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Nonequilibrium relaxation of a stretched polymer chain
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The static and nonequilibrium dynamic properties of a single linear polymer chain under a traction forcef
is studied by Monte Carlo simulations using a continuous model and by scaling calculations. Chain lengths
from N510 to 100 are considered. For the static results, our simulation data show that the averaged end-to-end
distance^Rf&;N2n f at weak tension forces and for strong forces^Rf&;N f1/n21, which are consistent with
previous studies. The nonequilibrium relaxation behavior is studied for an initially stretched polymer chain,
when the stretching force is removed. Detail chain configurations during the relaxation process are analyzed
from the simulation data. Different relaxation dynamics are found for three regions: the linear, Pincus, and
model-dependent regimes. The nonequilibrium relaxation timet is derived in the linear (t;N112n), Pincus
(t;N2f 1/n22), and model-dependent regimes. These results are compared with our Monte Carlo data and
recent experiments, and are discussed in the light of scaling theories.@S1063-651X~97!04508-X#

PACS number~s!: 61.41.1e, 05.70.Fh
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I. INTRODUCTION

The study of static and dynamic properties of a sin
polymer chain is the key to the understanding of many po
meric materials. Recently, Perkins and co-workers@1,2# were
able to visualize a single tethered DNA molecule und
flows. The DNA molecule was stretched to full elongati
and the relaxation behavior was observed as the fl
stopped. Their results were interpreted in terms of the Zim
model@3#, in which the longest relaxation timet;N3n, and
3n ranges from 1.53 to 1.79 depending on the variation
chain lengths. This work inspires many continuing theore
cal studies@4–8#. However, as pointed out in Ref.@4#,
DNA’s structure is quite special, with a large persisten
length, and a fully elongated double helix structure may h
a different controlling factor in the stretch-coil transform
tions. Also, both static and dynamic properties behave so
what nonuniversally under strongly stretched conditio
Thus it is of great importance to study a simple polymer c
under different stretching forces to understand this inter
ing phenomenon.

de Gennes and Pincus@9,10# performed some pioneerin
studies on the static properties of deformed, isolated, flex
polymers in the limit of weak and strong forces, respective
Webman, Lebowitz, and Kalos@11# were the first to observe
the weak force regime and the Pincus scaling through c
puter simulation. Wittkopet al. @12# extended the descriptio
of the deformation behavior over the full force range by u
ing the scaling function obtained from renormalization-gro
studies. They also performed computer simulations using
bond fluctuation model to find the relationship between
projection of the end-to-end vector in the force direction a
function of the applied force. However, the more difficu
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problem concerning the dynamical behavior is less stud
According to Pincus@13#, for a small fluctuation about the
distorted equilibrium position for chains under tractio
forces, the fundamental relaxation time has the expres
teq;RF

2/n f (223n)/n, whereRF is the Flory radius andf is the
stretching force. This means that in good solvents (n' 3

5! the
relaxation time increases asf increases. Another similar situ
ation is also of interest where the observation of the rel
ation behavior proceeds under the condition that the app
force on the chain is removed att50. This relaxing process
has not been studied in detail in either computer simulati
or theoretical work. Much interest therefore remains in o
taining the nonequilibrium dynamical behavior of a d
formed, isolated polymer chain. In this paper, we perfo
Monte Carlo simulations and scaling calculations to inve
gate the static and dynamic behaviors of a single polym
chain in good solvents. The polymers are simulated in a c
tinuous space. As pointed out by Binder and Paul@14#, the
elementary move of the Monte Carlo process must be c
fully chosen so that it corresponds to actual motions in
coarse-grained sense. It is generally accepted that the ab
of the algorithm to generate Rouse dynamics in the fr
draining limit is the test of the algorithm.

The plan of this article is as follows. Section II is a bri
review of the static properties of a single chain under tr
tion. Then in Sec. III the scaling expressions of the noneq
librium relaxation times for a stretched chain are calcula
using an elastic model picture as the external force is
moved att50 in three different regimes. In Sec. IV, th
simulation model and method are introduced. Section V c
tains the static and equilibrium results of the Monte Ca
simulations. The data for the nonequilibrium relaxation up
releasing a stretched chain are given in Sec. VI. Section
contains comparisons made between Monte Carlo simula
data, the scaling analyses, and recent experiments, as w
some outlooks.
c-
1900 © 1997 The American Physical Society



n
a-

is

co
-
d

al

a

th
e

th
rs

tin

o

be

in

sio

r
m

th

the

un-

ies

ime,

is

ly-
y-
By
for
a-
een

y a

56 1901NONEQUILIBRIUM RELAXATION OF A STRETCHED . . .
II. BRIEF REVIEW IN STATIC PROPERTIES

According to Pincus@10#, a single polymer chain under a
external forcef has two characteristic lengths: the Flory r
dius RF and the tensile screening lengthj. RF5aNn, where
N is the number of monomers in the chain,a is the monomer
size, andn' 3

5 in good solvent conditions. The blob size
related to the temperatureT via j5kBT/ f , wherekB is the
Boltzmann factor. The cases of weak and strong forces
respond to theRF /j!1 and RF /j@1 conditions, respec
tively. The average end-to-end displacement in the force
rection of a chain under a constant forcef , ^Rf&, can be
written in a scaling form as

^Rf&5RFF~RF /j!, ~1!

whereF(x) is a dimensionless scaling function. For sm
f , we expectRf to be linear in f , and thusF(x→0)>x.
Therefore in the limit of weak force, the polymer coil has
restoring force as

^Rf&;
f

kBT
RF

25N2naF, ~2!

where the dimensionless reduced forceF[ f a/(kBT) is in-
troduced for convenience. Note that^Rf& is nonlinear inN at
low forces for chains under traction in good solvents. In
ideal case (n5 1

2!, the tension force is transmitted along th
backbone, while for chains in good solvent conditions,
transmission is also through contacts between certain pai
monomers due to excluded volume interactions@3#.

For a chain under an external force such that the resul
end-to-end extension exceeds the Flory radiusRF but does
not yet become comparable to the fully extended lengthNa
~the Pincus regime!, F(x) is assumed to be proportional t
xp where p can be determined by the condition^Rf&;N,
which givesp5121/n. The same expression can also
obtained according to the blob theory: At strong enoughf ,
the chain breaks up into an ideal string of noninteract
blobs~as shown in Fig. 1!, each with sizej5agn, whereg is
the number of monomers in a blob. The end-to-end exten
can be estimated as follows:

^Rf&.~N/g!j5~a/j!1/nNj5RF
1/nj121/n. ~3!

As mentioned earlier, in the Pincus regimej5kBT/ f , and
thus the stress-strain relationship gives

^Rf&;RF
1/nS f

kBTD ~1/n!21

5NaF~1/n!21 ~4!

In good solvents, wheren' 3
5, ^Rf&} f 2/3, instead of the lin-

ear Hooke’s law as in Eq.~2!. It is worth mentioning that for
extremely strongf ~beyond the Pincus regime!, ^Rf& be-
comes comparable toaN, and the stress-strain relation fo
the chain is dominated by short-range monomer-mono
interactions, which result in a nonuniversal behavior.

Apart from the longitudinal elongation~parallel tof ), it is
of interest to study the square of the lateral spread of
chain,^Rperp

2 &. In linear regime,̂ Rperp
2 & remains roughly un-
r-

i-
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disturbed. However, according to the blob pictures, in
Pincus regime,̂Rperp

2 & scales as (N/g)j2, and thus the cross
section diminishes as

^Rperp
2 &>RF

1/nS kBT

f D 22~1/n!

5Na2F1/n 22. ~5!

As can be seen, in good solvents wheren' 3
5, the chain not

only elongates but also shrinks in its lateral dimensions
der strong elongation. These results together with Eqs.~2!
and ~4! indicate that volume of the stretched chain var
with the force asV; f and V; f 2312/n; f 1/3 in the linear
and Pincus regimes, respectively. Thus in the Pincus reg
the structure of a stretched chain can be viewed as~see Fig.
1! an ideal random walk of blobs: in the force direction, it
a biased ideal random walk~thus Rf}N/g), while it is an
unbiased random walk in the lateral direction~thus Rperp

}AN/g).

III. SCALING ANALYSIS OF DYNAMIC PROPERTIES

Pincus@13# also studied the dynamics of a stretched po
mer chain including both excluded volume effects and h
drodynamic interactions in the strongly stretched regime.
balancing the elastic restoring force and viscous drag
small fluctuations about the distorted equilibrium conform
tions, the fundamental renormalized relaxation time has b
found to be

teq.
6pm

kBT
RF

2/nj322/n, ~6!

FIG. 1. Schematic blob picture of polymer chain stretched b
force f at its end.j is the blob size andNb5N/g is the number of
blobs in the chain.
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1902 56YU-JANE SHENG, PIK-YIN LAI, AND HENG-KWONG TSAO
where teq is the equilibrium relaxation time of the chai
under a constant force,m is the viscosity, andj(5kBT/ f ) is
the Pincus blob size. For good solvent conditio
teq; f 2/n23; f 1/3.

However, in this work we are interested in the case wh
the polymer chain is initially stretched and allowed to equ
brate under the constant stretching force, and then the
equilibrium relaxation behavior, after this stretching force
removed, is investigated. Such a nonequilibrium relaxat
behavior can be analyzed by a similar method to that in R
@13#. The nonequilibrium relaxation process proceeds
three different regimes, as analyzed in the following.

A. Linear regime

In the linear regime wheref is small, the relationship
between the force and deformation in the direction of fo
obeys Hooke’s law. The elastic restoring forcef el can be
expressed as

f el;~kBTRf !/RF
2 . ~7!

The work done by the external stretching force can be e
mated as

Wel5E
0

Ro
f eldRf;

kBT

RF
2 Ro

2 , ~8!

whereRo5Rf(t50). This work is dissipated by the viscou
damping force which can be estimated using the Stokes’
and the Rouse model that all monomers experience
damping. The Rouse model is expected to be correct in
Monte Carlo simulation in which no hydrodynamic intera
tion is taken into account. Thus we obtain the viscous dam
ing force,

f v.6pma~]Rf /]t !N, ~9!

where m is the viscosity. Assuming the relaxation time
dominated by a single time scalet, the time dependence o
Rf(t) can be written asRf(t)5RoF(t/t) for some function
F. Thus the work dissipated is given by

Wv5E
0

Ro
f vdRf;maN

Ro
2

t
. ~10!

Equating Eqs.~8! and ~10!, the nonequilibrium relaxation
time can be estimated as

t'
ma

kBT
NRF

25
ma3

kBT
N112n. ~11!

This result is identical to that of de Gennes which is based
the balance between the elastic restoring force and the
cous drag for small fluctuations about the distorted equi
rium conformation. The most important outcome of th
analysis is thatt is independent of the force in the linea
regime. This indicates that, as expected from linear-respo
theory, the relaxation mechanisms are the same in both
linear region and at equilibrium.
,
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B. Pincus regime

From Eq.~4!, the restoring force in the Pincus regime
given by

f el5~kBT/RF!~Rf /RF!n/~12n!, ~12!

and the corresponding work done is

Wel;E
0

Ro
f eldRf;kBT~Ro /RF!1/~12n!. ~13!

Again, this work is dissipated by the viscous damping for
as before,

f v.6pma~]Rf /]t !N. ~14!

However, in this regime the polymer chain is stretched, a
thus hydrodynamic screening is not that important; one
pects the Rouse model assumption of all monomers exp
ence the damping to be more correct, even in the experim
tal situation. Assuming thatRf5RoF(t/t), as before, and
Wv5*0

Rof vdRf , we estimatet to be

t;
ma

kBT
NRF

1/12nRo
~122n!/~12n! . ~15!

UsingF[ f a/(kBT), from Eq. ~4! we obtain

Ro5Rf~0!'NaF~1/n!21. ~16!

Thus

t'
ma3

kBT
N2F~1/n!22. ~17!

Hence, in good solvents,t;N2f 21/3, which means that as
the external force increases, the relaxation time decrea
This result is in contrast with the equilibrium relaxation tim
teq} f 1/3 in Eq. ~6!, derived with the blob picture for a con
stant stretching force. The major difference in these two
sults arises from the nonequilibrium nature in the releas
process. In the present situation, the main assumption in
blob picture,f j5kBT, no longer holds during the relaxatio
process due to the fact that, in this fast process, the sys
cannot achieve thermal equilibrium. However, in our deriv
tion of Eq.~13!, we used the Pincus force law Eq.~12!, here
the building up of the elastic work doneWel is assumed to be
in a quasistatic manner, so that Eq.~12! still holds. Then this
work is dissipated in the fast nonequilibrium process
abruptly releasing the chain att50.

C. Model-dependent regime

If the initial stretching force is further increased beyo
the Pincus regime, the polymer chain approaches its f
unfolded limit, and the actual bonding potential between s
cessive monomers become important in determining
force law. As a result, the force law becomes dependen
the chemical details of the monomers and the chemical bo
ings; hence the force law would be nonuniversal and mo
dependent. However, one can still obtain some feeling ab
the behavior in this regime by considering some particu
model. In order to allow for further analysis, we shall em
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ploy the simple freely jointed chain model to estimate t
nonequilibrium relaxation time. Furthermore, in this ultr
highly stretched regime, the polymer chain is stretched n
to its saturation, and the inverse Langevin force law of
freely jointed chain would be expected to give a reasona
picture, at least qualitatively. The force law in this case
given by

F[
f a

kBT
5L21~h!, ~18!

where L(x)5cothx21/x is the Langevin function, and
h[Ro /(Na) is the reduced end-to-end distance. In this c
the elastic work done stored is given by

Wel5NkBTE
0

h
L21~u!du. ~19!

Following the same calculation as in previous regimes,
arrives at

t'
ma3

kBT
N2S h2

hF1 ln@F/sinhF# D , ~20!

whereh5L(F). In the extremely strong force limitF@1
andh'1, one has

t'
ma3

kBT
N2S 1

lnFD . ~21!

The behavior oft as a function of the force is shown in Fig
2. Note that in both the Pincus regime and the mod
dependent regime,t decreases asf increases.

IV. MODEL AND SIMULATION DETAILS

The polymer chain studied in this work is modeled
beads connected by stiff springs. Previous simulations@15–

FIG. 2. Nonequilibrium relaxation time as a function of th
scaled force,tkBT/(mN2a3) vsF, in the linear regime~dotted line,
independent ofF), the Pincus regime@dashed curve, from Eq.~17!#
and the model-dependent regime@solid curve, from Eq.~20! using
the freely jointed chain model#.
ar
e
le
s

e

e

l-

17# have been very successful in exploring the phase e
librium behavior of pure polymers and polymer-solvent s
lutions. The interactions between the nonbonded beads
through the standard Lennard-Jones potentials

Unb54«F S s

r D 12

2S s

r D 6G , ~22!

where« and s are the energy and size parameters, resp
tively. The monomeric« and s are units used for the re
duced quantities for temperature and distances
T* 5kT/« and R* 5R/s. The interactions between bonde
beads are represented by a cutoff harmonic spring pote
as

Ub5 1
2 k~r 2s!2, 0.5,

r

s
<1.5. ~23!

The potential is infinite elsewhere. We have chos
ks2/«5400.

The systems studied contain a single polymer chain w
chain lengthN ranging from 10 to 100. Note that the Pincu
regime is defined in the rangeNna,Rf!Na, which can be
quite narrow for short chains. Periodic boundary conditio
are imposed in all three directions. The simulations are p
formed under the conditions of constant temperature, v
ume, and total number of beads. According to a previo
study @15#, the reducedu temperature for the pure bead
spring chain is aboutkT/«54.59. In the present study, th
reduced temperatureT* 56 is chosen so that the system is
the good solvent regime.

The initial configurations are generated by growing t
chain to the desired length in a way similar to th
configurational-biased insertion method@18,19#. The trial
moves employed for chains are bead displacement mot
@15#, which involve randomly picking a bead and displacin
it to a new position in the vicinity of the old position. Th
distance away from the original position is chosen with t
probability that the condition of equal sampling of all poin
in the spherical shell surrounding the initial position must
satisfied. The new configurations resulting from this mo
are accepted according to the standard Metropolis accept
criterion @20#. To simulate the stretching force in the -ẑ di-
rection, the first bead is fixed in the space, while the e
bead is under an external potentialU5 f zN , wherezN is the
z coordinate of the end bead. Runs for the same chain len
at different stretching forces are performed starting with
final configuration from a previous stretching force and a
equilibrated for about 107 Monte Carlo steps~MCS!. Mea-
surements of static properties such as end-to-end distanc
taken over a period of~1–4!3106 MCS/monomer.

The mean end-to-end distance parallel and perpendic
to the direction of the stretching force are given by

^Rf&5^zN2z1&, ~24!

^Rperp
2 &5^~xN2x1!21~yN2y1!2&, ~25!

where (xi ,yi ,zi) are the coordinates of thei th monomer in
the chain. The angular brackets^ & denote the ensemble av
erage.



iu

no
v-
t

a
e
f

s
in

0

sc
e

n

in
th
In

n
o

ar
lin
s
e

m
a

s-
o
ng
th
r

e

e
t

i
e

e

io
.
x

ring
n-

of

n-

rce

s.
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The equilibrium relaxation timeteq is obtained through
measurements of the time correlation function for the rad
of gyration defined as

C~ t !5
^Rg~ t !Rg~0!&2^Rg&

2

^Rg
2&2^Rg&

2 . ~26!

Time is measured in units of Monte Carlo steps per mo
mer ~MCS/monomer!, one MCS/monomer means that on a
erage every monomer has attempted to move once. On
other hand, the nonequilibrium dynamical process of rele
ing the stretched chain att50 is characterized by the tim
dependence of the normalizedz component of the radius o
gyrationRgz(t)/Rgz(0), whereRgz(0) the radius of gyration
of thez direction att50. In our simulations, this quantity i
averaged over many different realizations of the releas
processes, and this average quantity is denoted
Rgz(t)/Rgz(0). Typically, this average is taken for 100–100
realizations in our simulations.

V. EQUILIBRIUM RESULTS

As mentioned before, de Gennes and Pincus used a
ing analysis, and obtained scaling laws for the static prop
ties of deformed chains. Webman, Lebowitz, and Kalos@11#
and Wittkop et al. @12# performed computer simulation o
lattice models to verify those scaling laws@as in Eqs.~2! and
~4!#. Here we perform simulations for the static quantities
continuous space using the bead-spring chain model,
explicitly verifying the universality of these scaling laws.
Fig. 3 the scaled mean end-to-end vector^Rf&/N

n is plotted
as a function off Nn for various chain lengths. As we ca
see, deformation of the chain obeys Hooke’s law in spite
the fact that for weak forces the statistical fluctuations
large. Also, it is quite clear that long chains reach the sca
law at weaker forces. This is because the elastic modulu
small for long chains, and thus long chains are very susc
tible to external forces. The width of the crossover regi
between linear and Pincus behavior is quite narrow,
pointed out in Ref.@12#. For strong forces, the Pincus expre
sion applies, and the elastic response is significantly m
nonlinear. The scaling law breaks down for very stro
forces, where the chain is near to fully stretched and
deformation behavior becomes model dependent. The va
tion of the lateral spread of the chain^Rperp

2 & is shown as a
function of f in Fig. 4. In the linear regime,̂Rperp

2 & remains
roughly constant, while, in the Pincus regime, the cross s
tion diminishes asf 2211/n' f 21/3. Thus our results verify the
scaling law proposed by Pincus@10#. To test the reliability of
our algorithm for the dynamical properties of real polym
systems, we first perform the study of the dependence of
equilibrium relaxation time for chain length withN55 –30
under no external force. The time autocorrelation function
Eq. ~26! is measured, and the equilibrium relaxation tim
teq

o ~with f 50) is then extracted by assumingC(t)
}exp(2t/teq

o ). We expect that the chain should follow th
Rouse dynamics and the relaxation time should scale
teq

o ;N112n. Paul et al. @21# and Lai @22# have performed
dynamic Monte Carlo simulations using the bond fluctuat
model, and obtained 112n'2.24 and 2.18, respectively
Figure 5 shows our simulation data of the equilibrium rela
s
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ation timeteq
o versus chain lengthN. The result indicates a

power law teq
o }N112n, with 112n'2.25. This result is

compatible with Gerroffet al.’s work @23# (112n'2.3),
which was done also in continuous space for a bead-sp
model with soft Lennard-Jones repulsion. It is worth me
tioning that the correlation functionC(t) is rather noisy, and
it is very time consuming to obtain a smooth decay curve
C(t) for long chains.

VI. NONEQUILIBRIUM RELAXATION

When the stretching force is released att50, the chain
starts to relax toward the Flory coil conformation. The co

FIG. 3. Scaled end-to-end vector vs the scaled stretching fo
for various chain lengths as suggested in Eq.~3!. Solid and dashed
lines denote slopes of 1 and 2/3.

FIG. 4. ^Rperp
2 &/N vs stretching force for various chain length

In the weakly stretched regime,^Rperp
2 &/N is roughly constant, while

in the strongly stretched regime it diminishes asf 21/3.
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56 1905NONEQUILIBRIUM RELAXATION OF A STRETCHED . . .
formations of the polymer chains can be probed by look
at snapshots of their configurations during the relaxation p
cess. As shown in Fig. 6~a!, the resulting plot~in the x-z
plane! greatly resembles the experimental pictures shown
Perkins et al.’s work. Initially the chain is stretched to
large extension. An initial rapid recoil is observed here. T
phenomena can also be seen from the experiment in
@24# for the static force measurement of elongated DNA u
der magnetic forces, which showed a highly nonlinear
pendence of the force on length at.75% extensions. During
this relaxation process, only small-scale internal relaxat
occurs inside the stretched chain. Large-scale conforma
change proceeds only from the free end. After a certain ti
a portion of the chain near the free end relaxes roughly to
unperturbed state, while other parts of the chain still rem
in different degrees of the stretched structures. At this sta
the tension along the chain is nonuniform. This ‘‘unpe
turbed’’ end portion of the chain behaves in a similar way
the Flory coil. This may explain why, in experiments b
Perkinset al., a ‘‘compact ball’’ was observed at the fre
end. Figure 7 shows the chain conformations at two differ
times. Before releasing (t50), the chain is at the equili
brated stretched state. Att58 the upper part which is nea
the fixed end of the chain remains in stretched form, wh
the lower part of the chain coils back into a roughly spheri
shape. This behavior is related to rebounds in the relaxa
process. The free end moves quite freely in its surround
and it is possible that it moves back and forth from the eq
librium position. Thus the length of the chain in thez direc-
tion fluctuates. However, the average over many relaxa
processes still reveals a smoothly decaying curve~as will be
shown in Fig. 9!. The dynamical pictures of the describe
relaxation processes can be best understood from Fig.
which the monomer density along the force direction~-ẑ) at
different times is shown. Att50 the monomer density is
nearly uniform along the force direction. Upon removing t
external force, the free end starts to relax. As mentio
above, the portion near the free end behaves like the F
coil after a certain time, and the conformation change fl

FIG. 5. Log-log plot of the equilibrium relaxation time~in units
of MCS/monomer! of a chain under no external forceteq

o vs the
chain lengthN.
g
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tuates rather significantly. The sections with large monom
density at the chain end are consistent with the ‘‘comp
balls’’ observed in the experiment by Perkinset al.

For nonequilibrium relaxation time studies of the relea
ing of a stretched chain,Rgz(t) as a function oft, after the
force f is removed att50, is monitored. Figure 9 shows th
variation ofRgz(t)/Rgz(0) versus forN530 under different
stretching forces. These curves show the evolution of
averaged relaxation processes as the external force is
moved from the chain. It can be seen that the curves bec
less noisy as the force increases. A smooth curve
Rgz(t)/Rgz(0) can be obtained with fewer numbers of pr
cesses for averaging as the stretching forces increase
weak forces,Rgz(t)/Rgz(0) can be roughly fitted to an ex
ponential decay. On the other hand,Rgz(t)/Rgz(0) is inde-
scribable by a single exponential decay at strong forces,
decays considerably more slowly than a simple exponen

FIG. 6. Snapshots of the configurations of a single polym
chain (N550) during the relaxation process. Initially the chain
stretched to a large extension with~a! f 530 and~b! f 510. The
stretching force is removed att50. Snapshots betweent and
t11 contains 73104 MC steps.
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decay. It is worth mentioning that although the averag
Rgz(t)/Rgz(0) is a monotonously decaying curve, reboun
in Rf are observed in many single realizations of the rele
ing processes such as one shown in Fig. 6~b! at around
t53 –6. This phenomenon was also observed in Perk
et al.’s experiment, but only briefly mentioned, and no e
planation was offered. We found that the rebound is l
obvious if the chain is stretched with stronger forces as
Fig. 6~a!.

The nonequilibrium relaxation timet is extracted from
the data of Rgz(t)/Rgz(0) by assuming it decays t
Rgz(`)/Rgz(0) ase2t/t. Figure 10~a! shows the variation of
t of a single deformed chain versusf through dynamic
Monte Carlo simulations and scaling analysis. We can
there are three regions: the weak-force~linear! regime, the
stretched~Pincus! regime, and the model-dependent regim
As mentioned in Sec. III, in the weak-force regime the s
tem is not far from the thermodynamic equilibrium state. T
driving force for the relaxation process is the same as tha
the equilibrium state~with or without a constant stretchin
force!. Thus we expect the relaxation time to remain const
in the linear regime. Pincus@13# also used a scaling analys
to estimate the equilibrium relaxation time under a const
force f , teq. His analysis showed that for the weak-for
linear region,teq is independent off . Due to the strong fluc-
tuations, it is very difficult to obtain reliable data fort from
the decay ofRgz(t)/Rgz(0) for relatively weak forces. In-
stead we perform simulations to measure the auto correla
function C(t) from Eq. ~26!, and extractteq, for N510 to
illustrate our points. Indeed as can be seen from Fig. 10~a!,
the relaxation time is essentially constant in the linear
gime. In the crossover regime, the system becomes we
disturbed, and it takes a longer time for the system to re
back to the equilibrium state. The relaxation time reache
maximum around the beginning of the Pincus regime, a

FIG. 7. Chain conformations att50 and t58 for N550 at
f 510. At t50 (d), the chain is at the stretched state. Att58
(s), the lower part which is near the free end of the chain co
back into a ball shape.
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then decreases asf increases with the scaling power a
t; f 2211/n. These results are consistent with our scali
analysis in Eq.~17!. It should be noted thatt in the linear
regime is not always smaller than in the Pincus regime.
fact from Eqs.~11! and~17!, these two times are of the sam
order if N'F21/n. Thereforet in the linear regime can be
greater than in the Pincus regime for a sufficiently lo
chain. The dependence oft}N2 as predicted in Eqs.~17!

FIG. 8. Monomer density along the force direction (2 ẑ) at
different times forN550 at f 510. At t50, the monomer density is
nearly uniform. After removing the stretching force (t.0), the por-
tion near the free end relaxes to a Flory coil after a certain time,
the conformation change fluctuates rather rapidly. Data betwet
and t11 contain 73104 MC steps.

FIG. 9. Rgz(t)/Rgz(0) for N530 under different stretching
force (t in units of 106 MCS/monomer!. f 53, 4, 7, 10, 15, and 20
from top to bottom. Dashed curves are fittings to exponential
cays.
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and~20! is compared with our Monte Carlo data as shown
Fig. 10~b! for t/N2 vs f with various values ofN. The data
roughly collapse forf in the Pincus regime and beyon
hence suggesting the scalingt}N2 is roughly correct.

This behavior oft;N2f 2211/n in the Pincus regime can
also be understood physically as follows: before releas
the chain, blobs form when the external force is lar
enough. It is also known that the blob size decreases as
force increases asf 21. In the Pincus regime, the relaxatio
process is dominated by the rearrangement between b
which contain undisturbed sections of the chain. With
creasing force, the number of monomers inside a blob
comes less. Small blobs rearrange themselves more qu
than large blobs, thus resulting in a decrease int. A scaling
description of the relaxation time before the chain is relea
can be formulated@25# based on the blob picture: Each blo
has a relaxation timetblob5j2/Dblob}j2g, where g is the
number of monomers inside a blob,Dblob is the correspond-
ing diffusion constant. Similar to the motion of chains r
stricted to tubes, which also occurs in a stretched config
tion Rgz;j(N/g);j121/nN, wherej is the tube radius. Now
the chain is released att50, the nonequilibrium relaxation
time can be estimated from the time needed for density fl

FIG. 10. ~a! Monte Carlo data for the nonequilibrium relaxatio
time ~in units of MCS/monomer! vs force for various chain lengths
~b! Same data as in~a! but plotted witht/N2 vs f .
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tuations to diffuse along the chain,t'(N/g)2tblob
;N2j221/n. Thus, in a good solvent regime,t;N2j1/3. This
expression supports our findings that, as the blob size
creases, the relaxation time decreases. Also, in the Pin
regime,j; f 21, so t;N2f 2211/n. The results of this blob
scaling analysis are consistent with our analysis through
mechanical energy balance in Sec. III B and our simulat
data.

VII. DISCUSSIONS AND OUTLOOK

In this work, dynamic Monte Carlo simulation and scalin
calculations were performed to investigate the static and
namic behaviors of a single polymer chain under stretch
forces in good solvents. The polymers were simulated i
continuous space using the bead-spring chain model.
Monte Carlo results for the static quantities explicitly ve
fied the scaling laws proposed by de Gennes and Pin
These results agreed with other simulation works on lattic
thus explicitly verifying the universality behavior. It is aga
verified that, at weak stretching forces, the deformation
the chain obeys Hooke’s law (^Rf&; f ), and for stronger
forces the Pincus expression applies (^Rf&; f 2/3). As a by
product, our data for the lateral spread of the chain^Rperp

2 &
were shown to scale asf 21/3 in the Pincus regime, as pre
dicted @10#.

For nonequilibrium studies of the relaxation of a stretch
chain, we were able to monitor the evolution of the averag
relaxation processesRgz(t)/Rgz(0) as the external force wa
removed att50. Although the averagedRgz(t) decays mo-
notonously, rebounds ofRgz(t) were found for almost all of
the relaxation processes. Snapshots of the configuration
the polymer chain were extracted from simulations dur
the relaxation processes. The resulting plots greatly resem
the experimental pictures shown in work by Perkinset al.
We have also found that a certain time after the remova
the external force, a portion of the chain near the free e
relaxes roughly to the unperturbed state, while other part
the chain remain in different degrees of the stretched st
tures. This ‘‘unperturbed’’ portion of the chain moves qui
freely in the neighborhood, and thus the end-to-end dista
in the ẑ direction fluctuates rather strongly. Sometimes t
free end section coils into a ball shape and may corresp
to the ‘‘compact ball’’ observed in experiments by Perki
et al. Such a chain configuration is in agreement of t
‘‘stem and flower’’ conformation@6# at intermediate times in
the relaxation process. The ‘‘stem and flower’’ model pr
dicts the nonequilibrium relaxation of the chain length sca
as Rf(0)2Rf(t)}At, which was also observed in a ver
recent experiment by Mannevilleet al. @26#. Our simulation
results onRgz(t)/Rgz(0) at sufficiently strongf indicate two
important time-scale regimes for the relaxation of a nea
fully stretched polymer. In Fig. 11, a scaling plot of th
dimensionless quantitiesRgz(t)/Rgz(0) vs t/t1/2 @where
Rf(t1/2)5Rf(0)/2# for various values off is shown. In the
earlier stage, the relaxation is primarily due to the movem
of the free end, and our data are consistent with the pre
tion of the ‘‘stem and flower’’ model, namely
Rgz(t)/Rgz(0)512const3At ~the dashed line in Fig. 11!.
However, at longer times, the whole chain undergoes a
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laxation behavior compatible withRf(t)}exp(2t/t), where
t is the longest relaxation time. This is in agreement with
Rouse model, and also as observed by Perkinset al. @1#. It
should be noted that the ‘‘stem and flower’’ relaxation b
havior does not occur~and theAt behavior is not observed in
our data either! when the stretching force is not strong~such
as the data forf ,20 in Fig. 9!. In this case, the chain is no
close to its stretch limit, and the conformation of the chain
a string of blobs and thus the relaxation behavior is due
rearrangement of the blobs and henceRf(t)}exp(2t/t) is
observed.

The nonequilibrium relaxation timet is extracted from
the data ofRgz(t)/Rgz(0). We found that there are thre
regions: linear, Pincus, and model-dependent regions for
ferent dynamic behaviors of the polymer chains. We a
performed simple calculations for the nonequilibrium rela
ation times based on the mechanical energy balance.
analysis indicates that in the linear regime the driving fo
for the relaxation process is the same as that in the equ
rium state and thus the relaxation times remain constan
this regime. Our scaling analysis also shows that in the P
cus regime there is a decrease in the nonequilibrium re
ation time as force increases (t; f 21/3) in good solvents.
These results are verified by our simulation data. Anot
scaling description based on the blob picture also supp
our findings. In the ultrastrong-force model-dependent
gime, we obtained a result for the nonequilibrium relaxat
time using the freely jointed chain model. Unfortunate
there are no experiments on the dependence oft on the force
f to compare with our results. We hope that our results
stimulate future experiments on this issue.

On the other hand, our results for the nonequilibriu
relaxation-time dependence onN can be compared with th
findings in the experiment by Perkinset al. In this experi-
ment, the polymer chain was stretched by flow to near
fully extended limit, and the flow was then stopped and
relaxation processes were observed. They found the sca
law t;Nb for some exponentb51.53–1.79 depending o
the length of the chains. Our present study@Eq. ~17!# gives
t}N2, the discrepancy may be due to the following reaso
~i! The DNA in the experiment is near its fully stretche
limit and hence should be model dependent, one should
expect a universal scaling law oft to hold. However, from
our result using the freely jointed chain, one still hast}N2

@Eq. ~20!#, thus it seems that the nonuniversal behavior m
not be strong enough to account for the discrepancy.~ii ! The
DNA chain has a double-helix structure which may have
rather peculiar recoil mechanism from ordinary bead-spri
type polymer chain.~iii ! The hydrodynamics of the solvent
absent in our analysis and Monte Carlo simulations. In
experiments, the solvent would give rise to complicated fl
and backflow that could significantly affect the relaxati
behavior.~iv! Hydrodynamic screening is also absent in bo
the simulation and analysis. The Monte Carlo simulation a
the analysis in Sec. III basically obey the Rouse mode
which all monomers experience the viscous damping and
screening of the type similar to the Zimm model is prese
However, we believe that since the chain is in a rat
stretched configuration in the experiment, such hydro
namic screening should not be important.~v! Finally, the
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assumption in Eq.~14! that every monomer experiences th
same viscous damping is not strictly valid. Since not
monomers will move with the same characteristic spe
]Rf /]t, at least the monomer at the fixed end is immob
Also monomers near the fixed end tend to move rat
slowly. One can push this to the extreme limit if only th
monomer in the free end experiences viscous damping
the rest of the monomers feel no drag~a very unrealistic
case!; then one easily findst}N. The experimental situation
is somewhere in between, and hence one can qualitati
account for the fact that the exponentb is between 1 and 2
The fact that the experimental value ofb is 1.57–1.79, only
somewhat less than 2, may suggest that the assumptio
Eq. ~14! is not too bad. To summarize, we believe that t
discrepancy arises mainly due to combinations of~ii !, ~iii !,
and ~v! from above.

So far, we focused on studying the dynamic behavior o
single stretched polymer chain in good solvent conditio
Our approach can be readily extended to a study of the
namical behaviors of the polymer chain in other conditio
For example, the nonequilibrium dynamics of a single po
mer chain quenched to the poor solvent regime is of gr
importance both practically and theoretically. We also p
to investigate the topological effects on the force law
polymer systems. As we know, the self-crossing of the m
romolecular sections are forbidden, and these nonphan
characteristics are especially important for the dynamic pr
erties of chains of a nontrivial topology. Studies of polym
chains with a nontrivial topology can help clarify the essen
of the topological problems in polymer physics.

ACKNOWLEDGMENTS

This research was supported by National Council of S
ence of Taiwan under Grant No. NSC 86-2112-M-008-0
Computing time provided by the Simulational Physics Lab
ratory, National Central University, is gratefully acknow
edged.

FIG. 11. Rgz(t)/Rgz(0) vs t* [t/t1/2, where Rgz(t1/2)
5Rgz(0)/2 for N530 under different stretching forces. The sol
curve is an exponential decay fit and the dashed curve is a fittin
the prediction 12const3t1/2.
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