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ABSTRACT: Polymers undergo a sharp coil—stretch transition in extension dominated flows when the
strain rate exceeds a critical strain rate. We investigate this transition in both © solvents and good solvents
using Brownian dynamics simulations. The polymer is represented by a bead—spring chain model undergoing
elongational flow and solvent-mediated effects such as fluctuating hydrodynamic interactions (HI) and
excluded volume (EV) are included rigorously. A 1-D energy landscape theory with an activation energy for
transition’ is used to gain qualitative insights into the dynamics. A key factor in determining the influence of
solvent quality is the use of a proper measure of solvent quality.>* Contrary to earlier findings, it is observed
that with improvement in solvent quality, the critical strain rate at which the coil to stretch transition takes
place decreases. Furthermore, the solvent quality has a profound effect on the scaling of the critical strain rate
with molecular weight and on both the transient and steady state properties of the system. Universal functions
are shown to exist for the observed dynamic and static properties, which will prove useful in determining the

operating parameters for experiments.

1. Introduction

In fluid mechanics, transitions are generally associated with
peculiar dynamics. It is well-known that addition of a minute
amount (of the order of parts per million) of high molecular
weight polymers to a solvent can engender remarkable non-
Newtonian flow behavior like turbulent drag reduction and
dramatic flow thickening beyond a critical strain rate in porous
media flows. Such phenomena have tremendous commercial
importance and have been attributed to the most fundamental
properties of a polymer—extensibility and orientability. In partic-
ular, in stretching flows (extension dominated flows), a transi-
tion from an ambient coiled state to a stretched conformation
(known as the coil—stretch transition) is known to modify flow
behavior dramatically. Extensional flows are of considerable
importance and occur in flows through orifices, filters, porous
media, constrictions in pipes and in any turbulent flow. In
fact, most practical flow systems contain an extensional
component.

There has been controversy over the dynamics surrounding the
polymer coil stretch transition over many years. The debate finds
its origin in the first order coil—stretch transition proposed by
de Gennes in his seminal paper in 1974.* De Gennes envisaged
polymer conformations tracing an S-shaped curve as a function
of strain rate leading to coil—stretch hysteresis in stretching flows.
Similar ideas were advanced in the same year by Hinch” and a
year later by Tanner.® During the era from 1974 to 2003, the scien-
tific community was divided over the existence of coil—stretch
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hysteresis. The S-shaped curve was considered an artifact of
mathematical approximations by many scientists.” ° Using a
bead—spring chain instead of a dumbbell model for small
polymer chains, a gradual transition from the coiled equilibrium
chain to the stretched state was observed without any hysteresis.®
A stochastic approach as a basis for Brownian dynamics simula-
tion for a freely jointed bead-rod chain, with constant hydro-
dynamic interaction also did not show hysteresis.”

In contrast, simulation of the motion of a dumbbell with a
conformation dependent friction coefficient, using the Brownian
dynamics technique, resulted in an S-shaped curve (hysteresis).'°
A nonlinear dumbbell with varying friction coefficient on exten-
sion without the Peterlin approximation also showed hysteresis."!
A computational scheme with conformation dependent hydro-
dynamic interaction also predicted coil-stretch transition in steady
elongational flow, with hysteresis in the value of the extensional
viscosity.'> When the extensional viscosity was modeled for a FENE
dumbbell with and without a conformation dependent friction,
hysteresis was observed only with conformation dependent drag."®

The controversy was resolved by single molecule experiments
and Brownian dynamics simulations in 2003." Escherichia coli
DNA molecules (1.3 mm) were observed to coexist in two dif-
ferent conformations (depending on their initial conformation) at
the same strain-rate for a long time. Birefringent pipes, observed
in the experiments earlier,'* could therefore be safely assumed to
be manifestations of the hysteresis phenomenon.'> Stress mea-
surements using the filament stretching rheometer have since also
demonstrated the physical implications of hysteresis phenom-
enon on bulk properties.'®
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The comprehensive picture that has now emerged from these
earlier studies is as follows: There are three conditions that should
be met for a polymer to undergo a coil to stretch transition. First,
the flow should be extensionally dominated for sharp coil—
stretch transitions. Second, the strain rate should be sufficiently
high so that the drag force can overcome the entropic force.
Third, the polymer should experience the high strain rate for a
sufficiently long time for the given fluid to attain the required
strain. In systems with a stagnation point, the fluid lines near
the center line are subject to the very high strains necessary for
the coiled polymers to extend. The coil—stretch transitions are
known to be accompanied by a significant slowdown in polymer
dynamics in elongation flows, and there have been several
interesting studies exploring the nature of this transition as a
function of flow type and chain length.'”'

Regarding coil—stretch hysteresis, the present picture that has
emerged unifies all previous observations. It undoubtedly sup-
ports the previous work by Hinch,” Tanner,® Brestkin,'' Magda
etal.,'”” Darinskii et al.,'” and others that hysteresis exists and has
implications on macroscopic properties of polymer solutions."”
On the other hand, the present theory also explains why some
researchers’? could not find hysteresis in their systems. As
postulated by the earlier careful mathematical analysis’ there
exists a unique probability distribution at infinite time. Hysteresis
is a transient phenomena due to kinetically trapped molecules in
different conformations depending on their previous history and
accordingly hysteresis vanishes at steady state.” Also, for hyster-
esis to be observed the difference in the drag in the coiled and
stretched states should be sufficiently large (Csperched/Ceoited =
4.5).12921 This condition is satisfied only for long chains and
hence hysteresis is not observed in short chains® or for chains
without a conformation dependent drag.’

Existence of hysteresis can be understood with an analogy to
an energy landscape with an activation barrier.”' There is one
global minima of the system and hence one steady state. However
the chains are kinetically trapped in two wells separated by the
activation barrier and depending on the initial conformation of
the polymer, the polglmer lies preferentially in one of the two wells
at some finite time.”' The rate of hopping from one well to the
other is affected by various parameters of the system which
include the length of the polymer® and the mixedness in planar
flows.?* Even though the controversy surrounding the existence
of hysteresis has been removed, our present understanding is
still limited to ideal solvents. There are still controversial results
surrounding the effect of solvent quality on the coil stretch
transition and hence hysteresis.

There have been several attempts in the past to study the effect
of solvent quality on the coil stretch transition.'***”?" Experi-
mentally, the coil stretch transition has been followed by measur-
ing the birefringent intensity against strain rate in a well-defined
extensional flow field. The experimental studies suffer from
several inherent drawbacks. First, polydispersity is a very im-
portant issue as the critical strain rate is very sensitive to the mole-
cular weight of the polymer. As has been clearly pointed out by
many experimentalists,” the molecular size value (N) provided
by commercial suppliers has substantial errors especially for
large molecular weight polymers and hence it is difficult to get
monodisperse samples for accurate experimental studies. Second,
the experimental set-ups used are characterized by a number of
issues. In the opposed jets device,”® the jets offer very high strain
rates at low Reynolds number with relative freedom from wall
effects, but the cylindrical symmetry makes the detailed assess-
ment of the birefringence problematic. In the cross slot device,
birefringence measurements are easy, but the effects of walls are
likely to be pronounced. In the four-roll mill, the developed flow
field has a more uniform strain rate throughout, than for both the
jets and the cross-slots (which contain stationary surfaces and
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sharp corners at the edge of the flow).”” However, turbulence sets
in at high velocity gradients and therefore the mill tends to be
useful only for low strain rate work.'**’Apart from these,
experiments also suffer from rather limited residence time near
the stagnation point and contribution of solvent orientation to
the solution’s optical anisotropy.

Given these inherent limitations, it is not surprising that some
researchers'*?*~%" have found the scaling exponent of the critical
strain rate with molecular weight to be independent of the solvent
quality (—1.5 for both © and good solvents), while others®*?!
have found the exponent to be a function of solvent quality.
Discrepancy in these experiments'***>27 can be attributed to the
use of various polymer—solvent combinations to change the
solvent quality, leading to some hitherto unknown specific
polymer—solvent interaction or possible differences in poly-
mer—solvent chemistry.?® It is relevant in this context to point
out that even with experiments with the same polymer solvent
system but varying the temperature to change the solvent quality,
mixed results have been obtained: —1.5 and —1.8.%%"

Because of the inherent limitations of the experimental tech-
niques, some researchers have used theoretical’? and computa-
tional methods like Monte Carlo**** and Brownian dynamic
simulations®® to explore the effect of solvent quality on the coil
stretch transition. However their results are also contradictory
and cover a wide range of the scaling exponents from —2.3
to —1.5.3%3% Apart from the effect of solvent quality on the scaling
exponent, its effect on the absolute value of the critical strain rate
is also widely debated with a few reporting it to be unaffected,*
while most others found it to decrease with solvent quality
irrespective of its effect on the scaling exponent,'#26-31-34-36
The present work aims at resolving both these issues and gain
more insight into the coil—stretch transition phenomenon using
Brownian dynamics simulations. Almost all earlier studies have
assumed that holding temperature constant keeps the solvent
quality fixed, without accounting for the effect of molecular
weight on solvent quality. We believe this is responsible for the
mixed results observed for the effect of solvent quality on scaling
exponent. In this work, a solvent quality measure is used, that
captures the effect of molecular weight as well as temperature.
Using extrapolation techniques, steady state and universal pro-
perties are also explored.

This article is organized as follows. Various physical forces and
their corresponding models and parameters with the governing
equations for polymer dynamics are discussed in section 2. In
section 3, we first perform theoretical analysis using a dumbbell
model to explore the important qualitative aspects of the coil to
stretch transition and hysteresis in Hookean chains. In section 4,
two different relaxation times are computed and the universal
function of their ratio is examined. In section 5, qualitative and
quantitative aspects of coil stretch transitions are explored in
three different ways based on the different aspects of polymer
dynamics. In section 6, results including the scaling exponent with
molecular weight and various universal properties are discussed.
The main conclusions of this study are summarized in section 7.

2. Simulation Methodology

To simulate complex fluids, the Brownian dynamics simula-
tion technique is appropriate because of the different time scales
involved.*”*® In Brownian dynamics, the solvent is often treated
as a continuum and the long, linear, flexible polymer is repre-
sented by a multi bead—spring chain with N beads connected by
(N — 1) massless springs. The overall drag coefficient of a bead
(submolecule) is assumed to be a constant ;. Any submolecule
resists separation of its ends due to entropic considerations and
this is captured in the “spring” of the bead—spring model. The
insertion of N spherical beads of radius a = &y/(671,) between
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adjacent springs (including beads at the chain ends) then com-
pletes the mechanical representation of the molecule as a bead
spring chain. Here #, is the solvent viscosity. Thus, the beads act
as centers of hydrodynamic resistance Whlle the springs account
for the entropic force between two beads.™

Apart from the entropic force of springs along the polymer
chain backbone, there are four different forces that act on the
polymer due to the solvent. Drag force acts due to the relative
motion between polymer segment and solvent molecules moving
under the influence of an externally imposed velocity field. In
addition to these, polymer chains also experience Brownian
forces due to the thermal motion of the solvent molecules.
Moreover, there are two long-range solvent-mediated interac-
tions between parts of the polymer segments that are far apart
along the chain. These are the excluded volume and hydrody-
namic interactions. Excluded volume interactions arise due to the
fact that no two parts of a polymer molecule can occupy the same
space at the same time i.e. the polymer segments cannot physi-
cally overlap. Hydrodynamic interactions arise due to the per-
turbation of the velocity field around a polymer segment due to
the motion of all the other segments of the polymer. Brownian
forces and excluded volume interactions affect both the equilib-
rium and nonequilibrium properties of the polymeric solution
while the drag force and hydrodynamic interactions affect only
the dynamic properties.

In general, two equivalent approaches are possible for an
accurate quantitative description of the dynamics of a system
of Brownian particles: solution of the phase space (configuration
space) distribution of particle position via a Fokker—Planck
equation or direct simulation of particle trajectories with a
Langevin description of particle motion, from which the appro-
priate distribution functions may be calculated.

Using polymer kinetic theory and stochastic calculus, the
Fokker—Planck equation for the evolution of configurational
probability distribution W(ry,r»....,ry) is given by*’

ow N8 kT 3 v
el F¢ W2 i
at Zar, {K "L Zy,, } iz ,Z or, Ve,

(1)

where k g is the Boltzmann constant, 7'is the absolute temperature
of the solution and « is the transpose of the position-independent
velocity gradient Vv. For spatially homogeneous flows, the
velocity field of this solvent continuum can be expressed as v =
vo + k-1, where v, is the constant velocity of the reference frame
and r is the position vector of any point with respect to the origin
of the frame of reference. In this work, we explore planar
extensional flows for which the coil stretch transitions are very
sharp and the velocity gradient is given by:

1 0 0
k=¢{0 -1 0 2)
0 0 0

where ¢ is the strain rate for the extensional flow. y;; are the
diffusion tensors that are related to the hydrodynamic interaction
tensors described later. F¢ represents the total force on a bead j
due to nonhydrodynamlc conservative intramolecular interac-
tions. The nondimensional Ito stochastic differential equation
(Langevin equation) corresponding to the Fokker—Planck equa-
tion shown above is given by a force balance for each bead:

dr; = ke +7) Dy (B + FF) | det == By d
4 T \/5 k

3)
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The characteristic length and time scales used for nondimen-
sionalization are

P Y)
=Ny
and
&
/1”_4H

respectively, where , is the bead friction coefficient and H is the
Hookean spring constant. D} is the mobility tensor that captures
the hydrodynamic interaction between different segments of the
polymer. There are many possible choices for the mobility ten-
sor and we choose D}, as the Rotne—Prager—Yamakawa (RPY)
tensor’"* since it is positive-semidefinite for all polymer chain
configurations. It is given by

D, =
(5,‘,' if i :j

3/ h* 27 h'? 2\ .
Va2 s (1o ) i and i = 2R
4 r 3 )*z ,*z r*z i

i ij i ij

9 1y 31y

1 =T (S, bounr—ea *

K 321 h*) -’+32\/?z hry
(4)

where r;; is the vector between beads i and j and A* is the
hydrodynamic interaction parameter defined as

if i #j and r; < 2\/7h*

The parameter « is the bead radius such that 6 = &y The
quantity #* is the approximate ratio of the bead radius to the
equilibrium extension of a spring; hence physically acceptable values
of h* are less than 0.5. Specifically we choose A* = 0.24 which
corresponds to the fixed point value for #* at which the properties
reach universal values at smaller values of number of beads.*!

Using the fluctuation—dissipation theorem, the matrix B
representing the strength of fluctuations in the system is related
to the diffusion matrix D} which characterizes the dissipative
processes in the system as follows”'*’

3 * k
BB, = D; (5)

The differential equation is solved using the two-step predictor
corrector method.** ** The computational intensity of the de-
composition of the diffusion matrix D into the coefficient tensor
B scales as N> when Cholesky decomposition is used. However
when Fixman’s idea of treating the product of the coefficient
matrix with the Weiner process vector as one element is imple-
mented with the Chebyshev polynomial approximation, the cost
of the calculation is considerably reduced. Hence we have used
Fixman’s method in our computations and the details of the exact
algorlthm can be found elsewhere.’

F* is the entropic spring force and we use Hookean chains. Fi*
is the excluded volume force and it ensures that the polymer
segments do not physically overlap. Since there are only two
entities with which a polymer can interact—polymer or solvent—
introducing repulsion between polymer segments indirectly im-
poses a favorable interaction between polymer and solvent
leading to an improvement in solvent quahty The EV repulsive
potential between two beads is given by*’

VkBT —12)2d?

L

(6)
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and the corresponding EV force between two beads is given by
aqﬁ" VkB T —2)2d?

Fe(r) = o (2n)3/2d5e r (7

where the EV parameter v quantifies the strength of the EV
potential, d is the spatial range of the potential, and r is the
distance between two beads. This form of EV potential has been
validated under various equilibrium and nonequilibrium con-
ditions,*"**~* showing that this potential effectively captures the
EV effect It approaches the ideal 6-form of the potential as d
approaches zero. Being a smooth potential, it does not require
extremely small timesteps for accurate computations as otherwise
needed for the Lennard-Jones (LJ) potential. The connection
between the experimental and theoretical definition of solvent
quality z is given by*!

3/2
z=(1—Ty/T)WWM = v(%) VN = z¢V/N  (8)

where v, is a chemistry dependent constant, T is the ©-tempera-
ture and z* is the strength of the EV potential. Perturbation
analysis of the equilibrium properties in the strength of excluded
volume interaction z* establishes that the true perturbation param-
eter is z = z*\/N.°° Furthermore, it has been largely substan-
tiated by various experimental results wherein a variety of poly-
mer-solvent systems, when plotted as a function of z, have been
shown to display universal behavior (even at temperatures well
above the © temperature).”® With the narrow Gaussian poten-
tial (eq 6), the solvent quality can be modified by varying a
single parameter z unlike the involved procedure of evaluating
two parameters in the LJ potential to get any desired solvent
quality.®™*? From eq 8, solvent quality can be varied experimen-
tally by either varying the solvent—polymer combination or by
changing the temperature of the solution or by changing the
molecular weight of the polymer. In most experimental investiga-
tions of the solvent quality effect, the solvent quality was varied
by changing the solvent—polymer combinations,'****>?” and in
some cases by keeping the solvent—polymer combination the same
but varying the temperature of the solution.”**' However it is
important to note that when the molecular weight is varied to
calculate the scaling exponent holding v, and T constant, the
solvent quality changes. Also, in almost all of the previous com-
putational studies, temperature, i.e. parameters equivalent to z*
were assumed to be constant in order to keep the solvent quallty
fixed.*® In such cases when the molecular weight of the polymer
is changed to evaluate the scaling of the critical strain rate with
polymer size, the solvent quality changes. Hence the scaling expo-
nent (with molecular weight) is not evaluated at a fixed solvent
quality as desired. We hold the solvent quality measure z constant
to keep the solvent quality fixed and vary z* to compensate any
change induced by a variation in polymer molecular weight ().
Itis also worthwhile here to discuss briefly our assumption of a
Hookean spring force law. Since we are interested in the influence
of solvent quality, at first sight it would appear to be more
appropriate to use the nonlinear Pincus force law, F ~ R¥?
the appropriate description of the force—extension behavior for
intermediate extensions. However, this force law describes the
large length scale deformation of the end-to-end vector R of a
polymer chain in a good solvent, and not the deformation at the
segmental level. As is well-known, the Pincus force law can be
derived by a simple scaling argument using the concept of
“tension” blobs [see ref 53, pp 104—107], where the blob repre-
sents the length scale at which the stretching energy becomes of
order kgT. At length scales smaller than the blob size, the thermal
energy randomizes the configurations of the chain, and the chain
remains in its unperturbed swollen state. At larger length scales,
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the chain is stretched into a linear sequence of aligned tensile
blobs. It is the existence of chain connectivity and excluded
volume interactions between segments that leads to the nonlinear
force—extension behavior of the end-to-end vector. Any simula-
tion that includes these aspects in a coarse-grained model
inevitably obeys the Pincus force law at large length scales.
Essentially, the Pincus force law is a consequence of these physical
phenomena, and does not have to be put in by hand. It must be
noted, however, that sufficient number of degrees of freedom
must be included in the model for the Pincus force law to be
manifested. If a highly coarse-grained model is used to represent a
polymer chain in a good solvent, then using a Pincus force law for
a spring is a way of capturing the self-similar behavior of a large
segment of the chain at the level of a single spring. Note that the
spring force law can be written in the general form F = R‘/ anm
such that the Hookean force law is recovered for v = '/, in a
®-solvent, and the Pincus force law is recovered for v = “/sin a
very good solvent. These power-law exponents are only valid in
these limits, and the use of a force-law with an effective exponent v
in the crossover region between the limits of ® and good solvent is
not a valid procedure. In order to understand the crossover
regime in the context of the blob anstaz requires the use of a subtle
scaling argument involving two blob length scales—a thermal
blob length scale and a fensile blob length scale. An example of
the use of a two-blob scaling argument can be found in ref 53 (see
Figure 5.5, p 178), in the context of chain configurations in
semidilute solutions. The correct nonlinear force in the crossover
regime (which interpolates between the two limits of Hookean
and Pincus force laws) will automatically be captured in our
simulations since we have carried them out at constant values of
z, and have incorporated chain connectivity and excluded volume
interactions in our coarse-grained model. This is borne out by the
quantitative agreement seen previously between experimental
observations and Brownian dynamics simulations of the con-
formational evolution, and extensional viscosity of DNA solu-
tions, when a 51m11ar procedure was followed for simulating the
crossover regime*!

3. 1-D Energy Landscape Theory

Before carrying out the rigorous Brownian dynamic simula-
tions, we explore the effect of solvent quality using a 1-D theory
based on a toy dumbbell model. In a dumbbell model, the polymer
is represented by two beads connected by a spring. The Fokker—
Planck equation for a dumbbell projected in 1-D is then given by

2T dp

a_'l/): _i. {K.Q_QHDBQ}w_ _r

ot 30 &(Q) £(Q) a0
where Q is the distance between the two end beads which captures
the transformation from coiled to stretched state and Hpp is the
Hookean spring constant for a dumbbell. The hydrodynamic
interactions are incorporated by introducing a conformation
dependent drag coefficient £(Q) as postulated by DeGennes.*
8(Q) represents the average drag coefficient over all possible
conformations with Q as the end-to-end extension. This simple
heuristic assumption was later supported with the rigorous evalua-
tion of the exact functionality of {(Q) for a dumbbell using
multibead—spring simulations.”> We nondimensionalize this equa-
tion with the characteristic time

)

_ &
A = 4H,
and length scale
[ = kgT
o=\
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where {, is the bead friction coefficient and H, = NHpy is the
Hookean spring constant for a single spring in the multibead-chain
representation of the polymer. Using
(%)

o

the nondimensional form of the equation is given by

g(0%) =

oy 9 1 w)y_ L L Y
w<a@[(g (@9)w2aww@}®)

where

&g

Pe —
¢~ 4H,

is the dimensionless strain rate. At steady state,

ay

ar*

and the solution is given by

O« /1
WZWOGXP_/O <N

The argument of the exponential can be thought of as the
“conformational energy” of the dumbbell*' such that

Ek(fr*) - /OQ* (%—2(Pe)g(q)>q dg (12)

One of the peculiar properties of a Hookean chain is that it can
extend unboundedly. The hydrodynamic interactions between
different parts of the chain vanish after the chain extends to a
significant extent as the parts are separated by physical distances
too large to be influenced by the motion of other parts. Hence it is
safe to assume that there exists some QF such that for 0* < Qf,
there is hydrodynamic interaction between parts of the chain,
however for Q* > Qf, the chain shows more Rouse like behavior
such that

—%wmwﬁq@> (1)

- o* . N
% 2 —1)= ifQo*
&o" _ Cﬂr&(g )Qo if 0* < 0,

g(0¥) = 2 (13)
& if 0* = 0
where
Ci _ C(:oil ~ (Zlmm) NNV (14)

0

and v is 0.5 in a @ solvent and 0.588 in a very good solvent.**

Cj‘ _ Cstrctchcd ~ (ROUSQ) ~N (15)
&
Hence, neglecting prefactors of order 1,
N <1 (N 1)Q*> fO* < Q,
v + -V _ = i < 0
8(0%) = ) (16)
N if 0* = Q,

The deterministic forces are then given by

* o F drag

Fieg = NviAR PeQ*g(0*,N) (17)
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« Fy  HpgQ  Hpp 0 1

F, = = = = — 0 (18
* \/kBTHs \/kBTHY Hs kBT/H N ( )

Since the intersection between the above two forces determines
the maxima or minima in the corresponding energy landscape
(see eq 12 and Figure 1), we define the difference slope S as

*

. dF,,, dF, oL

We consider the two regions separately: 0 < Q* < Qf and

0* = 0f.

1. For Q* = Of, Fi.g = PeQ *Nand F¥%, = (1/N)Q*. There are
three possibilities:
(F(Tn'ag sp) |Q* = (S|Q* =0, > O)

and (F*

drag = Sp)|Q* >0, = no intersections (Figure le)

(deg = FSI’)|Q*:Q; - (S‘Q*:Q;} - O)

and (F:;.ag = F:p)| 0s0 lines are simply identical

(Fdrag < Fs‘p)|Q*:Q* = (S|Q*:QS <0)

and (F:;mg )| v, T MO intersections (Figure 1a)
2.For0 < Q* < Qf, thereis one intersection at 0* = 0, and to

find other points of intersection, we consider the following cases:

Slgr_g = 0=

(F, dm,, bp)| oo — nosecond intersection (Figure le)

Slge_g <0 and (1‘75mg )| o*=¢; — second intersection (Figure 1c)

Slgr—g <0 and (F;.ag )|Q* «= no second intersection (Figure 1a)
Accordingly, we can demarcate the three different cases as shown
in Figure 1 with the critical strain rates separating the three regions as

Pejower < Pe < Pcupper (20)

(100% Coiled) (Energy barrier) (100% Stretched)

The chains do not hop when Pe is lower than the Pejoy., even if
one waits for infinite strain while all chains hop for strain rates
above Peypper. In between the two limits, one finds that some
chains hop and some do not and this region corresponds to the
hysteretic region and the energy landscape shows an activation
barrier. These two limits are found to scale with molecular weight
in © solvents as follows:

Peupper © (Slge—g) = 0= Peypper ~ N~ 1)

Pelower : F;mg(Qg) = F:;(Q;) = Pelower ~ N_2

In conclusion, one can see that hysteresis occurs for Hookean
chains as well. What this means is that when one starts from the
equilibrium state (coiled state), the solution needs to experience a
strain rate greater than a critical strain rate at least once to
transition to the stretched state. However due to coil—stretch
hysteresis, the stretched state can be sustained at strain rates
lower than the critical strain rate after the polymer is stretched.>
Since the simulations can be performed only for a finite strain, the
number of chains hopped in a particular system is always



10684  Macromolecules, Vol. 43, No. 24, 2010

@A (b) A
— Tspring =
—Fdrag %I
el 2 g
gl & =l I
(o] * c
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Y [9)
= ’qj &g
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_Fdrag ] I
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[J]
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[ —Fspring 5
L
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Figure 1. Force profiles and energy landscapes for a Hookean dumb-
bell at different strain rates. (a) At Pe < Pejower, fOrces intersect only at

* = () (stable point) (b) At Pe < Pejower, the energy minima occurs
only at coiled state (¢) At Pejoyer < Pe < Peypper, Forces intersect at Q*
= 0and O* < Qforr (d) At Pejoyer < Pe < Peypper, an energy barrier
exists with two minima (e) At Pe > Peypper, Forces intersect only at O*
= 0 (unstable point) (f) At Pe > Peypper, the energy minima occurs only
at stretched state while a maxima exists at coiled state (Q* = 0).

underestimated from the true steady state at infinite strain. For
eg., if 50% of chains hop at strain 200 at a fixed strain rate, then
this strain rate may correspond to 100% chain hop at infinite
strain. So a Pe number which reveals an energy barrier in finite
strain simulations is expected to be closer to the Peypye at the
true steady state. Hence we expect the scaling exponent of critical
strain rate (Pe,) from simulations to be (1 + »). In principle, the
dumbbell model parameters in good solvents can be found by
performing rigorous multibead spring simulations following the
already established methodology for © solvents.”> However,
incorporating solvent quality effects in dumbbell model is non-
trivial since solvent quality affects both the equilibrium and
nonequilibrium properties of the system thereby affecting both
the conformation dependent drag as well as the equivalent spring
force. Hence, we perform and analyze the rigorous multibead
spring simulations directly to explore the solvent quality effects.

4. Relaxation Times

A basic characteristic of polymer solutions is their relaxation
spectrum which determines all manifestations of their viscoelastic
properties. The two most important relaxation times are the
relaxation time based on the zero shear rate viscosity (which is the
sum of all the relaxation times) and the longest relaxation time
(which corresponds to the relaxation of the largest length scales of
polymer). For a polymer with m relaxation modes, the relaxation
time based on the zero shear rate viscosity 4, is given by

1,7 =h+A+..+4, (21)

where 1, is the longest relaxation time. We have calculated the
relaxation time based on the zero shear rate viscosity using the
Green—Kubo autocorrelation formulation®*>® from equilibrium
simulations.” The longest relaxation time can be obtained by
fitting a 3 parameter—exponential (4, A, B) to the decay of a size
measure of the polymer chain like the mean square end to end
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distance as follows:”!
0,5 = Ae "M 1 B (22)

where 0%, is the square of the polymer end-to-end distance, and
B is its value at equilibrium as shown in Figure 2. We perform
simulations to calculate the relaxation times and nonequilibrium
properties for a range of molecular weights: N = 11,12, 13,14, ...,
24, 25. The simulation time scales as N>*° and it grows very fast as
N increases beyond 25. Moreover, the range 11—25 provides
sufficient information to deduce the required results. Also we
study a range of solvent qualities: z = 0 (® solvent), 1 (good
solvent), 5 (better solvent), 10 gextremely good solvent). We
choose K = 1, where ¢* = Kz''° is the dimensionless range of
the EV potential.

The longest relaxation time can also be calculated by fitting a
decaying exponential to the tail of the near-equilibrium stress
relaxation calculated using the Green Kubo autocorrelation. The
ratio of the two relaxation times (A} and Af) is known to be
independent of chain length N in © solvents in the limit of long
chains.®® Here, we find that this ratio is independent of chain
length at any solvent quality (Figure 3) and hence a universal
function of solvent quality.

j’*
Tp1=— (23)
1IN — o

Remarkably, the effect of solvent quality is proportionally
enhanced in both these relaxation times such that their ratio is
independent of molecular weight and only a function of solvent
quality. This finding provides a very useful means to experimen-
talists to calculate one relaxation time from the other without
having to perform both the experiments separately. Since the
universal function monotonically increases with solvent quality,
one can infer that the solvent quality affects the lower relaxation
modes more prominently than the longest relaxation mode.

5. Critical Strain Rate

The macroscopic properties of polymer solutions are a strong
function of the conformation of the polymer (coiled or stretched
state). When long chain, linear polymers in dilute solutions are
subjected to purely elongational flows or elongation-dominated
mixed flows, the solution properties vary drastically near a critical
strain rate. This critical strain rate characterizes the coil—stretch
transition of polymer conformation. It is important to distinguish
the two different coil-stretch transitions affecting macroscopic
properties at different time-scales (Figure 4).

1  When an equilibrated polymer chain is exposed to a
strong extensional flow, the polymer takes some time
to unravel to the stretched state. If the strain rate is
above a critical strain rate, the polymer conformation
undergoes a coil to stretch transition (CS-I) at some
finite strain. The strain (of the fluid) is the product
Pe*time. The value of strain at which the transition
takes place (transition time) is a strong function of
chain length and strain rate.”’ This transient coil—
stretch transition (CS-I) is very sharp in elongational
flows and gets sharper with increase in the molecular
weight of the polymers. Molecular individualism,
residence time before transition, conformational shape
evolution etc are important aspects of this transi-
tion.”®>? This transition reflects the transient proper-
ties of the polymeric solution.

2 One can also consider the conformational variation of
a polymer at a fixed strain when exposed to different
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Figure 2. Longest relaxation time for Hookean chains with N = 14,
z = 5. A three-parameter exponential is fit to the tail of the decaying
function of the end-to-end extension of the chain as a function of time to
calculate the longest relaxation time Af.
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Figure 3. Ratio of the two relaxation times: relaxation time based on
the zero shear rate viscosity (1) and longest relaxation time (4f) for
Hookean chains. The ratio is independent of molecular weight and only
a function of solvent quality.

strain rates. It is observed that there is again a transi-
tion from coiled state to stretched state near a par-
ticular strain rate. Each point on this coil—stretch
transition (CS-II) (at a fixed strain) is a result of a
different transient experiment. At infinite strain, this
coil stretch transition (CS-II) is very sharp for exten-
sional flows and reflects the steady state properties of
the polymer solutions.

In short, CS-1is a function of strain at a fixed strain rate while
CS-I1 is a function of strain rate at a fixed strain. In other words,
in CS-I, Pe = constant as time increases while in CS-1I, Pe*
time = constant and experiments with smaller Pe imply longer
times (and vice versa). It is important to note that the critical
strain rate beyond which CS-I occurs and the critical strain rate
for CS-II transition of steady state properties (CS-II at infinite
strain) is the same.

Since the solution properties change dramatically at this so-
called coil—stretch transition (CS-I or CS-II), it is important in
many applications. This transition is primarily characterized by
the critical strain rate

Péc = /11.1("3(

for a given polymer molecular weight and solvent quality. A hop
is physically defined as the coil to stretch transition and a more
appropriate mathematical definition is given later. As discussed
earlier, no chain hops at strain rates below Pejoy,e; While all chains
hop at strain rates above Peypper. Since simulations and experi-
ments can be performed only for a finite strain, the number of
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Figure 4. Coil—stretch transitions (a) [llustrates CS-I at a fixed strain
rate (Fp) (b) Illustrates how one gets CS-11 at a fixed strain from multiple
CS-I at different strain rates (c) Illustrates CS-II at a fixed strain (Sp).

chains hopped is always underestimated in simulations relative to
that at the true steady state. Hence, the critical strain rate (Pe,)
that we obtain from simulations is a better approximation of
Peypper rather than Pejgye.

We approach this problem of estimating the critical strain rate
by three different strategies. In one approach, we simulate a single
chain for a very long strain (5000 to practically infinite strain for
any physical system). It is referred to as the SCLS (single chain
long strain) approach in this article. In the second approach, we
take an ensemble of chains (Nepsemble = 1000) and study their
kinetics for a long strain (200—300 to practically infinite strain for
any experiment). This approach is referred to as THOP as it
is primarily based on computing mean hop times. The third
approach also uses an ensemble of chains (Nepsemple = 1000) and
is based on counting the number of chains that hop (NHOP).

In the first approach (SCLS), a polymer chain is first equili-
brated for approximately 10 relaxation times under no-flow
conditions. The extensional flow is then switched on and the
end-to-end distance (which is a good indicator of macroscopic
properties of the solution) of the chain is observed for a very large
strain of 5000. A chain is considered to have ‘hopped’ to the
stretched state if the end-to-end extension of the chain reaches
beyond Qo = 104Q;'°qm where Q¥ is the equilibrium exten-
sion of the chain under no-flow conditions. To avoid counting
huge conformational fluctuations of Hookean chains as they
hop, it is ensured that the extension is sustained above the cutoff
value (Q%, o) for at least one relaxation time. To save computa-
tional time, the chain is discarded after it hops since we are
concerned only with the critical strain rate for coil stretch
transition in this study.

Coil stretch transitions CS-I are obtained by recording the end
to end distance as a function of strain at a fixed solvent quality
and strain rate as shown in Figure 5 for N = 14. Clearly, the coil
stretch transitions (CS-I) are very sharp in extensional flows. As
the solvent quality improves at a fixed strain rate, the chains
unravel faster (at a lower strain) as shown in Figure 5a. Also as
the strain rate increases at a fixed solvent quality (z = 1), the
chains take less time to hop (Figure 5b). Thus, we find that the
transient properties (CS-I) are a function of both strain rate and
solvent quality. This can be attributed to the swollen equilibrium
state of the polymer due to more favorable interactions between
polymer and solvent molecules with improvement in solvent
quality. CS-II can be computed using the data collected as
described above for different strain rates. For this, the magnitude
of end to end extension of the polymer at a fixed strain (= 5000)
from different simulation runs (at different strain rates) is plotted
as a function of strain rates as shown in Figure 6. Using these
curves, we computed the critical strain rates below which the
chain never hops and above which the chain always hops. It is
observed that the difference in the two critical strain rates is of the
order of 10~*. Moreover, despite the fact that the strain (5000) is
very large, it is still a finite strain and there is always a nonzero
probability of a chain that has not hopped at a strain 5000 will
hop at a later strain (e.g., 10000). Hence, the critical strain rate
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Figure 5. Simulation results for CS-1 by single chain simulation (SCLS)
approach (N = 14): (a) CS-I transitions again occur at a lower strain
(faster) as the solvent quality improves at a fixed strain rate (Pe =
0.018); (b) CS-I transitions occur at a lower strain (faster) as the strain
rate increases at a fixed solvent quality (z = 1).

that we get from these simulation results is expected to be greater
than Pejqyer and a closer approximation of Peypper. The effect of
solvent quality can be clearly seen on CS-1I at strain 5000 wherein
the critical strain rate decreases with improvement in solvent
quality (Figure 6). We compute the critical strain rate using this
approach for a range of molecular weights (N = 11,12, 13, ...,25)
and solvent qualities (z = 0, 1, 5, 10) and the results for (N = 14,
z =0,1,5,10) are reported in Table 1.

In the second approach (THOP), we explore the kinetics of an
ensemble of 1000 chains (Figure 7). For this, the mean time taken
by a chain in the ensemble to hop is measured.

Nensemple
mean hop time = ( E
i=1

t?op ) / N, ensemble (24)

where /°P is the time taken by chain i to hop starting from the
equilibrium state. It is observed that as the strain rate decreases, it
takes longer for chains to hop and hence the mean hop time
increases. The mean hop time diverges at the critical strain rate
since the chains do not hop below a critical strain rate even if one
waits for infinite time. This critical strain rate can be found using
the extrapolation technique as shown in Figure 7. The divergence
of the mean hop time gets sharper as the solvent quality improves.
Certainly for Pe < Pejgyer, the mean hop time is infinite since
none of the chains hop. However, even for strain rate (Pe) such
that (Pejower < Pe < Peypper), the mean hop time is infinite since
this is the case if even one chain in the ensemble does not hop.
Hence the critical strain rate Pe, obtained from this approach is
also a better approximation of Peypper than Pejgy,. The critical
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Table 1. Critical Strain Rate (Pe,.) for N = 14

z Pe, (NHOP) Pe, (THOP) Pe, (SCLS)
0 0.0199 0.0194 0.0186
1 0.0189 0.0185 0.0181
5 0.0182 0.0179 0.0174
10 0.0177 0.0172 0.0171
@)
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Figure 7. Simulation results using THOP approach for mean hop time
for an ensemble of Hookean chains (N = 14): (a) mean hop time
increases as the strain rate decreases and the increase is faster as the
solvent quality improves. (b) extrapolation of mean hop time to infinity

corresponding to the critical strain rate. Critical strain rate decreases
with improvement in solvent quality.

strain rate is found to decrease as the molecular weight increases
and/or as the solvent quality improves consistent with the
predictions by our SCLS approach discussed earlier. We compute
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Figure 8. Simulation results for CS-I using the NHOP approach for
Hookean chains (N = 14). (a) At fixed solvent quality (z = 1), CS-I gets
sharper with increase in strain rate and occurs at lower values of strain.
(b) CS-I gets sharper and faster with improvement in solvent quality at
any fixed strain rate (Pe = 0.023).

the critical strain rate using this approach for a range of molecular
weights (N = 11,12, 13, ..., 25) and solvent qualities (z = 0, 1, 5,
10) and the results for (N = 14,z = 0, 1, 5, 10) are reported in
Table 1.

For Hookean chains, since a single chain can have essentially
infinite extension, all average properties become unbounded in an
ensemble of chains past a critical strain rate. At a given strain rate
and strain on the other hand, we can examine the percentage of
chains that have hopped. Thus, we explore the evolution of the
probability distribution of the chains (hopped or unhopped) as
a function of strain at different strain rates. The probability
distribution evolves from unimodal (at coiled state) to bimodal
(hysteretic regime) to unimodal (at stretched state) as the strain
rate increases as shown in Figure 1. We find that an increasing
percentage of chains hop at any strain as the strain rate increases
(Figure 8 and Figure 9). Also as the strain rate increases, the
chains hop at lower values of strain. Moreover, all the chains hop
within an increasingly narrow range of strain as the strain rate
increases leading to sharper CS-I (Figure 8). We also find that
solvent quality significantly affects the transient properties (CS-I)
since a greater percentage of chains hop at any strain for a fixed
strain rate as the solvent quality improves. These observations for
the percentage number of chains hopped (NHOP) resonate with
the conclusions from the earlier approaches (SCLS and THOP).
We can also examine the effect of solvent quality on CS-1I at a
strain of 40 for this ensemble of chains (Figure 9) and find that the
critical strain rate seems to decrease. To get more accurate results
for steady state, we extrapolate the finite strain simulation results
to infinite strain as shown in Figure 9. Note that the extrapolated
results are obtained at infinite strain based on the finite strain
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Figure 9. Simulation results for CS-II using the NHOP approach for
Hookean chains (N = 14). (a) CS-1I at fixed strain (=40) gets sharper
with improvement in solvent quality. (b) Critical strain rate can be
calculated by extrapolating finite simulation results at a fixed percen-
tage of chains hopped (= 90%) to strain — . The critical strain rate
decreases as the solvent quality improves.

data for 90% chain hops. Hence the critical strain rate ob-
tained from this approach is also larger than Pej,y., and hence
a closer approximation to Peyppe. This analysis is repeated for a
wide range of molecular weights (N = 11, 12, 13, ..., 25) and sol-
vent quality (z = 0,1,5,10). Apart from the qualitative agreement
of the coil stretch transitions (both CS-1 and CS-II) between the
three approaches (SCLS, THOP, and NHOP), the numerical
value of the critical strain rates are also in remarkable agreement
(see Table 1 for values corresponding to all three methods for
N = 14 for various values of z).

6. Scaling Exponent and Universal Functions

It is important to note that the polymer properties follow
power law behavior only in © solvents or extremely good
solvents. In the crossover region in between, the polymer proper-
ties are simply a function of the solvent quality parameter z.**%
However, one can extract an effective scaling exponent for the
properties in the crossover region at a fixed solvent quality (z) as
shown in Figure 10. The effective scaling exponent is found to be
a function of solvent quality for both relaxation times as well as
the critical strain rate. The results for different solution properties
are reported for a range of solvent qualities in Table 2.

One can define two different critical Deborah numbers that
can be used to characterize flows based on the two different
relaxation times:

De; = Peg/li

De, = Pe(l;
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Since the relaxation times increase while the critical strain rates
decrease with solvent quality, the effect of solvent quality on the
product (Deborah number) needs further analysis. Interestingly,
we find that both the critical Deborah numbers (De; and De,) are
independent of molecular weight. However their response to
solvent quality is different. De; is found to be independent of
solvent quality while De,, increases with improvement in solvent
quality (see Figure 11).

In the crossover region, we compute the universal dependence
of relaxation times and critical strain rates on solvent quality by
analyzing their behavior in the infinite chain length limit. It is
well-known that the temperature and molecular weight depen-
dence of any macroscopic property ¢ under good solvent con-
ditions (for various polymer—solvent systems, molecular weights
anzil temperatures) can be collapsed onto a master curve given
by

¢ = dgUy(2)

where ¢y is the value of the same property under © conditions and
Uy(z) is a universal function of z. One can define universal
properties for the relaxation times and critical strain rates as

(25)
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Figure 10. Simulation results for scaling exponents with molecular
weight (m:P = ¢N'™) for relaxation times (A} and 4}}) and critical strain
rate (Pe,) calculated by three different approaches (SCLS, NHOP and
THOP) at(a) z = Oand (b) z = 1.
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follows:
Iz 2 Pe,
Uy = ”*( ) U = 1*(2) Upe = Pe(z)
7,0 [N — o LO N — o €ty .

(26)

The universal function is obtained by the extrapolation of
finite bead number simulation results to the infinite bead number
limit keeping the solvent quality fixed (see Figure 12 for z = 5).
The variation of these universal properties with z is shown in
Figure 13. Each point on this curve is obtained by extrapolating
the ratio at finite bead number to the infinite bead number limit.
As the solvent quality improves, the value of U, increases.
This suggests that the relaxation process is slowed down with
improving solvent quality. As the solvent quality improves, U,
also increases though this increase is not as pronounced as in the
universal function based on the zero shear rate viscosity U,,.
However, Up, decreases as the solvent quality improves. This is
because the polymer chains are swollen in good solvents and
hence the initial strain rate required to initiate coil stretch
transition is lower in good solvents.
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Figure 11. (a) Deborah number De; is independent of molecular weight
as well as solvent quality. The critical strain rate is calculated by 3
different methods (SCLS (dashed line), THOP (solid line) and NHOP
(dash-dotted line)). (b) De, is independent of molecular weight, how-
ever it increases with improvement in solvent quality. Again the critical
strain rate is calculated by three different methods (SCLS, THOP, and
NHOP).

Table 2. Scaling Exponents m: Property = N™

property power law relation m(z = 0) m(z = 1) m(z = 5) m(z = 10)
critical strain rate (NHOP) Pe. = ¢N" —1.52 —1.60 —1.64 —1.64
critical strain rate (THOP) Pe. = ¢cN" —1.51 —1.56 —1.64 —1.67
critical strain rate (SCLS) Pe. = cN" —1.56 -1.59 —1.65 —1.66
longest relaxation time Af = N 1.52 1.59 1.68 1.73
zero shear rate viscosity Ay = cN" 1.54 1.66 1.79 1.79
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Figure 13. Universal functions for the ratio of (a) longest relaxation
time (Af), relaxation time based on the zero shear rate viscosity (4;) and
critical strain rate (Pe,.) to their ©-solvent values as a function of solvent
quality. The critical strain rate decreases while the relaxation times
increase with improvement in solvent quality.

One can also find the universal functions based on the Deborah
numbers defined earlier. We can compute the universal number
based on De; by two different methods as indicated in the
equations below

D Pe.(2)A,

method A : U})F = e1(2) :Li(z) (27)
Dey g N Pec,gll’e N
Pe, A

method B: U}, = 2@ AEL _ g ()
Pec,@ N"milye N— oo

Inmethod A, itis found as an extrapolation limit of the ratio of
Deborah numbers (good solvent to ® solvent) at each bead
number. In method B, it is found as a product of two extrapola-
tion limits for the ratio of critical strain rate and the ratio of
longest relaxation times at each bead number. The results with
the different methods match quite closely as shown in Figure 14a.
It is observed that as the solvent qluality improves, Up, remains
close to onei.e. the magnitude of Up, in a good solvent is the same
as that in © solvent. This is because the decrease in critical strain
rate is compensated by the increase in relaxation time Af as
solvent quality improves.

Macromolecules, Vol. 43, No. 24, 2010 10689

@)
e —— Method A
—.%.= SCLS —— Method B
3 L
1
UDe
2 L
1‘...—*.—_—‘ '''''''' — q ''''''' T . .——i
0 : : . . .
0 2 4 6 8 10
Solvent quality ()
®)
| |- -©-- NHOP —— Method A
4 —a— THOP —— Method B
—.a.— SCLS —— Method C
n
UDe

4 6
Solvent quality (z)
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ratio of De,, to its @-solvent value as a function of solvent quality. De; is
independent of solvent quality while De,, increases as the solvent quality
improves.

On similar lines, the universal number based on De, can be
obtained by three different methods as shown by the equations
below:

De Pe.(z Az
method A: U}, = (%) = 7( ) Z( ) (29)
Deyo N— Pec,odyo |y ..
Pe. Az
method B : U?)e = Pej (Z) ﬂ*( ) = UPeUﬂ
C(‘,f) N— ln,@ N— oo
(30)
r r
method C : U}, = U, Up, = (F’“(Z; U1> Upe = %(Z;U},e
7,1, 7,1,
(31)

In method A, the universal number U}, is found as an
extrapolation limit of the ratio of Deborah numbers (good
solvent to ® solvent) at each bead number. In method B, it is
found as a product of two extrapolation limits for the ratio of
critical strain rate and the ratio of relaxation times based on zero
shear rate viscosity at each bead number. In method C, it is
obtained as product of three extrapolation limits: (a) the ratio of
the good solvent to ®-solvent value of the ratio of two relaxation
times (I, ;(2)/T,.1/(®)] (see eq 23), (b) the ratio of the good
solvent to ®-solvent value of the longest relaxation times, and
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Figure 15. Effect of solvent quality on the width of conformational
hysteresis.

(c) the ratio of the good solvent to ®-solvent value of the critical
strain rate at each bead number.

Unlike Up,, U, increases with improvement in solvent
quality. This can be attributed to a greater increase in relaxation
time 4} as compared to the decrease in critical strain rate. Thus,
we see that the critical Deborah number based on the longest
relaxation time remains a constant independent of the solvent
quality while the one based on the zero shear rate viscosity is a
different constant for different solvent qualities. Accordingly,
depending on the flow characterization (Pe or De; or De,), the
coil-to-stretch arm of hysteresis remains unaffected or shifts
leftward or rightward. The stretch-to-coil arm of hysteresis is
unaffected by solvent quality as the EV effects are negligible in the
stretched state. Hence the width of hysteresis remains invariant or
increases or decreases as shown in Figure 15 depending on the
flow characterization.

7. Conclusions

Brownian dynamics simulations are used to study the coil
stretch transition of dilute polymer systems. Two different relaxa-
tion times (4, and 4,) are evaluated. The critical strain rate is
computed by three different approaches based on very different
aspects of polymer dynamics: SCLS (single chain simulations for
strain 5000), THOP (kinetic analysis by computing mean hop
time for an ensemble of 1000 chains) and NHOP (probability
distribution analysis by counting number of chains hopped at any
given strain). Extrapolation techniques are used to obtain steady
state results from finite strain simulations specifically in the
THOP and NHOP approaches. The results from all the ap-
proaches agree both qualitatively as well as quantitatively. The
solvent quality is found to affect both the transient and steady
state properties significantly. As the solvent quality improves, the
chains unravel faster and the onset of coil stretch transition
occurs at lower strains. The critical strain rate decreases and the
coil stretch transitions (both CS-I and CS-II) get sharper as the
solvent quality improves. The magnitude of the scaling exponent
of the critical strain rate with molecular weight increases with
improving solvent quality and is in agreement with the 1-D
conformational energy theory for dumbbell model. Deborah
numbers (De; and De,) and the ratio of two relaxation times
(I';;,1) are found to be independent of molecular weight. Interest-
ingly, the critical Deborah number based on the longest relaxa-
tion time (De;) is found to be independent of solvent quality while
the critical Deborah number based on the zero shear rate viscosity
(De,) is a monotonically increasing function of solvent quality.
We have also explored the universal behavior of these properties
by extrapolating to the infinite chain length limit. Specifically
we find Uy, Uy, Up,, U, Uh,, and I',,.1 as universal functions of
solvent qualities.
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