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Brownian dynamics simulation of a polymer molecule in solution
under elongational flow

U. S. Agarwal and Rohit Bhargava
Chemical Engineering Department, Indian Institute of Technology, Hauz Khas, New Delhi 110016, India

R. A. Mashelkar
Council of Scientific and Industrial Research, Anusandhan Bhavan, 2, Rafi Marg, New Delhi 110001, India

~Received 26 June 1997; accepted 16 October 1997!

We use Brownian dynamics simulation to study coil–stretch transition of macromolecules in
solution. Into a simple elongational flow field, we introduce freely jointed bead-rod chain model
molecules in their coiled and stretched states, and follow the conformational changes. We find good
agreement of our simulation results with the available theoretical predictions for low and high strain
rates (ė). At the intermediate elongation rates~near the onset of coil–stretch transition! of the flow
field, we find that the residence time required for stretching of an initially coiled chain can be
extremely large as compared to predicted (11 ln(AN))ė21, especially for the non-free-draining case.
Hence, the chain conformation is dependent on the initial state of the chain molecule for residence
time as long as 100ė21. Thus, hysteresis is predicted when chain residence time in such an
elongational flow field is limited, as in practical situations. Further, at such intermediateė, the chain
molecule is seen to undergo Brownian fluctuation induced jumps between a randomly coiled state
and another partially stretched state. This suggests the existence of more than one equilibrium
conformation that is unstable to Brownian fluctuations. ©1998 American Institute of Physics.
@S0021-9606~98!51004-5#
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I. INTRODUCTION

Small quantities of dissolved long chain polymers a
used as additives to influence the rheology of liquids. Use
random coil polymers to enhance solution viscosity in we
flows is conventionally quantified in terms of intrins
viscosity.1,2 Similarly, fully stretched polymer molecule
have drawn interest in relation to chain scission behavio
strong flows.3–5 Further, many rheology modifying applica
tions such as turbulent drag reduction and enhanced oi
covery are based on the flow induced stretching proces
dissolved polymer coils, and the influence of the deform
polymer chains on solution rheology.1,2 In this paper we use
Brownian dynamics simulation to examine the coil–stre
transition of polymers, and the hysteresis therein.

In the absence of any external forces, a polymer chai
solution remains coiled due to random Brownian motio
Under sufficiently strong flow conditions, the solvent dr
force causes significant extension of the polymer molecul1,6

For a given strain rate, there exists a certain level of stre
ing of a given macromolecule when the Brownian or elas
coiling forces are balanced by the stretching drag force7,8

The drag forces on an initially coiled macromolecule
crease as it unravels, and it uncoils abruptly3,6,9 if the strain
rate (ė) exceeds a critical value (ėcs).

If an initially stretched chain is introduced into an elo
gational flow field, the outer segments experience a d
force greater than that experienced by a coiled chain in
duced into the same flow field. This is due to the reduc
hydrodynamic screening in the stretched state.9 This may
lead to intermediate strain rates where a chain rem
stretched if introduced into the flow field in its stretch
state, and remains coiled if introduced in its coiled state. T
1610 J. Chem. Phys. 108 (4), 22 January 1998 0021-9606/9
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phenomenon of bistable equilibrium at a strain rate in
coil–stretch transition region was identified as the hystere
by DeGennes,9 and its existence has been the subject
much theoretical debate,7,10–18computer simulations,19,20and
experiments.21–24

Early analyses of macromolecular stretching in exte
sional flow were based on dumbbell or bead-spr
models,1,25–27which have the inherent limitation in describ
ing the stretching behavior due to their infini
extensibility.1,17,28,29 Rigid constraints were considered
dumbbell models30 and bead-rod chains.20,29,31,32 Further,
simplifying assumptions are often made, e.g., hydrodyna
interactions~HI! are neglected,26,31,32or preaveraged value
of the hydrodynamic interaction tensor have been used27 in
early analysis. Subsequently, finite extensibility of sprin
and conformation dependent bead friction have been in
porated in analyzing elongational behavior of mod
dumbbells6,7–11and chains.17,28,33–37More recently, hydrody-
namic interaction with higher order corrections has be
incorporated.12,13,38

Further, often theoretical predictions for chain confo
mation in elongational flow are available only for the stea
state. However, this steady state is rarely achieved in prac
as the residence time of a macromolecule in elongatio
flow is limited.18 Transient behavior during stretching ha
been analyzed by Brownian dynamics simulation of be
spring chain models33,39 and bead-rod chain mod
els,17,20,28,29,40but these have concentrated primarily on t
unraveling behavior ofinitially coiled chains. Only Dariinski
and Saphiannikova19 used simulations ofdumbbell model
molecules for detecting hysteresis, and failed to find a
when the residence time was of the order of the macrom
8/108(4)/1610/8/$15.00 © 1998 American Institute of Physics
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1611Agarwal, Bhargava, and Mashelkar: A polymer in elongational flow
lecular relaxation time or greater. Thus, the question of h
teresis effect in coil–stretch transition of more realistic mo
els, for limited residence times of practical interest, rema
open. In this work we examine these issues by using Bro
ian dynamics simulations of isolated freely jointed bead-
chains in solution under simple elongational flow field.

II. THEORY: FREELY JOINTED „‘‘FLEXIBLE’’ …

BEAD-ROD CHAIN MODEL

A. Free-draining case „no HI …

Hassager32 analyzed the behavior of freely jointed bea
rod chain model macromolecules in elongational flows in
absence of hydrodynamic interaction. He obtained the
lowing expressions for the solution elongational viscos
(h̄5(txx2tyy)/ ė),

h̄2h̄s5~ h̄`2h̄s!S 12
24kT

N2z l 2ė
2••• D at large ė,

~1a!

h̄2h̄s5~ h̄02h̄s!S 11
N2z l 2ė

90kT
1••• D at small ė,

~1b!

where h̄s53hs and hs are the elongational and shear vi
cosities of the solvent alone,z56phsa is the bead friction
factor, a is the bead radius, andl is the rod length. The
asymptotic values ofh̄ at smallestė and at largestė, for
chains with large number of rods (N), are,

h̄02h̄s5n0

z l 2N2

12
~2a!

and

h̄`2h̄s5n0

z l 2N3

12
, ~2b!

wheren05cNA /M is the number concentration of the pol
mer molecules,c is the mass concentration, andM the mo-
lecular weight of the polymer.NA is the Avogadro number
Defining36 the intrinsic viscosity~i.v.! as

@h̄#5 l t
c→0

h̄2h̄s

h̄sc
, ~3!

the corresponding expressions in terms of dimension
quantities~represented by superscript* ! are,

@h̄#* 5@h̄# *̀ S 12
24

N2ė*
2••• D at large ė* , ~4a!

@h̄#* 5@h̄#0* S 11
N2ė*

90
1••• D at small ė* , ~4b!

with the asymptotic values at smallest and largestė* being

@h̄#0* /a* 5
pN2

6
, ~5a!

and
J. Chem. Phys., Vol. 108,
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@h̄# *̀ /a* 5
pN3

6
5N@h̄#0* /a* . ~5b!

Here, ė has been normalized by dividing bykT/z l 2 ~kT is
the Boltzmann factor!, and a by dividing by l , and @h̄# by
multiplying with concentrationMNA

21l 23 ~one polymer mol-
ecule perl 3 volume of the solution!.

B. Non-free-draining case „with HI …

No analytical results are available for elongational b
havior of non-free-draining bead-rod chains at arbitraryė.
However, the following available analytical results are app
cable at asymptotic strain rates.

1. The unperturbed chain (approximation at ė˜0)
Kirkwood and Riseman41 examined unperturbed linea

flexible chain with hydrodynamic interaction described
Oseen,42 and obtained the following results for low she
flows,

@h#05
NAzN2l 2

36hsM
F~X!, ~6!

whereF(X) is a function2 of X521/2h, with the hydrody-
namic interaction parameterh5zN1/2/(12p3)1/2hsl . Since at
low or negligible deformation of polymer coil,h̄53h, the
corresponding dimensionless elongational intrinsic visco
is obtained as

@h̄#0* /a* 5
pN2

6
F~X! with X5~6/p!1/2a* N1/2. ~7!

In the case of no hydrodynamic interaction,X50, and
F(X)51, so that Eq.~5a! is recovered.

2. Multibead rod (approximation at ė˜`)
At the highestė, a flexible bead-rod chain is complete

stretched, and hence akin to a multibead rod. Birdet al.1,30

derived the following relations for multibead rods~with HI!,

h̄2h̄s53n0kTlN
~2!

3S 1
22

3

4X
1

3

4X

exp~6X!

AX*0
AX exp~6y!dyD , ~8!

where X5(9/2)lN
(1)ė and lN

(1) and lN
(2) are time constants

given in Ref. 1. Forė→`, this simplifies to

h̄`2h̄s56nkTlN
~2! , ~9!

or,

@h̄# *̀ /a* 5pS (
n52~N21!

N21

nfn~2h8,2j2,N!D , ~10!

whereh850.75a* , j52a* , and the functionfn is defined
in Ref. 1. For the free-draining case~h850, fn5n/2, and
summation is over alternaten!, with largeN, this reduces to
Eq. ~5b!.

3. Fully stretched bead-rod chain (approximation at
ė˜`)

Agarwal and Mashelkar4 presented a calculation fo
stresses in a non-free-draining bead-rod chain fully stretc
No. 4, 22 January 1998
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1612 Agarwal, Bhargava, and Mashelkar: A polymer in elongational flow
and aligned in a strong elongational flow field. Let us co
sider anN rod chain completely stretched and aligned alo
flow ~vxi5 ėxi , ė→`! directionx, with its beads (i 51...N
11) located atxi5(2Nl/2)1( i 21)l . The component of
the drag forceFi

d alongx is given as

Fxi
d 5zS vxi1

1

kT (
j

Dxi j
0

•Fj
dD , ~11!

wherevxi5 ėxi is the unperturbed flow field.Di j
0 , the hydro-

dynamic interaction tensor between subunitsi and j , is ap-
proximated by the modified Oseen tensor,43

Di j
0 5

kT

6phsa
I for i5j,

5
kT

8phsrij
FSI1

r i j r i j

r i j
2 D 1

2a2

r i j
2 S 1

3I2
r i j r i j

r i j
2 D G for iÞj,

~12!

where I is the identity tensor andr i j is the displacemen
vector between beadsi and j . Considering only thex com-
ponent of drag force~neglecting the Brownian contributio
at high ė!,

Fxi
d* 5xi* ė* 1 3

4a* (
j Þ i

F 2

u j 2 i u
12~a* !2

2

u j 2 i u2 ~2 2
3!GFx j

d* ,

~13!

wherexi* is positionxi made dimensionless by dividing byl ,
Fxi

d* represents the drag forceFxi
d made dimensionless b

dividing by kT/ l , and are evaluated by solution of this s
( i , j 51...N11) of coupled linear equations. The correspon
ing contribution to fluid stress and hence elongational visc
ity can be calculated as

h̄`2h̄s5~n0 / ė ! (
1

N11

^xiFxi
d &, ~14!

or,

@h̄# *̀ /a* 5
2p

ė* (
i 51

N11

^xi* Fxi
d* &. ~15!

III. BROWNIAN DYNAMICS SIMULATION

An isolated freely jointed bead-rod model chain cons
ing of N5100 links and (N11) beads is used to analyze th
behavior of a linear polymer molecule in a simple elong
tional flow field v~r ! of strain rate (ė) given by

vx5 ėx, vy52 1
2ėy, vz52 1

2ėz.

Brownian dynamics simulation is carried out in steps of tim
Dt, in accordance with the SHAKE-HI algorithm.44 During
any step, the new position vectorr i(t1Dt) of the i th bead is
calculated from the positionr i(t) at the beginning of the ste
by the relation

r i~ t1Dt !5r i~ t !1
Dt

kT (
j

Di j
0 Fj

01Ri~Dt !, ~16!
J. Chem. Phys., Vol. 108,
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whereFj
0 is the sum of flow drag force (Fj

d) and intramo-
lecular~i.e., ‘‘bond’’ length constraint! forces acting on par-
ticle j at time t. The vectorRi is the displacement of the
particle due to Brownian motion, and has a Gaussian dis
bution with the following properties:

^Ri&50 ~17a!

and

^Ri~ t !Rj~ t1Dt !&52Di j
0 Dt. ~17b!

IV. PARAMETERS

We follow chain extension during flow simulation b
monitoring the square end-to-end distance (Ree

2 ). Ree
2 is nor-

malized with respect to its mean random coil value (Nl2).
Thus, the value of normalizedRee

2* 5Ree
2 /(Nl2) varies from

near 1 for a randomly coiled chain toN5100 for a fully
stretched chain.

The contribution of the polymer to the elongational vi
cosity (h̄2h̄s) is determined in terms of the intrinsic visco
ity from the Kramers–Kirkwood relations,1,42

@h̄#5
NA

h̄sM ė (
i 51

N

^XiTix2ZiTiz&, ~18!

whereXi andZi are thex andz projections of thei th link, T i

is the constraint force in thei th link, and is calculated using
the Lagrangian constants obtained in the Allison a
McCammon44 algorithm. The corresponding normalized in
trinsic viscosity is obtained as

@h̄#* 5@h̄#
M

NAl 3 5
2pa*

ė* (
i 51

N11

^Xi* Tix* 2Zi* Tiz* &, ~19!

where the projectionsXi andZi are made dimensionless b
dividing by l , the forces bykT/ l , time byz l 2/kT. Hereafter
in the paper, only the dimensionless quantities are used,
the superscript* is dropped for convenience.

V. SIMULATION METHODOLOGY

Computations are carried out forN5100 rod chains. To
study the contribution of hydrodynamic interaction to hyst
esis in coil–stretch transition, two cases are considered:

~1! free-draining case, i.e., no hydrodynamic interactio
and

~2! non-free-draining case, i.e., with hydrodynamic intera
tion defined by~a50.4, orh53.91, orh850.3!.

Configuration development was followed during simu
tions carried out at various strain rates. The simulations w
begun by starting with aninitially coiled chain that was gen-
erated by successively joining 100 links. Each link was
length 1, and was randomly oriented. For each trajector
different initial random chain was generated, and a differ
set of Brownian contributions@Ri in Eq. ~16!# was selected.
The trajectory simulation was carried out in small time ste
of Dt50.001 or 0.002, and use of a smaller time step did
affect typical simulation results. During the Brownian d
No. 4, 22 January 1998
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1613Agarwal, Bhargava, and Mashelkar: A polymer in elongational flow
namics simulation of a single chain, average valuesRee
2 and

@h̄# over each 1000 steps were stored asRee
2 (t) and

@h̄#(t). These averages were plotted as separate poin
study their evolution in time. Each trajectory simulation w
continued until achieving flattening ofRee

2 (t) and@h̄#(t) vs.
t curves, to equilibrium values denoted^Ree

2 & and ^@h̄#&,
respectively. Such simulations were carried out for theini-
tially coiled chains at different strain rates. Similar simul
tions at different strain rates were carried out also for cha
initially fully stretchedalong the flow direction. Computa
tions were carried out on a Silicon Graphics INDY IP 2
machine, and typical CPU time requirement per time s
was 0.1 s.

VI. RESULTS AND DISCUSSIONS

A. Free-draining case „no HI …

Figure 1 shows the extension process of a free-drain
initially coiled chain in extensional flow fields of variou
strain rates. Significant chain extension occurs only at st
ratesėcs;0.003 or greater. Atė.0.05, near maximum pos
sible stretching is achieved. Residence timet f in a flow field
required for stretching of a coiled chain decreases at hig
strain rate~Fig. 1!. t f is determined as the time where th
tangent to the transition part of the curves in Fig. 1 interse
the equilibrium value. Foraffine deformation, the Henky
strain (e f5 ėt f) required for complete stretching at highė is
expected40,45 to be

e f511 ln~AN!53.3 for N5100. ~20!

For the free-draining case, we finde f to be about 2.9–3.5 a
ė;0.01 or higher~Fig. 2!: indicating affine deformation at
theseė. However, we note that based on simulations of R
lison and Hinch28 and van der Brule,33 James and Sridhar45

had estimated (e f;6.5). Figure 3 shows the relaxation o
initially stretched chains introduced into elongational flo
fields of variousė. At ė>0.06, the chain remains stretche

FIG. 1. Increase inRee
2 with time in elongational flow field of different

strain rates (ė) shown in the figure, for stretching of free-draining, initial
random coils.
J. Chem. Phys., Vol. 108,
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while at ė<0.002, complete relaxation takes place. At inte
mediate strain rates, the relaxation is partial. Starting from
fully stretched state, the time required for relaxation in t
absence of flow ist;600 ~Fig. 3, ė50!, which suggests46,47

ėcs for stretching as greater thant21;0.0016, in agreemen
with results of Fig. 1 and Fig. 3. In Fig. 4, we examine t
equilibrium stretching results for free-draining chains intr
duced into the flow fields initially in their coiled an
stretched states. At all strain rates, we see no dependen
^Ree

2 & on the initial state of the chain. We again notice t
coil–stretch transition atėcs;0.003 or greater. The corre
sponding steady state@h#/a from our simulations is pre-
sented in Fig. 5, along with Hassager’s predictions~Sec.
II A !. We find an excellent agreement at highė. In the in-

FIG. 2. e f5 ėt f for stretching of initially random coiled chains to nea
equilibrium in flow fields of differentė.

FIG. 3. Decrease inRee
2 with time in elongation flow field of different strain

rates (ė) shown in the figure, for coiling of free-draining, initially fully
stretched chain.
No. 4, 22 January 1998
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1614 Agarwal, Bhargava, and Mashelkar: A polymer in elongational flow
termediate range, Eq.~4a! overpredicts, and Eq.~4b! under-
predicts, as expected due to the truncations in these e
tions. At ė<0.002, the fluctuating contribution of th
Brownian forces is predominant~as compared to drag
forces!, and statistically reliable averages could not be o
tained.

B. Non-free-draining case „with HI, a50.4…

The uncoiling process of non-free-draining initial
coiled chains in flow fields of differentė are shown in Fig. 6,
and the coiling process of initially fully stretched chains
shown in Fig. 7. We notice that significant stretching
coiled chains occurs atė;0.0225 or greater, and comple
relaxation of fully stretched chains occurs atė<0.01. In Fig.
8 we show the uncoiling and coiling processes at some

FIG. 4. Equilibrium mean square end-to-end distance at different st
rates, for free-draining~—! and non-free-draining~- - - -! chains. The data
points are the average values, and the bars show the range of fluctuat

FIG. 5. Equilibrium intrinsic viscosity at different strain rates, for fre
draining chains. The simulation results are compared with Hassager’s~Ref.
32! theoretical predictions at high and lowė range.
J. Chem. Phys., Vol. 108,
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termediate strain rates. Figure 2 shows the total Henky st
e f5 ėt f required for initially coiled non-free-draining chain
to achieve their equilibrium conformation at variousė. At
ė>0.04, e f values are found to be 3.5 to 6.5. These high
values for the non-free-draining case indicate somew
slower thanaffine deformation here. This is because in th
present HI case, the inner beads of initially coiled chains
efficiently shielded from the drag of bulk fluid flow. At in
termediate strain rates nearė50.02, the chain deformation i
extremely slow~as compared tot f;ė21, or e f5constant at
higher ė, see Fig. 2!. Fuller and Leal,7 and Leal,8 also pre-
dicted such delayed approach to equilibrium for dumbbells
intermediateė. This is because here the fluid drag is suf
cient to maintain a preexisting extended state, but the be
ning of stretching of a random coil is made possible only

in

ns.

FIG. 6. Increase inRee
2 with time in elongation flow field of different strain

rates (ė) shown in figure, for stretching of non-free-draining, initially ran
dom coiled chain.

FIG. 7. Decrease inRee
2 with time in elongation flow field of different strain

rates (ė) shown in the figure, for coiling of non-free-draining, initially fully
stretched chain.
No. 4, 22 January 1998
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1615Agarwal, Bhargava, and Mashelkar: A polymer in elongational flow
Brownian diffusion induced coil expansion leading to redu
tion in hydrodynamic shielding. Hence, the observede f at
these intermediateė is strongly dependent on the initial cha
conformation which, being random, could be expanded
different extents. Thus, dependence of single trajectorye f on
ė may be irregular, particularly near onsetė50.02 ~Fig. 2!.
However, the key feature of very highe f at these intermedi-
ate ė;ėcs is consistent.

Thus, in these intermediateė elongational flow fields
experienced for a limited time~often the case in practica
situations18,45,47!, an initially stretched molecule may rema
significantly stretched, while an initially coiled molecu
may not have yet begun to uncoil. Thus, the extent of m
romolecular stretching~or solution viscosity! is expected to
be a function of the initial state~coiled or stretched! and
hence the ‘‘history’’ of the macromolecules. In other word
hysteresis is predicted. This dependence of elongational
cosity on history, as also observed in experiments,21–23 re-
flects that its measurement will depend on the appar
used. The search for an appropriate elongational viscom
thus continues.45,48Further, as concluded from our Fig. 2, th
Eq. ~20! for estimation of strain required for unfolding of
randomly coiled chain is clearly suspect at the intermed
strain rates, and serves only as lower bound. Hunk
et al.47 recently founde f values for polystyrene to be be

FIG. 8. Conformation changes of non-free-draining chains with time
elongational flow field of strain rates~a! 0.02, ~b! 0.0204, and~c! 0.021.
Initially random coiled chains~- - - -! and initially fully stretched chains
~—!.
J. Chem. Phys., Vol. 108,
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tween 4 and 15, depending on the solvent quality. Consid
ing the above discussed dependence ofe f on initial coil con-
formation, and the known effect of solvent quality on the c
size in quiescent solution, a solvent dependente f was thus to
be expected.

In Table I we present the equilibrium@h#/a results from
our simulations at the smallest and the highestė, and com-
pare these with the corresponding theoretical predicti
@Eq. ~7! and Eqs.~10! or ~15!, respectively#, when a good
agreement is seen. As seen from Figs. 6–8, the equilibr
chain conformation, as indicated by^Ree

2 &, is independent of
the initial state of the chain molecule. These equilibrium
sults for the non-free-draining case are presented in Fig
and we again notice the onset of coil–stretch transition n
ė;0.02.

The chain coiling–uncoiling behavior at strain rates ne
this onset (ė;0.02) is very interesting@Figs. 8~a!–8~c!#. We
notice that the chain conformation does not approach a si
equilibrium, and instead it oscillates significantly in a ran
of extension. For example, atė50.02@Fig. 8~a!#, we see that
following the initial coiling ~relaxation! period, the chain
seems to spendmost of its time in a coiled state. At ė
50.0204@Fig. 8~b!#, the chain seems to spend compara
amounts of time in a randomly coiled state (^Ree

2 &;0 – 6)
and a partially stretched state (^Ree

2 &;10– 40), withocca-
sional jumpsbetween these states. Atė50.021.@Fig. 8~c!#,
the chaincontinuously fluctuates, though staying all the time
~following the initial uncoiling! in a partially extended state
(^Ree

2 &;4 – 40). This behavior at long residence time in flo
at intermediateė also is independent of the initial state of th
chain. Though fluctuations are present at allė ~Figs. 6–8!,
the fluctuations increase as theė decreases to the transitio
onset valueė;0.02.

For the initially coiled molecule during the simulation
ė50.0204 shown in Figs. 8~b!, Fig. 9 shows typical snap
shots in random coil state~at t511 222! and in partially

TABLE I. Intrinsic viscosity in the presence of HI (a50.4).

Theoretical Simulation

ė @h#/a ė @h#/a
0 830 @Eq. ~7!# 0.01 808
` 1.303105 @Eqs.~10!, ~15!# 0.4 1.273105

FIG. 9. Snapshots ofXY projection of the non-free-draining, initially coiled
chain in ė50.0204 flow at two different times.
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1616 Agarwal, Bhargava, and Mashelkar: A polymer in elongational flow
stretched state~at t523 222!. As seen in Fig. 8~b!, the tran-
sition between such conformational states is sudden and
versible. We refer to these as jumps since the time ta
during the movement between these two states is m
shorter than the time spent in each of these states. T
jumps seem to be caused by Brownian motion caused fl
tuations in coil size that also cause fluctuations in hydro
namic drag.12,49 For example, when in a random coil equ
librium conformation at a givenė, a certain Brownian
fluctuation could expand the coil size, thereby increasing
hydrodynamic drag sufficiently to stretch the chain to a
other local equilibrium~a partially extended conformation!.
Similarly, another sufficiently strong fluctuation reducing t
coil size could lead the chain back to the random coil sta
Magdaet al.12 had many years back realized the importan
of these fluctuations near critical strain rates.

Thus, we seem to have some evidence of two equi
rium states of macromolecular coil in the intermediateė re-
gion. However, the macromolecule jumps between these
stable states over sufficient residence time, due to Brown
fluctuations. These jump effects may be present in individ
macromolecules in elongational flows with long residen
time at stagnation points. However, as measurements
viscosity, birefringence, or light scattering involve averagi
over many macromolecules~perhaps in different states o
stretching!, such time dependent jumps are not expected
be observed in these measurements. Experimental obs
tion of this effect would require examination of stretching
a single macromolecule with time, which may become p
sible using techniques like that employed by Perkinset al.50

For steady flows, Pincus51 had proposed a dynamic blo
model for partially stretched macromolecules. Our partia
stretched chain shown in Fig. 9 has some similarity to th
Preference for higher extension at the centers than at
ends, proposed in recent models,49,52,53is only marginal. But
this could be related to the limited segments employed in
chain model. Many recent investigations of polymer conf
mations in elongational flows reported observation of fol
back loops, hairpin or kinks like intramolecula
structures,17,20,28,29,31,33,40,45,47that undulate very slowly. Bu
these were primarily related to transient flows that were v
strong ~Brownian motion was even neglected in some
these!, so that the chain molecules froze in partially extend
conformations. We noticed no such back loops in our sim
lations for long residence times. We believe that since
strain rates considered here are not extremely high,
Brownian motion is sufficient to facilitate removal of suc
unstable back loops, if any.

VII. CONCLUSIONS

Results are presented for Brownian dynamics simula
of conformational changes of bead-rod chain model mac
molecules introduced into a simple elongation flow fie
When the hydrodynamic interaction is considered, we fi
that the response time for stretching of a coiled chain can
two orders of magnitude larger thanė21 at the intermediate
elongation ratesė ~near the onset of coil–stretch transition!.
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Hence, hysteresis would be observed at intermediateė if the
time of observation is limited. Further, we find that durin
long time simulations at theseė, the conformation of a non-
free-draining chain molecule may undergo sudden revers
jumps between ‘‘randomly coiled’’ and ‘‘partially
stretched’’ states. This suggests existence of more than
unstable equilibrium conformation. This phenomenon is
observed during simulations in the absence of hydrodyna
interactions, and is perhaps induced by fluctuations in HI d
to Brownian motion induced conformational changes.
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