, for Wi�2, the
orrelation curves each exhibit a characteristic minimum, followed by a local maximum,
nd then a damped oscillatory behavior at longer times; this behavior is indicative of
haracteristic time scales beyond the Rouse time. The free-draining chain model exhib-
ted the same features.

These time scales can be quantified using the power spectral density, which is dis-
layed in Fig. 9�b�, through Fourier transformation of the correlation signal. With respect
o the dynamics of Rete, it is evident that the correlations describe various aspects of the
ynamics of the rotation motion of the chains. Characteristic frequencies can be deter-
ined from the maxima in the power spectral density curves, as indicated in the figure.
Figure 10 displays data for the intrinsic time scales associated with the dynamical

hain motion: �R, the Rouse time �horizontal line�, as well as �xx, �xy, �yy, and �conv, as
unctions of Wi from both the NEMD and BD simulations. The �ii are associated with the
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iamonds represent the time scale of relaxation of the extended molecules and all other symbols represent the
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303DYNAMICS OF SINGLE MOLECULES UNDER SHEAR
orrelations of the corresponding components of Rete, as defined above. These time scales
re expected to be associated with various aspects of the chain rotation, such as the
umbling frequency, wagging motion, etc. Although these time scales are slightly differ-
nt for the various components of Rete, it is not evident what are their exact interpreta-
ions; presumably, each represents a distinct facet of the chain tumbling dynamics, which
s not apparent at the present time. Since Rete has both magnitude and direction, it is
ossible that these small differences arise due to the stretch contribution �i.e., the mag-
itude� of Rete rather than its directional contribution. Furthermore, the ensemble average
f any component of Rete, which is performed when calculating the correlation
Rx�t�Ry�t+���, for example, is weighted toward molecules of high extension. To inves-
igate this issue, correlations were also computed in terms of the unit vector, u
Rete / �Rete�, in which each molecule is weighted equally, regardless of its length. These
orrelations, such as �ux�t�uy�t+���, should eliminate any stretch contribution to the in-
rinsic time scales that are manifested through the correlations; however, no statistically
iscernable difference was noted between these correlations and the data presented in Fig.
0.

The time scale �conv is assumed to correspond with the relaxation of the stretched
hain configurations, which may be associated with the convection and deformation of
he tube-like structures, described above, which are formed by neighboring chains that
re almost fully stretched. These time scales can be quantified by assuming that the RxRx

orrelation bears the functional form of A exp�−t /�conv�cos�2�t /�xx�, where A is a con-
tant. From this expression, at equilibrium, �xx→�, so that �conv→�R. As �conv→�, the
otions of the chains would become purely tumbling, similarly to rigid rods.
Using this assumed expression, as the shear rate decreases toward zero from a finite

alue, the �ii assume values between 5 and 10 times the Rouse time. For Wi�2, one can
o longer observe minima in the time correlations of Rete, implying that the rotational
ime scales are no longer evident in the system response. �Note that this value of Wi
2 corresponds to the profile in Fig. 4�a� where the distribution became non-Gaussian.�
his is caused by the low degree of vorticity in the flow field, which inhibits the excur-
ions of the molecules into negative orientations. In other words, at low values of Wi, the
ynamics are dominated by the deformation of the macromolecules because the shear
ow has a time scale greater than the Rouse time �i.e., 1 / �̇�, implying that the rotational
otion is insignificant relative to the dynamics of the deforming chains. Apparently, the
rownian-like fluctuations induced by the shear forces are only capable of deforming the
olecules in this Wi regime and can only induce fluctuations that lead to tumbling once

he molecules are at least partially extended and, more importantly, oriented near to the
ow direction. Once the chains are oriented near to the flow direction �about 5 degrees�
t high Wi, it is easier for random Brownian-like forces to induce the chain orientation to
rogress into the fourth quadrant, thus initiating a tumbling cycle. At low shear rates, the
rientation of the deformed chains is above 15 degrees, which makes it relatively difficult
or a Brownian excursion into the negative quadrant.

In principle, the rotational time scales should approach infinity as Wi approaches zero.
owever, one cannot obtain values of these time scales for Wi�1 because the chain ends
ecorrelate on the order of the shorter Rouse time: since the chain configurations are
lready decorrelated, it is impossible to calculate a longer time scale. Thus, at low values
f Wi, only the Rouse time is evident in the relaxational response of the liquid.

As Wi increases into the nonlinear viscoelastic regime, all of the rotational time scales
re reduced dramatically until they have decreased below the Rouse time; this indicates a
igher frequency of tumbling and induces the first peak in the distributions of Fig. 4�a�.

hus at high shear rates, the rotational motion of the chains dominates the system re-
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304 KIM et al.
ponse. The time scale �conv is equivalent to �R at low shear rates, but then also decreases
ubstantially at higher shear rates. Presumably, this quantifies the affect of the flow
inematics on the convection and orientation of the reptative tube network within the
uid; i.e., as the chains become stretched to their maximum lengths, they form highly
riented, tube-like structures between neighboring stretched chains, which allow freer
otation of other chains occupying the same vicinity. All of these time scales possess
ower-law behavior with Wi, as discussed below in reference to Fig. 11.

Recent experiments of semi-dilute and concentrated DNA solutions have revealed
ultiple time scales associated with the kinematics of shear flow �Teixeira et al. �2007�;
obertson and Smith �2007��. Teixeira et al. �2007� observed two distinct time scales, in
ddition to the Rouse time, for their most concentrated solution; however, for unen-
angled solutions of lower concentration, they observed only a single time scale. For the
ighly entangled solution, they observed a ratio of the slow to fast time scales of ap-
roximately 50. Furthermore, the fast time scale was roughly a factor of 10 higher than
he estimated Rouse time and was attributed to chain retraction. Robertson and Smith
2007� recorded three distinct time scales, each differing from the next by 1 order of
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agnitude. The shortest time scale was estimated as the Rouse time, the longest time
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305DYNAMICS OF SINGLE MOLECULES UNDER SHEAR
cale was associated with the disengagement time of reptation theory, and the interme-
iate time scale was related to a second reptative phenomenon that was correlated with
he dynamics of the effective reptation tube. The ratio of the tube dynamics �the inter-

ediate� time scale to the Rouse time was roughly 12 �Robertson and Smith �2007��,
hich is of comparable magnitude to the factor determined by Teixeira et al. �2007�.
lthough the liquids simulated in the present study are not even remotely entangled, the

otational time scales are roughly a factor of 6 higher than either the Rouse time or �conv

t all values of Wi. Given the differences in the entangled solutions and the unentangled
iquids examined herein, it is difficult to compare directly experiment and simulation.
owever, in the present case, it does appear that the faster time scale, �conv, is associated
ith some sort of constraint release through the formation of tube-like structures which

llow some molecules to tumble more freely with respect to almost fully stretched sur-
ounding chains in the NEMD simulations. Recall that this time scale is associated with
he decay of the correlation between configurations at a specified time with those of later
imes. Consequently, data of Fig. 10 indicate that this correlation dies out faster at higher

i values than it does in the linear viscoelastic regime; i.e., the molecular configurations
ecome statistically independent at a faster rate when the shear rate is high. This is
easonable since smaller segments of the chain molecules become dynamically active as

i is increased, thus providing additional degrees of freedom to the chain’s overall
onfigurational state.

It is very interesting that the NEMD and BD simulations appear to yield similar
haracteristic time scales despite the large conceptual differences in the models used in
he computations. The BD simulations show faster rotational time scales, which corre-
pond to greater frequencies of rotation. This is to be expected since the free-draining
hain model is not constrained by the presence of surrounding macromolecules. It is
nteresting that the convected time scale, �conv, is also apparent in the BD simulations,
hich could support the hypothesis that this time scale is associated with the enhanced

onfigurational dynamics at high Wi of the stretched chain configurations as opposed to
he configurations present during the tumbling cycle, whether in the free-draining solu-
ion or the dense liquid. Note that the difference in �conv between the NEMD and BD
imulations is not assured to be statistically significant based on the present analysis;
owever, the trend of the data in Fig. 10 suggests that the correlation time is longer for
he free-draining chains than it is for the dense liquid. To explain this observation, one
an recall the argument presented above concerning the Wi dependence of the segmental
ynamics: as the shear rate increases, smaller chain segments become dynamically active
nd contribute to the configuration constraint release. In the free-draining chain simula-
ions, the course-graining procedure dictates the constant bond length between beads,
hus permanently freezing the small segmental dynamics beyond a certain limit. Once
his limit is achieved, increasing Wi further does not contribute any additional degrees of
reedom to the configurational chain decorrelation, thus effectively slowing down the
ecay of the correlation relative to the atomistic chain model used in the NEMD simu-
ations.

An additional explanation for the more rapid decay of the correlation in the NEMD
imulation of the dense liquid can be rationalized on the basis of Fig. 5. Recall that the
ense liquid displayed only quasi-periodic temporal behavior of the end-to-end vector
ycles, whereas the free-draining chain solution experienced a more regular periodic
umbling cycle. Consequently, it is apparent that the dense liquid should exhibit a faster

ate of decorrelation than the free-draining liquid, leading to a smaller �conv time scale.
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306 KIM et al.
ence another possible interpretation of the simulation data is that the �ii characterize the
otational frequencies of the tumbling molecules and �conv quantifies the time scale over
hich the correlation in the rotational motion decays.
Another interesting observation from Fig. 10 is the apparent correlation between the

ppearance of the rotational time scales, the deviation of the Rouse time from its equi-
ibrium value, and the onset of the breakdown in the stress-optical rule observed for a
imilar liquid �C50H102� by Baig et al. �2007�. The rotational time scales and the deviation
rom the Rouse time appear well beyond the transition between the linear and nonlinear
iscoelastic regimes �Wi=1�. A plausible hypothesis then is that the breakdown in the
tress-optical rule under shear is caused by the tumbling motion of the macromolecules,
hich also could be partially responsible for the shear-thinning behavior; i.e., not only

re the stretched configurations of the chains relieving the hydrodynamic stresses induced
y the shear, but the chain tumbling is also offering some relief.

The data of the �ii and �conv presented in Fig. 10 appear to follow power-law behavior
t high Wi. Figure 11 displays this power-law dependence of the NEMD simulations
sing graphs of ln��xy /�R� and ln��conv /�R� with respect to ln Wi. �The regression of the
ime scales �xx and �yy revealed essentially the same results as that of �xy.� The power-law
xponent of �xy was calculated as �0.75 over the entire data range without much devia-
ion from the norm. If this rotational time scales were scaling linearly with shear rate, this
xponent would have been �1.0; consequently, it is apparent that the molecules within
he sheared liquids are not tumbling with frequencies that are determined by the hydro-
ynamically imposed vorticity of the flow field. This is most likely due to the fact that
ver a small period of time, many of the liquid molecules are almost fully stretched at
igh values of Wi and are not in the process of tumbling. As mentioned above, these fully
tretched molecules dominate the statistically based averages and could account for this
iscrepancy between the vorticity and the tumbling frequency; however, this type of
ublinear scaling has been observed experimentally. Teixeira et al. �2005� observed a
umbling frequency in dilute DNA solutions that scaled as Wi−0.62. Hence the chain
umbling frequency does not necessarily need to match the vorticity; however, as these
olutions were dilute, it is still likely that the background solvent was evolving as dictated
y the local kinematics. In other words, although the isolated chains were tumbling at
requencies other than the vorticity, the local solvent was experiencing the vorticity
emanded by the shear field, barring hydrodynamic interactions between the macromol-
cule and the solvent. A similar regression of the BD simulation of the free-draining
hain modeled in this study yielded a characteristic tumbling frequency that scaled with
factor of �0.68.
In the NEMD simulations of the dense liquid, however, the situation is more compli-

ated by the fact that there is no solvent and the molecules are not isolated. In this
ircumstance, the hydrodynamic field is solely due to the molecules themselves, not the
urrounding solvent. It is also evident from Fig. 11 that �conv scales sublinearly as Wi−0.63,
s fitted to a truncated Spriggs power-law equation in which �conv=�R when Wi�1 and

conv=�RWi� when Wi�1. This value is very close to the value of �0.62 observed in the
xperiments of Teixeira et al. �2005�. The BD simulations of the present study provided
scaling exponent of �0.66. This fact is either a coincidence or hints at some underlying
niversal connection between the tumbling frequencies and the deformation and orienta-
ion of macromolecular chains under shear.

Partial rationalization of the similarity in the NEMD and BD results is provided by the
ealization that the relatively short, stiff chains in the dense liquid are not tightly coiled at
quilibrium, whereas the chains in the free-draining model are assumed to be ideal with

o interactions between the beads. According to the Flory theorem, macromolecules in
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307DYNAMICS OF SINGLE MOLECULES UNDER SHEAR
ense polymer melts behave like ideal chains, similarly to dilute solutions at the theta
emperature. Although the short-chain polyethylene liquid examined here is not a fully
ntangled system, it is still likely that the same type of screening of the long-range
nteractions �between beads of the same chain separated by three or more bonds� of a
articular chain by neighboring and interpenetrating chains. Were the system entangled,
owever, it is highly likely that this quantitatively similar scaling behavior would not be
vident.

Several groups of researchers have postulated a deformational dependence of the
ongest relaxation time, �R, under application of an external flow field �Marrucci �1996�;
ouvaliotis and Beris �1992�; Apelian et al. �1988��. For example, Souvaliotis and Beris
1992� postulated the functional form of �conv=�R�tr c /3�k, where k is a negative constant
nd c is the conformation tensor, which was mentioned in Sec. I. This power-law depen-
ence of the relaxation time was then inserted into the pre-averaged upper-convected
axwell model and allowed for the prediction of shear thinning in the shear viscosity.
owever, any connection between molecular tumbling and the degree of molecular de-

ormation and orientation is lost through this procedure and only the pre-averaged con-
ributions on the longest time scale will be evident in the macroscopic model behavior.
learly, pre-averaged theories have little possibility of capturing the dynamical tumbling
henomena that are occurring at very small time and length scales.

V. SUMMARY

In this article, we carried out NEMD simulations of the dense liquid composed of
inear polyethylene chains, C78H158, to examine motion of individual molecules as a
unction of shear rate. BD simulations were also performed on an equivalent free-
raining bead-rod model to examine the differences between dense liquid and dilute
olution behavior. The mean-squared, end-to-end vector, �Rete

2 �, was shown to increase
rom its equilibrium value to attain a maximum at high shear rates. Moore et al. �2000�
ypothesized that this effect was due to a competition between chain stretch and align-
ent and a Brownian-like collisional force. However, the present study suggested that the

otational motion of the chain molecules is primarily responsible for this peculiar behav-
or.

Both NEMD and BD simulations revealed a probability distribution of �Rete� that was
aussian at low Weissenberg number �Wi�; however, non-Gaussian behavior was evident

t intermediate values of Wi, in contrast to the predictions of pre-averaged theories. At
igh Wi, the NEMD distribution was bimodal, with two distinct peaks associated with
otation �low Wi peak� and stretching �high Wi peak�. The BD simulations of the free-
raining chain exhibited a non-Gaussian and very wide distribution of chain lengths, with
he absolute width increasing dramatically with increasing Wi as chain rotation became
ncreasingly significant.

Time trajectories of individual chain �Rete� values and orientation angles revealed a
ramatic onset of tumbling behavior of the chains at a critical Wi �
2�. Auto-correlations
nd cross-correlations between the components of Rete revealed characteristic frequencies
f molecular rotation, which scaled as Wi−0.75 power. Furthermore, after a critical Wi of
pproximately 2, another characteristic time scale appeared which scaled as Wi−0.63. This
as associated with a dramatic decrease in the elastic time scale of the system, which was

pparently associated with the relaxation of rotational constraints and the correlation of
he tumbling cycles �resulting in the first peak of the bimodal probability distribution� due
o the formation of loosely defined, tube-like structures of fully stretched neighboring

hains �comprising the second peak of the distribution�. Although the free-draining solu-
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308 KIM et al.
ion is very different in character than the dense liquid, the BD simulations revealed a
imilar behavior, with the characteristic time scales mentioned above scaling as Wi−0.68

nd Wi−0.66, respectively.
Individual chain configurations were explored as functions of Wi and �Rete�; NEMD

nd BD simulations provided similar results at high values of Wi, both qualitatively and
uantitatively. At low values of �Rete�, the chain configurations were predominantly coiled
t low Wi and folded at high Wi, indicating increasingly hairpin-like rotation with grow-
ng shear strength. At high values of �Rete�, the chain configurations were essentially
ither fully stretched or of half-dumbbell nature at high Wi, thus constituting a loose
etwork of tube-like structures.
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