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Polymer-specific effects of bulk relaxation and stringlike correlated motion
in the dynamics of a supercooled polymer melt
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We analyze dynamical heterogeneities in a simulated ‘‘bead-spring’’ model of a nonentangled,
supercooled polymer melt. We explore the importance of chain connectivity on the spatially
heterogeneous motion of the monomers. We find that when monomers move, they tend to follow
each other in one-dimensional paths, forming strings as previously reported in atomic liquids and
colloidal suspensions. The mean string length is largest at a time close to the peak time of the mean
cluster size of mobile monomers. This maximum string length increases, roughly in an exponential
fashion, on cooling toward the critical temperatureTMCT of the mode-coupling theory, but generally
remains small, although large strings involving ten or more monomers are observed. An important
contribution to this replacement comes from directly bonded neighbors in the chain. However,
mobility is not concentrated along the backbone of the chains. Thus, a relaxation mechanism in
which neighboring mobile monomers along the chain move predominantly along the backbone of
the chains, seems unlikely for the system studied. ©2003 American Institute of Physics.
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I. INTRODUCTION

Many liquids supercooled below the melting temperat
Tm transform into a glass, a solid phase without long-ran
structural order, at the glass transition temperatureTg . The
liquid well aboveTg and the amorphous solid belowTg are
structurally similar, yet their dynamics are very different.
the temperature intervalTg&T&Tm the relaxation time
slows dramatically on cooling, typically by more than te
orders of magnitude.1–3

A contributing factor for this dramatic change in the li
uid dynamics may be attributed to the caging and the res
ing emergence of spatially heterogeneous dynamics u
cooling towardTg .4–7 The term ‘‘dynamic heterogeneity’
means that the amorphous packing in the supercooled
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engenders aggregates~‘‘subensembles’’! of particles with en-
hanced or reduced mobility relative to the average on in
mediate time scales. These high and low mobility regio
fluctuate throughout the sample with a finite lifetime.

To test this idea experimentally several techniques, s
as multidimensional NMR,8,9 optical bleaching,10 nonreso-
nant spectral hole burning11 or solvation dynamics,12 have
been applied to a variety of glass formers~for reviews see
Refs. 4–6!. These experiments show that it is possible
select subensembles of slow or fast particles close toTg .
Although the possibility of detecting such subsets sugge
that the fast or slow particles may be spatially correlat
direct evidence of this is difficult to extract by these expe
mental approaches.4,13

Information on this correlation has, however, become
cessible in recent experiments on colloidal suspensions.14,15

Colloidal suspensions undergo a glass transition driven
density,16 which, for hard-sphere colloids, is well describe
by the idealized mode-coupling theory~MCT!.17–20 Indi-
vidual particle trajectories can be monitored by confo
spectroscopy.14,15 This new technique provides the same i
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formation as computer simulations on atomic liquids.
scaling the time scales of the colloidal system and the si
lated system by a common characteristic relaxation t
~such as thea-relaxation time!, the dynamics of the two
systems may be compared. The experiments of Ref. 14
vealed that the fastest particles form clusters whose size
creases as the glass transition is approached. These fin
closely agree with the results obtained from computer sim
lations of various model glass formers,7 such as binary
soft-spheres21 and Lennard-Jones~LJ! mixtures,22–24 poly-
mer melts,25 and water26 ~see also Refs. 27–29 for relate
work on two- and three-dimensional hard spheres as we
Ref. 30 for dynamical heterogeneities in a LJ-mixture bel
Tg).

In this paper we analyze molecular dynamics simu
tions of a nonentangled polymer melt above its glass tra
tion temperature. We study the commonly employed finit
extensible nonlinearelastic~FENE! bead-spring model of lin-
ear polymer chains, each containingN510 monomers. Our
results are based on molecular dynamics simulations
102–120 chains, depending on temperature. We study an
baric path with pressurep51 for 10 temperatures in th
range 0.46<T<1.0. These temperatures correspond
monomer densities ranging between 1.04>r>0.91. The
simulations were performed in the canonical ensemble u
a Nosé–Hoover thermostat. Further simulation details can
found in Refs. 31–33. For reference, we quote the criti
temperature of ideal mode coupling theory,TMCT50.450
60.005.34–36

This model has been extensively investigated in the
percooled regime aboveTMCT .34–38 In this temperature re
gime, the liquid exhibits dynamical heterogeneities. This w
evidenced by two approaches. The first consisted in calcu
ing spatial correlations between the displacements of dif
ent monomers via a ‘‘displacement–displacement’’ corre
tion function.31 Reference 31 showed that the strength
these correlations, as measured by a generalized suscep
ity given by the volume integral of the displacemen
displacement correlation function, depends on time, is larg
for times in thea-relaxation regime, and grows on coolin
toward TMCT . The susceptibility was found to follow a
power law behavior, exhibiting an apparent divergence
TMCT . Moreover, the time scale corresponding to the ma
mum in the susceptibility increases with decreasingT as a
power law, following the same scaling withT2TMCT as the
diffusion coefficient, which is characterized by an expon
less than that of thea-relaxation time.

These findings were supported by a second approa25

which identified clusters of highly mobile particles and an
lyzed their size distribution as a function of time and te
perature close toTMCT . There it was demonstrated that th
mobile monomers form clusters that are largest when m
sured over a characteristic time scaletclu

max in the late-b/
early-a regime. The time scaletclu

max appears to diverge as
power law with T2TMCT , with an exponent smaller tha
that of the diffusion coefficient. Furthermore, it was fou
that the cluster size distribution approaches a power law
T→TMCT from above.25

The nature of dynamical heterogeneity studied in t
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system in terms of the displacement–displacement corr
tion function or the cluster analysis agrees closely with t
in simple LJ mixtures.22–24 In the LJ system, the nature o
cooperative motion was further investigated, and it was d
covered that particles follow each other in quasi-on
dimensional paths. This analysis has not been performed
a polymer system. In particular, it is interesting to a
whether, if strings exist, chain connectivity plays any ro
Therefore the goals of this work are twofold:~i! To ascertain
the tendency~or lack thereof! for monomers in the super
cooled melt to follow each other in stringlike paths, and~ii !
to study the influence of chain connectivity on dynamic
heterogeneity and strings.

This paper addresses polymer-specific relaxation pro
ties of polymer melts via detailed analysis of the motion
bonded and nonbonded monomers. To this end, we have
siderably extended the simulations of Refs. 25 and 31
longer times at the lowest and the highest temperatures,
we investigated spatial correlations in the motion of t
highly mobile monomers, as in Refs. 22–24. The pape
organized as follows: Section II reviews the mean squ
displacement and non-Gaussian parameter for poly
chains and for monomers~chain segments!. These quantities
are useful reference points for the subsequent analysis
Sec. III we present a detailed analysis of the dynamic pr
erties and cooperative motion in the melt. In this section
demonstrate the occurrence of stringlike motion and inve
gate the influence of chain connectivity on this motion.
summary of the main results is given in Sec. IV.

II. DYNAMICS OF THE MELT

A. Mean-square displacements

The change in dynamics on cooling can be observed
examining the mean-square displacement~MSD! of a mono-
mer g0(t) and of the center-of-mass of a chaing3(t)

g0~ t !5^@r i~ t !2r i~0!#2&, g3~ t !5^@Rc~ t !2Rc~0!#2&. ~1!

Here,^•& denotes the canonical ensemble average,r i(t) is the
position of monomeri at timet, andRc(t) is the position of
the center-of-mass of chainc at time t. These quantities are
shown in Fig. 1.

At short times,g0(t);t2 for all temperatures~regime of
ballistic motion!. At T51, we observe subdiffusive behavio
for longer times,g0;tx (x.0.65). This subdiffusive behav
ior can be attributed to chain connectivity which determin
the monomer dynamics forg0*1 (5one monomer
diameter!.34,38 If g0 is comparable to the size of the chai
free diffusion sets in (g0;t).

At low temperature, this scenario is interrupted by
intermediate time window whereg0 increases slowly~‘‘pla-
teau regime’’!. The plateau reflects a temporary localizati
of the monomers by their nearest neighbors~‘‘cage’’ ! be-
causeg0 is of the order of 10% of the monomer diameter (g0

is close to 6r 0,c
2 with r 0,c.0.09534,35!. The intermediate time

window encompassing the plateau and initial relaxat
away from it is known as the ‘‘b-regime’’ in MCT.2 It
precedes the final structural relaxation known as the ‘a-
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regime.’’ In thea-regime a monomer begins to move subd
fusively due to the bonding to its neighbors and fina
diffuses freely as soon asg0.Re

2 (Re5end-to-end distance!.
Relative tog0 , the MSD of the center-of-mass is su

pressed by about a factor of 1/N in theb-regime. For longer
timesg3 directly crosses over to free diffusion. There is
intervening subdiffusive regime because the center-of-m
is not subject to chain connectivity. These findings are
good agreement with recent theoretical predictions.39

B. Non-Gaussian parameter

In the limit t→0, the monomers move ballistically, an
hence the self-part of the van Hove correlation funct
Gs(r ,t), which is the probability for finding a particle at
distance r at time t, is proportional to the Maxwell–
Boltzmann distribution,40 which has a Gaussian form. In th
opposite limit t→`, the polymers behave as if they we
isolated Brownian particles subjected to a heat bath,
hence diffuse freely. Due to chain connectivity the mon
mers must follow the diffusive motion of the center-of-ma
andGs(r ,t) is again Gaussian.

At intermediate times, however, there may be deviatio
from Gaussian behavior. A possible means to measure t
deviations is the non-Gaussian parametera2(t)40

a2~ t !5
3^@r i~ t !2r i~0!#4&
5^@r i~ t !2r i~0!#2&2 21, ~2!

wherer i(t) is the position of monomeri at timet. Similar to
a2(t), which quantifies deviations of the monomer dynam
from Gaussian behavior, one can also measure these d
tions for the chain motion by calculating a non-Gauss
parametera2

p(t) for the polymers as

FIG. 1. Time-dependence of the MSD of all monomers,g0(t), for all T
studied and of the MSD of the center-of-mass,g3(t), at T50.46~shown by
h! @see Eq.~1!#. Temperature decreases from the left (T51) to the right
(T50.46) in the figure. The lowest temperature is slightly aboveTMCT

.0.45 ~Refs. 34–36!. The dashed horizontal lines indicate 6r 0,c
2 ~Linde-

mann localization lengthr 0,c.0.095) and the values of the radius of gyr
tion Rg

2 (52.09) and of the end-to-end distanceRe
2 (512.3). The filled

circles~d! for T50.46,0.5,0.55,0.7,1 mark the values ofg0 that correspond
to the timeta2

* where the non-Gaussian parametera2 is maximum~see Fig.

2!. The solid line labeled;t0.65 shows an effective power law describing th
data in the regime 1&g0&Re

2 , where the connectivity between the mon
mers dominates the dynamics~Ref. 38!. Two other solid lines indicate the
behavior in the ballistic regime (;t2) and the diffusion of the center-of
mass (6Dt).
ss
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a2
p~ t !5

3^@Rc~ t !2Rc~0!#4&
5^@Rc~ t !2Rc~0!#2&2 21, ~3!

whereRc(t) is the position of the center-of-mass of chainc
at time t.

By definition, the non-Gaussian parameters vanish in
limits t→0 and t→`. Otherwise, they are bounded from
below because the mean-quartic displacement is alw
larger than or equal to the square of the mean-square
placement@a2(t),a2

p(t)>20.4#. A negative value of the pa
rameter means that the particles move on average les
than expected for a random walk, whereas a positive va
implies that they move farther. The latter case is often
served in computer simulations41–46 and experiments14,15,47

on glass-forming liquids.
Figure 2 showsa2(t) and a2

p(t). With increasing time
the amplitude ofa2(t) and a2

p(t) increases to a maximum
value which occurs atta2

* for a2(t) and at ta
2
p* for a2

p(t).

Notice that the peak height is larger fora2(t) than fora2
p(t)

and thatta2
* andta

2
p* are different.ta

2
p* is shifted by about half

a decade to longer times forT<0.52. Furthermore, a com
parison of ta2

* and tclu
max ~Ref. 25! indicates that both time

scales occur in the late-b/early-a relaxation regime, but tha
tclu
max slightly precedesta2

* . There isa priori no reason why

FIG. 2. Non-Gaussian parameter of the monomersa2(t) ~upper panel! and
of the center-of-mass of the polymersa2

p(t) ~lower panel! vs time for dif-
ferent temperatures.a2(t) and a2

p(t) are defined in Eqs.~2! and ~3!. The
temperature ranges from the high-T, normal liquid state above onset o
caging (T51; thick dashed lines in both panels!, to the supercooled state o
the melt slightly aboveTMCT.0.45 (T50.46; thick dash-dotted lines!. Tem-
perature decreases from the bottom curve to the top curve in both pa
The dashed horizontal line (50.043) in the upper panel indicates a possib
intermediate plateau toward which alla2(t)-curves could converge. This
line is also included in the lower panel. The two vertical lines in the up
panel indicate the timestclu

max where clusters are maximum forT50.46 at
tclu
max565.85~dashed line! and forT50.55 attclu

max57.22 ~straight line!.



s
ve

h
ir-
ry

t t

gl
b
er
o

he

in

ac

ha

o
th
ng
lt

th
u
in

s
s

th

le
th

-
r

e
d
n

si

ai
e

he

e

low

au
av-

ce
the

hat
ve

tion
the

re-
ing
rved
he
on-
uent
er

in
g on
e.
s
ent

y
its

ct

er
the
ed
of
hly

at

%

ile

5293J. Chem. Phys., Vol. 119, No. 10, 8 September 2003 Dynamics of a supercooled polymer melt
this particular non-Gaussian parameter and the mean clu
size should peak at the same time. However, with impro
statistics, the previous estimates oftclu

max may shift closer to
ta2
* . In our subsequent analysis, we will mainly refer tota2

*

when comparing different time scales.
The small amplitude ofa2

p(t) may be attributed to the
difference in packing of the monomers and of the chains. T
monomers of our model exhibit an oscillatory pa
distribution functiong(r )35 whose shape and range are ve
similar to those found in simple dense liquids. In contras
that, the pair-distribution functiongcm(r ) for the centers-of-
mass is fairly structureless, and resembles theg(r ) of a
gas.48,49This reflects the fact that polymers are soft, stron
interpenetrating objects and that the effective interaction
tween the centers-of-mass is weak. If this interaction w
zero, there would be no resulting force on the center-
mass. Then, the chain would diffuse freely~outside the bal-
listic regime!. The small, nonzeroa2

p(t) at T51 may thus be
related to a weak force arising from the presence of ot
chains in the volume occupied by a polymer.50

On cooling the melt towardTMCT a pronounced maxi-
mum in time occurs for both non-Gaussian parameters. S
gcm(r ) is ~nearly! temperature independent,48 the maximum
of a2

p cannot be attributed to enhanced interchain inter
tions at low T. The similarity betweena2 and a2

p rather
suggests that the coupling between monomer and c
dynamics39 drives the behavior ofa2

p(t). If the monomers of
a chain are trapped in their cages and prevented from m
ing, the center-of-mass cannot move either. On the o
hand, if a sufficient number of monomers move far duri
the timet, a large displacement of the center-of-mass resu
As many monomers of the same chain are involved in
motion, a large displacement of the center-of-mass sho
take a longer time than for a single monomer. This expla
why ta

2
p* is larger thanta2

* .

In addition to the maximum,a2 shows two conspicuou
features: First, there is a small, temperature independent
at t'0.1. This time corresponds to the crossover of
monomer mean-square displacement~MSD! g0(t) from the
ballistic to the plateau regime. The step can be more or
pronounced, depending on the microscopic properties of
system studied.42,45,46,51Second,a2(t) relaxes toward a pla
teau at long times before decaying to zero. This behavio
clearly visible forT51.0, while lowerT are only indicative
of a similar trend. Figure 2 suggests that the plateau valu
the same for allT, but that the time when it is reache
increases on cooling. ForT51 the plateau is attained whe
the MSD of all monomers is'1, and this occurs att'10.
For T50.46, the plateau is only reached ift*105. This time
corresponds to displacements of the order of the chain
for T50.46, i.e.,Rg

2,g0,Re
2 (Rg andRe refer to the radius

of gyration and the end-to-end distance of a polymer ch
respectively!. Because the motion of the monomers becom
diffusive for g0.Re

2 , one can speculate that the length of t
plateau decreases with decreasingT.

For all T the plateau occurs ifg0*1. This corresponds to
times where the Rouse model52 is believed to describe th
dynamics of nonentangled chains in the melt.53 In this model
ter
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the displacements of the monomers and of the chains fol
a Gaussian distribution, in which case,a2(t) and a2

p(t)
should vanish at all times. The finite value of the plate
points to small, but systematic deviations from Rouse beh
ior. This value is approximately the same for botha2 and
a2

p , and roughly agrees with the maximum ofa2
p found at

T51. The latter observation could imply that the occurren
of the plateau is related to the weak interactions between
centers of mass alluded to above.

In summary, the interpretation of Fig. 2 suggests t
deviations from Gaussian behavior in our model might ha
two origins: The weak, temperature independent interac
between the centers-of-mass leads to small deviations in
long-time subdiffusive regime. Preceding the subdiffusive
gime strong,T-dependent deviations occur due to the cag
and subsequent correlated motion of monomers as obse
in dense simple atomic liquids and colloids. This drives t
sluggish glasslike relaxation of the monomer and, as a c
sequence, also that of the center-of-mass. Our subseq
analysis will focus on this correlated nature of the monom
dynamics.

III. INVESTIGATION OF SPATIALLY CORRELATED
MOTION

A. Definition of mobility

We investigate the nature of the spatial correlations
monomer displacements as in Refs. 25 and 31 by focusin
the motion of the most mobile monomers in a given tim
Following Ref. 25, we identify highly mobile monomers a
those 6.5% of monomers with the largest scalar displacem
at tm . In this definition, the mobility of a monomer at an
time tm is characterized by calculating the magnitude of
displacement withintm :

m i~ tm!5ur i~ tm!2r i~0!u. ~4!

Other similar choices have been discussed elsewhere,24 but
these alternate choices of mobility do not qualitatively affe
our results.

B. Mean-square displacement of mobile monomers

We first characterize the motion of the mobile monom
subset, and investigate how that motion is affected by
choice of tm . To this end, we calculate a specially defin
MSD g0,m(tm ,t), which calculates the MSD, as a function
time, of a subset of monomers that are identified to be hig
mobile in a specific time windowtm ,

g0,m~ tm ,t !5
1

0.065V K (
i PMm(tm)

@r i~ t !2r i~0!#2L . ~5!

Here, Mm(tm) denotes the subset of mobile monomers
time tm in the melt comprised ofM monomers. For all times
the number of elements inMm(tm), 0.065V, remains fixed,
although the composition of the subset changes withtm; at
different times different monomers will be among the 6.5
with the largest displacement. By fixingtm and varyingt we
fix this composition for allt and follow the motion of only
those monomers that have been found to be mobile attm .
However, we can also calculate the MSD of the mob
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FIG. 3. Comparison of various MSD’s atT51 ~a! andT50.46~b!. The thick dashed curve is the average MSD,g0(t), of all monomers in the melt, wherea
the dash-dotted curve represents the MSD of all mobile monomers,g0,m(t). g0,m(t) results from the concatenation of the cusps of the thin solid curves. E
of these solid curves shows the time evolution ofg0,m(tm ,t), which is obtained by averaging over all those monomers that have been found to be mo
t5tm (5time when the cusp occurs!. The vertical solid lines in both panels show the timeta2

* where the non-Gaussian parametera2 is maximum. In~b! the

vertical arrows indicate two timestm , one at the beginning of the plateau (tm51.038) and in thea-regime (tm52634). The insets in~a! and~b! illustrate the
difference between the average MSD and that of the mobile particles by showingg0,m(tm ,t)/g0(t) for tm well beyond the ballistic regime.~c! compares
g0,m(t)/g0(t) to a2(t). The non-Gaussian parameter is shifted upward by 3.143@dashed horizontal line, see Eq.~6!#. The vertical arrows indicate the time
wheng05Re

2 for T51 andT50.46, respectively.
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monomersg0,m(t), as done in Ref. 25; this corresponds
the choicetm5t in Eq. ~5!. In that case, the composition o
the subset may vary for different times.

Figures 3~a! and 3~b! compareg0,m(t) with g0(t) at T
51 andT50.46. Qualitatively,g0(t) andg0,m(t) exhibit the
same behavior at both temperatures. However, there
quantitative differences. As expected, the mobile partic
always move significantly farther than the average. At ea
and very late times, the ratiog0,m(t)/g0(t) is approximately
3.14@Fig. 3~c!#. This value can be predicted from the Gaus
ian behavior of the displacements in the ballistic and dif
sive regimes. IfGs(r ,t) is a Gaussian,g0,m(t)/g0(t) is given
by54

g0,m~ t !

g0~ t !
511

4

0.065A9p
~x* !3/2e2x* , ~6!

where x* is determined by the normalization conditio
(4/Ap)*x*

` dxx2 exp(2x2)50.065. This yieldsx* .3.6136 so
that g0,m(t)/g0(t).3.143.

At intermediate times,g0,m(t)/g0(t) is larger than 3.14
and behaves qualitatively in the same way asa2 @Fig.
3~c!#.55 In particular,g0,m(t)/g0(t) exhibits a maximum att
5ta2

* , the amplitude of which increases with decreasingT.

This illustrates again that the most mobile monomers m
farther than expected for a random walk. The difference
mobility between all and the fastest monomers grows
cooling and is most pronounced in the late-b/early-a regime.

Figures 3~a! and 3~b! also showg0,m(tm ,t), which illus-
trates how the monomers that are mobile attm move at other
times. As found in other simulated liquids,24 the mobile
monomers do not belong to a special class of particles
re
s
y

-
-

e
n
n

at

are always faster than the average, since the system i
godic. Rather they behave as the average fort!tm , acceler-
ate ast approachestm , and finally relax back to the averag
for t@tm . This cycle is symmetric on a log-scale atT51 if
tm*ta2

* , i.e., in the subdiffusive regime@inset of Fig. 3~a!#.

Similar behavior is found atT50.46 for times beyond the
plateau in the subdiffusive regime@inset of Fig. 3~b!#. How-
ever, the cycle is fairly asymmetric in theb-regime. If tm is
at the beginning of the plateau@curve indicated by an arrow
at tm'1 in Fig. 3~b!#, the monomer accelerates fast, b
takes a long time to relax back tog0(t), whereas the behav
ior is opposite iftm is in thea-relaxation regime@curve in-
dicated by an arrow attm'2600 in Fig. 3~b!#.

C. Mobile monomers and the role
of chain connectivity

The previous subsection discussed the motion of mo
monomers without distinguishing whether or not they a
connected to each other. The interplay of connectivity a
mobility is one of the main issues we wish to address. In
itively, one may expect that the bonds in a chain provid
preferred direction along which mobility can be ‘‘transm
ted.’’ To investigate this polymer-specific effect we calcula
the mean contiguous segment lengthNc,m(t), which is de-
fined as the average number of mobile monomers that
consecutively bonded to each other on a given polym
chain, averaged over all chains that contain at least one
bile monomer. Figure 4 illustrates this definition and sho
that there can be multiple contiguous segments on a si
chain.
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1. Correlations of mobile monomers in a chain

Figure 5 showsNc,m(t) for all temperatures studied. I
the ballistic regime we expect no correlations,25,31 and find
Nc,m'1.06. The valueNc,m'1.06 could also be obtained b
calculatingNc,m after selecting 6.5% of monomers at rando
and labeling them as ‘‘mobile.’’ Therefore, no significant d
namic correlations between bonded nearest neighbors
in the ballistic regime.

Beyond the ballistic regimeNc,m(t) increases, but neve
exceeds;1.5 as long ast&ta2

* . Thus, in the studied tem

perature interval, the relaxation mechanism does not co
spond to the sliding motion of many consecutive monom
along the backbone of the chain, since that would requ
Nc,m to be of orderN. The small value ofNc,m rather sug-
gests that the relaxation in theb-regime is predominantly
determined by the dense local packing of the melt and no
chain connectivity. This is consistent with the degree
which the ideal MCT for simple liquids is successful at d
scribing the dynamics of polymer melts. However, this do
not imply that chain connectivity is completely irrelevan
For T<0.7 ~below the onset of caging!, Nc,m(t) exhibits a
maximum attseg

max (*ta2
* ) in the time window of the late-b/

early-a process. The maximum increases upon cooling
ward TMCT . Thus, the colder the melt, the larger the te
dency for the mobile monomers to be nearest neighbor
the chain.

For times larger thantseg
max spatial correlations betwee

mobile monomers diminish. The length of the contiguo
segments relaxes back to a minimum. The minimum occ
at tseg

min which roughly corresponds to the time whereg051
~subdiffusive regime!. For t.tseg

min , the crossover to free dif
fusion takes place andNc,m continuously increases, possib
converging to its upper limitN, because the displacement
the center-of-mass is predicated upon a concomitant mo
of many monomers in the chain.

The occurrence of the maximum and the minimum s
gests that there are two relaxation mechanisms at low t
perature: One, occuring whenNc,m(t) is a maximum, corre-
sponds to the cage-breaking process. Here, clusterin
highly mobile particles is most pronounced, irrespective

FIG. 4. A schematic diagram showing how the average length of contigu
segments of mobile monomers,Nc,m(tm), is defined. Assume that, at tim
tm , only the shaded monomers are considered to be mobile. The first
monomers constitute a contiguous segment of length 2, then there are
nonmobile monomers, followed by another contiguous segment of leng
So, the average length of contiguous mobile segments isNc,m(tm)52.5.
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whether they are bonded to each other or not.25 Cluster for-
mation related to cage breaking is also observed in a bin
LJ-mixture close toTMCT

24 and in experiments on colloida
suspensions close to the glass transition.14 Thus, chain con-
nectivity is not necessary for clustering. As in nonpolyme
liquids, the clustering is rather a consequence of the s
generated cooperativity between the local motion of
caged monomers in the cold melt. To a large extent,
cooperativity is lost asNc,m crosses over to the minimum
The minimum and the subsequent steep rise, which co
spond to the second relaxation mechanism, are a signatu
Rouse-type, polymer-specific dynamics because they ar
least as precursors, already present atT51 where no caging
occurs.

2. Mobile end monomers

In addition toNc,m we also analyzed the mobility of en
monomers as compared to central monomers in poly
chains by calculating the fractionf e,m of mobile monomers
that are end monomers. Figure 6~a! shows the time evolution
of N fe,m/2 for all temperatures. The factorN/2 takes into
account that thea priori probability of finding an end mono
mer among theN monomers of a chain is 2/N. If the mobil-
ity of the ends cannot be distinguished from the avera
N fe,m/2 should be 1. This is the case in the ballistic regim
where the monomers are independent of each other, an
the diffusive regime, where they follow the motion of th
center-of-mass. At intermediate times, however, we fin
N fe,m/2.1, and hence chain ends are more mobile than
ner monomers.

We compareN fe,m/2 with the ratioge(t)/g0(t), where
ge(t) is the MSD of the end monomers@Fig. 6~b!#. The time
dependence ofN fe,m/2 closely agrees with that o
ge(t)/g0(t). This implies that the qualitative relationship b
tween the motion of the mobile ends and that of all mob
monomers is not different from the average behavior of
melt. However, there are quantitative differences. For tim
outside the ballistic and diffusive regimesN fe,m(t)/2 is
larger thange(t)/g0(t), except in the window of the inter
mediate plateau ~MCT b-process!, where N fe,m(t)/2
'ge(t)/g0(t).

FIG. 5. Mean contiguous segment lengthNc,m(t) vs time for all tempera-
tures. BesidesT51 ~dashed curve! and T50.46 ~dash-dotted curve! the
following temperatures are shown~solid curves from left to right!: T
50.7, 0.65, 0.6, 0.55, 0.52, 0.5, 0.48, 0.47. ForT51 andT50.46, the open
squares indicateta2

* and the arrows indicate the time wheng05Re
2 .
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FIG. 6. ~a! Fraction of mobile end monomersf e,m vs t. f e,m is multiplied byN/2 (55) to account for the fact that there are only two ends per chain. Bes
T51 ~dashed curve! andT50.46~dash-dotted curve! the following temperatures are shown~solid curves from left to right!: T50.7, 0.65, 0.6, 0.55, 0.52, 0.5
0.48, 0.47. ForT51 andT50.46, the open squares indicateta2

* , the filled squares the time wheng05Re
2 . ~b! Same as in~a!, but for ge(t)/g0(t). ge(t) is

the MSD of the end monomers.
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When leaving the ballistic regimege /g0 first increases.
This increase can be understood by the short-time expan
of the MSD of monomeri 40

^@r i~ t !2r i~0!#2&52tE
0

t

dt8S 12
t8

t D ^vi~ t !•vi~0!&

'3Tt2F12
^uFi u2&
36T

t2G~ t small!,

where^vi(t)•vi(0)& is the velocity auto-correlation functio
and Fi the total force on monomeri . Since an end is only
bonded to one monomer,Fi is smaller than for inner mono
mers. Thus, one expectsge /g0.1 ~and alsoN fe,m/2.1) for
times just outside the ballistic regime. In our model the ra
continues to increase up to a maximum that occurs aro
t'0.13. This is close to the time where the velocity au
correlation function becomes negative.32 The inversion of the
initial direction of the velocity is caused by rebounding co
lisions between a monomer and its neighbors. It is typica
dense liquids and must occur in the same way for end
inner monomers. Therefore, the difference in mobility sho
diminish andge /g0 should decrease. In fact, the simulatio
shows that, for longer times,ge /g0 first decreases toward
minimum and then, at aboutt'ta2

* , crosses over to a stee

rise. The rise reaches a maximum close to the time where
MSD of the center-of-mass equalsRg

2 . This roughly corre-
sponds to the Rouse timetR

52 of our model. Thereafter, the
transition to free diffusion takes place.

The enhanced mobility of the end monomers fort.ta2
*

is not unexpected. The Rouse theory predictsge /g052 in
the time regime where the monomer displacement follow
t1/2 behavior~i.e., for t<tR).52 In the present simulation, th
maximum ofge /g0 is smaller than 2, partially due to sho
chain effects. Longer chains may attain the Rouse predic
more closely if entanglements can be neglected.39

The double-peak structure ofge /g0 is present at all tem-
peratures. When cooling the melt towardTMCT two addi-
tional features can be observed: First, the second peak~a-
relaxation! strongly shifts to longer times. This is th
signature of the slowing down of structural relaxation. S
ond, the curves collapse in the time window of the minimu
which deepens and evolves into a protracted plateau
on
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decreasingT. Previous analysis34,35,37,38 showed that this
time window corresponds to the MCTb-process where one
expects temporary intermittence of particle motion due to
cage effect.2,56 In the b-regime,gn(t) is close to the local-
ization length 6r n,c

2 ,2,39,56

gn~ t !56r n,c
2 26hnG~ t ! ~n50,e!. ~7!

Here, only theb-correlatorG(t) depends on time and tem
perature, whereas the other parametersr n,c andhn are inde-
pendent ofT ~close toTMCT). Since 6hnG(t) represents a
small correction to 6r n,c

2 , Eq. ~7! suggests ge /g0

'(r e,c /r 0,c)
2 (.1.046) in the time window of the

b-relaxation. Figure 6 shows thatge /g0 andN fe,m/2 are in-
deed close to 1 in this time window. This illustrates that t
different bonding of end and inner monomers does not c
cially alter the dynamics in theb-regime. Here, the relax
ation is determined by the local packing of a monomer a
its nearest neighbors, which is~almost! the same for end and
inner monomers~in our model!.

D. Stringlike motion

The cluster analysis of Ref. 25 showed that the res
for the spatial correlations between highly mobile monom
closely resemble those found in a binary Lennard-Jo
mixture.24 References 23 and 24 also reveal that, in binary
liquids, the clusters are composed of smaller objects ca
‘‘strings,’’ which are sets of highly mobile particles tha
move in quasi-one-dimensional paths, replacing one ano
as they move. Following Ref. 24, any two mobile monome
i and j are considered to be in the same string if

min@ ur i~ t !2r j~0!u, ur j~ t !2r i~0!u#,d. ~8!

This equation means that monomeri moved fromr i(0) to
r i(t) in time t, while the other monomerj simultaneously
approached the initial position ofi within a sphere of radius
d. d must be sufficiently smaller than the Lennard-Jones
ameters (51) to guarantee thatj unambiguously replace
i . For the binary LJ-mixture, a good choice wasd50.6.23

For the polymer model under consideration we find th
Eq. ~8! with d50.6 may, in a very small percentage of cas
lead to ambiguities. With this choice ofd, more than one
monomerj can ‘‘replace’’ i simultaneously. If this happen
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frequently, a ‘‘string’’ may contain many Y-like portions, i.e
two monomersj are equally likely to occupy at timet the
initial position of i . To remove this ambiguity we use
modified definition where any two mobile monomersi and j
are considered to belong to the same string ifj replacesi and

i 5arg min
$ i uur j (t)2r i (0)u,d%

@ ur j~ t !2r i~0!u#. ~9!

That is, at any timet, i , and j are considered to be in th
same string only if the position ofj at timet, r j (t), is within
a radiusd of the old position ofi , and alsoj has the shortes
distance fromr i(0) when compared to that of all other po
tentially replacing mobile monomers. Similarly, wheni re-
placesj , the monomersi and j are in the same string if

j 5arg min
$ j uur i (t)2r j (0)u,d%

@ ur i~ t !2r j~0!u#. ~10!

Compared to Eq.~8!, Eqs. ~9! and ~10! are more stringen
criteria for identifying stringlike motion.57 However, the new
definition and Eq.~8! give the same result ford<0.45. For
d50.6 we found Y-like ambiguities in 1%, and ford50.55
only in 0.2%, of the replacements. Although these ambi
ities are relatively uncommon, we wish to avoid them
much as possible while still using a definition close to th
used in Ref. 23. Thus,d50.55 is chosen for the subseque
analysis.

Once strings are identified at any timet, their transient
nature andT-dependence may be studied by calculating
mean string length. There are two different definitions t
may have relevance here. One definition is provided by
weight averaged string lengtĥs(t)&w , defined by58

^s&w5
(s51

` s2P~s!

(s51
` sP~s!

, ~11!

wheres[s(t) and P(s) are the string length and the prob
ability of finding a string of lengths, respectively. This defi-
nition is relevant in the context of percolation theory, whi
was used to analyze clusters of mobile monomers in Ref.
For completeness, we present the results for^s(t)&w in Ap-
pendix A.

A second definition is the number averaged string len
^s(t)&, defined by58

^s&5
(s51

` sP~s!

(s51
` P~s!

, ~12!

where(s51
` P(s)51. This definition arises in the context o

equilibrium polymers, which we discuss later in this secti
as it appears to be relevant to the present study. Thus it is
definition on which we focus in this section. Additionally,
order to investigate whether or not chain connectivity fav
the formation of strings, and to understand the interplay
connectivity and mobility, we calculate the number averag
string length ^sseg(t)& of contiguous segments of mobil
monomers in a chain. The comparison of the two quanti
should reveal the contribution of chain connectivity to t
formation of strings.

Figure 7 shows the time evolution of̂s(t)& and
^sseg(t)&. Qualitatively, both quantities behave in the sam
way. At short times,̂ s(t)& and^sseg(t)& are equal to one. A
-
s
t
t

e
t
e

5.

h

is

s
f
d
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string length of one means that the mobile monomers
separated from each other, and do not replace other mo
monomers when they move.59 For a replacement to occur th
shortest distance a monomer must travel is the near
neighbor distance ('1) minusd, which is roughly 0.45. Fig-
ure 3 shows that such a displacement (g0,m'0.2) occurs at
t'0.2 at T51 and t'2 at T50.46. These estimates ar
close to the times at whicĥs(t)& and ^sseg(t)& begin in-
creasing.

A string length larger than one implies that mobi
monomers tend to replace each other. This trend is prese
all temperatures, but becomes more pronounced on coo
When compared to the MSD of mobile monomersg0,m the
peak timetstr

max for ^s(t)& corresponds to a time whereg0,m

'1 @see Fig. 3~a! or 3~b!#. Thus,^s(t)& is maximum when a
mobile monomer moves on average a distance equal to
size. With respect to the MSD of the bulk, this time corr
sponds to the time when there is a crossover from a cag
regime to a subdiffusive regime, similar to what is observ
for other dynamical quantities as discussed in earlier s
tions.

For times larger thantstr
max, ^sseg(t)& relaxes back to its

initial value of one, whereaŝs(t)& asymptotically tends to a
slightly larger value (;1.04). This disparity is related to th
definitions of^s(t)& and^sseg(t)& which give rise to a differ-
ent large-t limit in the diffusive regime~see Appendix B!.
Notice that thetstr

max occurs at a slightly later time thantclu
max.

In principle, one would expect the clusters of mobile mon
mers and the strings they are comprised of to be maximum
roughly the same time. This apparent discrepency is c
rently being investigated.60 In the present system, finite siz
effects may occur at lowT, where the clusters become larg
than the simulation cell. This could give an estimate oftclu

max

different from the asymptotic value. It is also possible that
the present systems,tstr

max is larger thantclu
max because there

may be a time delay for mobile particles to rearrange the

FIG. 7. Average string lengtĥs(t)& of all mobile monomers and averag
string length in contiguous segments of mobile monomers^sseg(t)& vs t with
replacement parameterd50.55. The temperatures shown are~from left to
right!: T51, 0.7, 0.65, 0.6, 0.55, 0.52, 0.5, 0.48, 0.47, 0.46. The do
vertical lines in the lower panel indicate the time whena2 is maximum for
T51 (ta2

* 50.766) andT50.46 (ta2
* 5100.894), whereas the dashed ver

cal line indicates the timetclu
max when the cluster size is maximum forT

50.46 (tclu
max565.85). A string length of one corresponds to an isolat

mobile monomer, i.e., no ‘‘bond’’ could be formed between two mob
monomers via the replacement criterion of Eqs.~9! and ~10!. Figure 10
shows that despite the small average string length, large strings conta
up to 12 monomers occur with significant probability.
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selves in a special one-dimensional path. In any case, de
this small difference in the peak times, bothtstr

max and tclu
max

occur in the late-b/early-a relaxation regime when particle
begin to break out of their cage.~The different relaxation
times discussed in this work are compiled in Appendix C a
their dependence on temperature is compared.!

To understand the role of chain connectivity on strin
we comparê sseg(tstr

max)& and^s(tstr
max)& in Fig. 8 by taking the

ratio of the two quantities. A ratio near one~unless both the
numerator and denominator are equal to one! implies that the
strings are the result of consecutively bonded pairs, i.e.,
monomers moving in strings actually move along the ba
bone of the chain to which they belong, indicating an imp
tant contribution from connectivity to the formation o
strings. On the other hand, a ratio close to zero implies
stringlike motion occurs among nonbonded monomers
that chain connectivity is insignificant. As indicated in th
figure, ^sseg&/^s& decreases asT approachesTMCT , suggest-
ing that chain connectivity becomes less important for stri
like motion at lowT.

The previous analysis was performed withd50.55.
When introducing the criterion for defining strings we argu
that the precise choice ofd is not crucial, as long as its valu
is sufficiently small. To illustrate this point, Fig. 9 shows th
temperature dependence of the maximum average s
length, ^s(tstr

max)&, for variousd. We find that the strings be
come longer ifd increases. This is expected, since more p
ticles satisfy theu•u,d condition. However, the qualitative
features are independent ofd. To support this point further
we invoke an analogy, first proposed in Ref. 23, between
strings and equilibrium polymers61–63 ~see also Ref. 64 and
references therein!.

FIG. 8. Temperature dependence of the ratio of^sseg(tstr
max)& and ^s(tstr

max)&.
tstr
max is the peak time of̂ sseg& and ^s& at different temperatures.TMCT

50.45.
ite

d

,

at
-
-

at
d

-

ng

r-

e

Equilibrium polymers are systems in which the bon
between monomers are not permanent. They can consta
break and recombine at random points along the backbon
a chain. In chemical equilibrium a melt of these se
assembling polymers is characterized by an exponential
tribution of chain lengths,P(s);exp(2s/^s&) ~if s is large!,
and by a mean chain length that increases exponentially
the energyE gained by bond formation,̂s&}exp(E/T).

In our context, the mobile monomers also self-assem
into chains, driven by the sluggish dynamics of the co
melt. The dynamically created bonds can break and rec
bine at any instant. They are more likely to form, and th
‘‘stronger,’’ the larger the choice ofd. This suggests a corre
spondence betweend andE, the simplest assumption bein
E}d. Figure 9 shows that this assumption is not unrealis
Despite the disparity between the theoretical premise of l
chains and the relative shortness of our strings, a reason
superposition of string lengths, found for variousd andT, is
obtained. This implies that any of the values ford presented
could have been chosen for the present analysis.

From the analogy with equilibrium polymers one e
pects that the strings have an exponential distribution. Fig
10 shows the distribution of the string lengths found attstr

max.
At the highest temperature,T51, P(s) is an exponential and
decreases rapidly with increasings. The most frequent string
lengths ares51,2. Their probability remains essentially un
changed on cooling, whereas longer strings occur much m
frequently forT,1. The tail of the distribution appears t
remain exponential, further supporting the possible interp
tation of strings in the same context as equilibrium polyme
Similar observations of exponential distributions were a
made in simulations of a binary LJ mixture.23

The weight averaged string length^s(t)&w is presented
in Appendix A. We find that̂ s(t)&w and the number averag
^s(t)& behave qualitatively in the same way, but are quan
tatively different. This difference characterizes the varian
of the string length distribution because

^~s2^s&!2&

^s&2 5
^s&w

^s&
21, ~13!

where ^•& denotes the number average@see Eq.~12!#. The
ratio ^s&w /^s&, shown in Fig. 11, is referred to as the ‘‘poly
dispersity index’’ in the context of polymerization. We fin
that the strings are most polydisperse for times of the lateb/
early-a process and that this maximum of polydispersity
creases with decreasingT.

In carrying out this analysis, the question arises as
whether a string of length one should be included or not
:
i-

q-
e,
FIG. 9. Left panel: average string length^s& vs T for
variousd @see Eqs.~9! and ~10!#. The string length is
calculated attstr

max, where it is maximum. Right panel
rescaling of̂ s& as suggested by the analogy with equ
librium polymers ~see text for details!. A satisfactory
collapse of the data for allT and d is obtained except
for T51, the temperature below which supercooled li
uid dynamics occurs in this model. At this temperatur
strings larger than 1 occur very seldomly~see Fig. 10!.
The dashed straight line is a fit through the data forT
<0.7, yielding ln̂s&520.2310.73d/T.
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the calculation of mean string lengths. One may argue
s51 should be excluded from the calculation since by d
nition stringlike motion requires one mobile monomer to
place another, and hence is not really defined fors,2. In
other words, a ‘‘string’’ of length one indicates a mobi
monomernot moving in a string based on the criterion use
To address this issue, we calculate the time evolution
^s(t)& by excluding strings of size one~see Appendix A!, for
comparison. We find no qualitative difference between
two cases, but in the absence ofs51 the mean string length
is accordingly larger. Therefore, to maintain the analogy
strings to equilibrium polymerization, in which polymers
length one are included, we restrict our discussion to
mean values that includes51 and are calculated using th
number average.

E. Directional correlations between neighboring
mobile monomers

The above analysis shows that mobile monomers fol
each other, replacing one another in one-dimensional p

FIG. 10. Semi-log plot of the probability distributionP(s) of the string
lengths for variousT. P(s) is calculated att5tstr

max where^s& is maximum.
All data sets exhibit~roughly! exponential behavior. Inset:P(s) rescaled by
the mean valuês& vs s/^s&. In addition to the temperaturesT50.46, 0.47,
0.48, 0.50, 0.52, 0.55 ford50.55 the graph also includesT50.46 and 0.55
for both d50.4 andd50.6. The scaling deteriorates if data at higherT is
included.

FIG. 11. The ‘‘polydispersity index’’ given by the ratio of the weight ave
aged string lengtĥs(t)&w and the number averaged string length^s(t)&
plotted as a function of time for all temperatures. The temperatures sh
are~from left to right!: T51, 0.7, 0.65, 0.6, 0.55, 0.52, 0.5, 0.48, 0.47, 0.4
The vertical dotted lines indicateta2

* 50.766 andta2
* 5100.894 forT51 and

T50.46, respectively. ForT50.46 the vertical dashed line show
tclu
max (565.85), the vertical solidtstr

max (5236.26).
at
-
-

.
f

e

f

e

hs

and forming strings of different sizes whose mean value
maximum at a timetstr

max. Since typical displacements of mo
bile monomers in this time regime are still fairly local~see
Fig. 3!, a replacement is most likely to occur between near
neighbors. In the remaining part of this section, we thus c
centrate on neighboring mobile monomers and explore t
correlated motion in further detail. In particular, we addre
the directional aspect of correlations between mobile mo
mers that are bonded or nonbonded.

Let monomersi and j be nearest neighbors att50 and
mobile at some later timet. We definei to be a neares
neighbor ofj if their initial distance is within the first neigh
bor shell of the pair-distribution function, i.e.,ur j (0)
2r i(0)u,1.5.35 The same definition was also used in Re
25. To simplify the notation we write for the distance b
tween two neighbors at timet50

r i j 5r j~0!2r i~0!, ~14!

and for the displacement of monomeri in time t

di~ t !5r i~ t !2r i~0!. ~15!

We can define the following angles:

u@di~ t !,r i j #5arccosF di~ t !•r i j

udi~ t !uur i j u
G , u@di~ t !,r i j #P@0,p#

~16!

and

u@di~ t !,dj~ t !#5arccosF di~ t !•dj~ t !

udi~ t !uudj~ t !uG ,
u@di~ t !,dj~ t !#P@0,p#. ~17!

These definitions are illustrated in Fig. 12. The fir
angle@Eq. ~16!# was proposed in Ref. 23. It indicates to wh
extent a mobile monomer is displaced, at timet, in a direc-
tion parallel to a vector connecting its initial position to th
of one of its neighbors which is also mobile at timet. The
second angle@Eq. ~17!# measures the correlations betwe
the displacementsdi(t) and dj (t) of the monomers at time
t. Thus, it shows the extent of directional correlation b
tween any two neighboring mobile monomers. For bo
bonded and nonbonded nearest-neighbor pairs we comp
the probability distributions Pd,r(u@di(t),r i j #) and
Pd,d(u@di(t),dj (t)#) normalized by the probability for iso
tropic, uncorrelated displacements65

Piso~u!5 1
2 sin~u!. ~18!

n
.

FIG. 12. Left panel: Definition ofu@di(t),r i j #, Eq. ~16!. Right panel: Defi-
nition of u@di(t),dj (t)#, Eq. ~17!. In both panels, the dashed circles dep
the position of the mobile monomersi and j at t50, whereas the shade
circles represent their positions at timet. The vectorsr i j and di(t) are
defined by Eqs.~14! and ~15!, respectively.
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Figure 13 shows the ratioPd,r(u)/Piso(u) at T50.47 for
several selected times~the times are approximately un
formly distributed on a logarithmic scale.! At the earliest and
the latest time, we findPd,r(u)'Piso(u), consistent with the
expectation that the motion should be directionally uncor
lated in these limits. This behavior persists up to appro
mately t'0.1 for the short-time regime. For intermedia
times, displacements perpendicular to the axisr i j are sup-
pressed relative toPiso, whereas motion parallel to it is en
hanced as indicated by large values nearu50 andu5180
@Pd,r(u) is symmetric66#. This directional preference is pa
ticularly prominent in the late-b/early-a regime: as the
monomers escape from their cages, they tend to repla
neighbor. Similar findings were reported in Ref. 23 for a
mixture. Comparison between Figs. 13~a! and 13~b! shows
that this directional correlation is more pronounced
bonded mobile monomers.

To ascertain the influence of temperature on the ti
evolution of this directionally correlated motion, we find th
a direct comparison of the probability distributions obscu
the details, since the graphs become fairly crowded and
the main trends. Thus another averaged quantity, whic
sensitive to preferential motion in the direction parallel
r i j , is proposed. One choice is

Cd,r~ t !5
1

p E
0

p

ucos~u@di~ t !,r i j # !u

3
Pd,r~u@di~ t !,r i j # !

Piso~u@di~ t !,r i j # !
du@di~ t !,r i j #2

2

p
. ~19!

FIG. 13. Probability distributionPd,r(u@di(t),r i j #) of the angle between the
displacement vector of a mobile monomerdi(t) and of the vectorr i j be-
tween the initial positions of the monomer and of its mobile neighborj . Pd,r

is divided by the probabilityPiso for isotropic motion. The upper figure
presents the results for bonded nearest neighbors, the lower for nonbo
nearest neighbors. In both cases,T50.47. The times shown are separat
from each other roughly by a factor of 10:t50.098 ~'first maximum of
f e,m), t51.016 ~beginning of the b-regime!, t59.014 ~center
of the b-regime, whereg0.6r 0,c

2 ), t593.33 (5tseg
max), t51541.7 (5tseg

min),
t5104 (5̂g0.Rg

2).
-
i-

a

r

e

s
de
is

We use the absolute value of the cosine because the p
ability distribution is symmetric about 90°. In order to s
Cd,r(t)50 for isotropically distributed displacement dire
tions, we subtract (1/p)*0

pucosuudu52/p. The resulting
quantity measures deviations, in terms of directional corre
tions, from isotropic behavior and enables us to perform
time-resolved comparison for differentT. Note that Eq.~19!
is not an expectation value because the ratioPd,r /Piso is not
a probability distribution. Ifdi and r i j are perfectly parallel
to each other,Cd,r diverges.

Figure 14 depicts the time and temperature depende
of Cd,r for both bonded and nonbonded nearest neighb
Several observations can be inferred from this figure: Fi
for all T the displacement of the mobile monomers is isot
pic in the ballistic regime and for times in thea-regime
provided thatdi@1.5 ~for T51 and 0.46 this impliest.10
andt.104, respectively; see Fig. 3!. Second, at intermediat
times the motion of mobile monomers shows an enhan
tendency to replace a nearest neighbor. This tendenc
present at allT, but increases on cooling towardTMCT . It is
maximum in the late-b/early-a regime. Third, the propensity
of displacements along the nearest-neighbor axis is m
pronounced if the neighbor is directly bonded to the mob
monomer. These findings concur with those of Fig. 13, bu
addition demonstrate theT-dependence.

For u@di(t),dj (t)# we define a similar quantity to mea
sure the tendency of mobile neighbors to follow each othe
time t

ed

FIG. 14. Cd,r(t) vs time for allT. Cd,r measures the tendency of a mobi
particle to replace a mobile nearest neighbor at timet @Eq. ~19!#. ~a! and~b!
present the results for nonbonded and bonded nearest neighbors. In
panels, the vertical dotted lines indicate the timesta2

* for T51 (ta2
*

50.766) and forT50.46 (ta2
* 5100.894), whereas the dashed vertical lin

indicates the timetclu
max when mean cluster size, calculated in Ref. 25,

maximum forT50.46 (tclu
max565.85). The following temperatures are show

~curves from left to right!: T51, 0.7, 0.65, 0.6, 0.55, 0.52, 0.5, 0.48, 0.4
0.46.



t
ct

d
lie

a
c

e

a
ss

ec
u

lu
ti

-

o the
nd
or
of

he

s of
ss
ith
e
fol-
h
J-

ious

n the
hly

g-
ent
bors
ak

s

pict

o

rs

ark

ls
is
n
7,

5301J. Chem. Phys., Vol. 119, No. 10, 8 September 2003 Dynamics of a supercooled polymer melt
Cd,d~ t !5
1

p E
0

p

cos~u@di~ t !,dj~ t !# !

3
Pd,d~u@di~ t !,dj~ t !# !

Piso~u@di~ t !,dj~ t !# !
du@di~ t !,dj~ t !#, ~20!

which gives zero for uncorrelated motion and diverges
1` if the mobile neighbors follow each other in perfe
alignment~or to 2` for antiparallel motion!.

Figure 15 depictsCd,d(t) for all temperatures. Beyond
the ballistic regimeCd,d(t) is positive for both bonded an
nonbonded mobile monomers. The positive value imp
that small angles between the displacementsdi(t) anddj (t)
are more likely than expected for isotropic motion.67 Thus,
mobile monomers have an enhanced tendency to follow e
other for all times outside the ballistic regime. This tenden
is particularly pronounced att'1, which corresponds to th
earlyb-relaxation at low temperatures, and fort@ta2

* , where

the monomer displacements are determined first by ch
connectivity and later by the diffusion of the center-of-ma
In the diffusive regime one expectsCd,d(t) to be large. After
large times many monomers have moved in similar dir
tions so that the center-of-mass advances substantially. M
before the diffusive regime, however,Cd,d(t) first ‘‘grows’’
and then ‘‘shrinks’’ as the observation time increases. A c
to interpret this behavior is obtained by calculating the ra
of the bonded (b) and the nonbonded (nb) neighbors. We
find that Cd,d

b (t)/Cd,d
nb (t);ge(t)/g0(t) ~see Fig. 6 for com-

FIG. 15. Cd,d(t) vs time for all T. Cd,d measures the tendency of tw
neighboring mobile particles to follow each other at timet @Eq. ~20!#. ~a!
and~b! present the results for nonbonded and bonded nearest neighbo
both panels, the vertical dotted lines indicate the timesta2

* for T51 (ta2
*

50.766) and forT50.46 (ta2
* 5100.894), whereas the open squares m

the times whenge /g0 reaches its second maximum (t.92 for T51, t
.33361 forT50.46; see Fig. 6!. The dashed vertical line in both pane
indicates the timetclu

max when mean cluster size, calculated in Ref. 25,
maximum forT50.46 (tclu

max565.85). The following temperatures are show
~curves from left to right!: T51, 0.7, 0.65, 0.6, 0.55, 0.52, 0.5, 0.48, 0.4
0.46.
o

s

ch
y

in
.

-
ch

e
o

parison!. The difference betweenCd,d
b (t) andCd,d

nb (t) is large
for t'0.1 and forta2

* &t&tR, where the mean-square dis

placement of the end monomers is enhanced compared t
average displacement. It is plausible that a highly mobile e
monomer will trigger large displacements of the neighb
connected to it and bias this displacement in the direction
its own motion. This effect is strongly suppressed in t
b-regime, wherege(t) and g0(t) are alike. For 1&t&ta2

* ,

Cd,d
b (t)/Cd,d

nb (t)' constant, comparable toge /g0 .

IV. SUMMARY AND CONCLUSIONS

We presented a detailed analysis of the local dynamic
a simulated equilibrium polymer melt approaching its gla
transition. Our analysis utilizes the 6.5% of monomers w
the largest displacement at some timet. These monomers ar
called ‘‘mobile.’’ For this subensemble, we addressed the
lowing questions:~1! Do the mobile monomers follow eac
other in a stringlike fashion, as observed for a binary L

FIG. 16. Recapitulating the comparison of the time dependence of var
quantities discussed in this paper. In all cases, the temperature isT50.46
(TMCT.0.45). The upper figure shows the non-Gaussian parametersa2 and
a2

p . These quantities are averages over all monomers and all chains i
melt. The other quantities shown are calculated from the 6.5% of hig
mobile monomers. They are: the fraction of mobile end-monomersN fe,m/2,
the average string lengtĥs&, the average length of mobile contiguous se
ments of a chainNc,m , and the cosine of the angle between the displacem
of a mobile monomer and the vector to one of its nearest mobile neigh
in the chainCd,r

b . The vertical dotted lines indicate the time of the first pe
of N fe,m/2 (t50.1104), the timeta2

* (5100.894) wherea2 is maximum,

whereas the vertical dashed line indicates the timetclu
max when the clusters

formed by the subset of mobile monomers is largest forT50.46 (tclu
max

565.85) ~Ref. 25!. These times are also included in the lower figure~verti-
cal dotted resp. dashed lines!. This figure shows the MSD of all monomer
g0 , of the mobile monomersg0,m , and of the center-of-massg3 . The
behavior in the ballistic (;t2), the subdiffusive (;t0.65) and the diffusive
regimes (;t) are indicated by solid lines. The horizontal dashed lines de
6r 0,c

2 ~Lindemann localization lengthr 0,c.0.095 forg0), the radius of gy-
ration Rg

2 (52.09), and the end-to-end distanceRe
2 (512.3).
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FIG. 17. ~a! Weight averaged string lengtĥs(t)&w of
all mobile monomers vst. ~b! Number averaged string
length^s(t)& of all mobile monomers vst calculated by
excluding strings of size 1. In both figures, the tempe
tures shown are~from left to right!: T51, 0.7, 0.65, 0.6,
0.55, 0.52, 0.5, 0.48, 0.47, 0.46. The dotted vertic
lines in both panels indicate the time whena2 is maxi-
mum for T51 (ta2

* 50.766) and T50.46 (ta2
*

5100.894). The dashed vertical line indicates the tim
tclu
max when the weight averaged cluster size, calcula

in Ref. 25, is maximum forT50.46 (tclu
max565.85).
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mixture?~2! If yes, what are the properties of these dynam
strings?~3! What is the influence of chain connectivity o
this correlated motion?

The answers to these questions may be summarize
follows ~see Fig. 16!:

~i! There is an intermediate time interval in which strin
like motion is most pronounced. In the cold melt th
interval corresponds to the late-b/early-a process;

~ii ! the average string lengtĥs(t)& is maximum at a time
tstr
max that is slightly later than the time when cluste

formed by the mobile particles are largest.25 Close to
TMCT , the temperature dependence oftstr

max is approxi-
mately the same as that of the inverse diffusion co
ficient 1/D ~the productDtstr

max'const, see Appendix
C!, which was shown in Ref. 31 to scale different
from the a-relaxation time when fitted to the powe
law of the MCT. The similarity in the scaling betwee
tstr
max and 1/D is not unexpected, becausetstr

max is ex-
tracted from the dynamics of monomers with the la
est displacements, while these monomers are m
likely the ones that determine the diffusion behavi
and henceD;

~iii ! the maximum string lengtĥs(tstr
max)& increases with

decreasingT, approximately in an exponential fash
ion ~Fig. 9!. The distribution of string lengthss at any
T is roughly exponential~Fig. 10!. These findings are
identical to those observed in a LJ mixture,23 and sug-
gest an analogy between strings and equilibrium po
mers, as proposed in Ref. 23;

~iv! the average string length remains fairly small on co
ing. Even atT50.46, ^s(tstr

max)&'2 ~calculated by in-
cluding s51), although strings as long as 12 mon
mers are observed;

~v! an important contribution to correlated motion com
from chain connectivity. A monomer tends to repla
one of its bonded neighbors~see Fig. 7 andCd,r

b in
Fig. 16!. However, mobility is not concentrated alon
the backbone of some chains. If this was the case,
average string length calculated for the monomers
a chain only,̂ sseg& ~Fig. 7!, and the average length o
mobile contiguous segments,Nc,m , should be of the
order of the chain lengthN. Therefore, a relaxation
mechanism in which mobile monomers are connec
to each other and slide along the backbone of
chain is unlikely.
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APPENDIX A: WEIGHT AND NUMBER AVERAGED
STRING LENGTHS

To compare the weight averaged string length^s(t)&w

with the number averaged string length^s(t)&, discussed in
Fig. 7, we show here the time evolution of^s&w , which is
calculated using Eq.~11!, for differentT. It is apparent from
the figure@Fig. 17~a!# that ^s(t)&w is qualitatively the same
as ^s(t)&.

To address the issue of including or excluding strings
sizes51, in Fig. 17~b! we show the number averaged strin
length ^s(t)& for severalT calculated by excludings51.
This calculation yields a similar result to that obtained
including strings with sizes51, but the number average an
the weight average~not shown! take larger values whens
51 is excluded@compare Figs. 7 and 17~b!#.

APPENDIX B: LARGE TIME LIMIT OF THE NUMBER
AVERAGED STRING LENGTHS

For long times the average string length of contiguo
segments of mobile monomers,^sseg(t)&, tends to 1, whereas
the average string length of all mobile monomers,^s(t)&,
approaches a slightly larger value (;1.04) ~see Figs. 4 and 7
for an illustration of the string lengths!. We can explain this
difference by the following argument: LetPd(ur i(t)
2r j (0)u,d) denote the probability that a mobile monomei
at time t approaches the initial position of another mob
monomerj to within the ranged. Then, (0.065M21)Pd is
the average number of mobile monomers that satisfy the
terion of string formation. Hence, the average string length
given by

^s~ t !&511~0.065M21!Pd . ~B1!
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For Pd we can write

Pd5E
«,d

d«^d~@r i~ t !2r j~0!#2«!&

5E
«,d

d«H E dr i~ t !dr j~0!d~@r i~ t !2r j~0!#2«!

3Gs~r i~ t !2r i~0!,t !F r

M
g~r i~0!2r j~0!!G J ~ t large!,

~B2!

where Gs(r ,t) and g(r ) are the self-part of the van Hov
correlation function and the pair-distribution function, r
spectively. Sincerg(r i j )/M is the probability density tha
the two monomers are initially at a distancer i j 5r i(0)
2r j (0), andGs(r i(t)2r i(0),t) is the probability density for
the displacementr i(t)2r i(0), the product rgGs /M gives
the probability density for the vectorr i(t)2r j (0), provided
the displacement of monomerj is not correlated withr i(0).
This condition can only be valid for large times. If we pe
form the integral over thed-function and use the homogen
ity of space, we obtain

Pd5
r

M E
«,d

d«E dr i j Gs~r i j 1«,t !g~r i j ! ~ t large!.

~B3!

In the diffusive regime the van Hove function is vanishing
small for distances whereg(r ) varies appreciably. Thus, w
may replaceg(r ) by its large-r limit. This limit is 0 for the
polymer pair-distribution function35 so that ^sseg&51,
whereas it is 1 in the case of the melt. Furthermore, sinceGs

is a normalized Gaussian, the integral overr i j just gives 1.
Thus, we findPd5(r/M )(4pd3/3). Together with Eq.~B1!
this yields

^s&511
4p~0.065M21!d3

3M
r. ~B4!

Using d50.55 andM51020, r50.9058 atT51 as well as
M51200, r51.0378 atT50.46 we find ^s&51.040 and
^s&51.046 atT51 and 0.46, respectively. These estima
are in good agreement with the simulation data of Fig. 7
large times.

APPENDIX C: CHARACTERISTIC TIMES

Quantities such asa2(t) or Nc,m(t), exhibit a maximum
at some time in the window of thea-process. Ideal mode
coupling theory predicts that, in principle, any time in t
a-regime may be chosen as a characteristic relaxation
of the a-process~see, e.g., Refs. 2 and 56!. That is, the
theory suggests that the relaxation timestX of different
quantities ‘‘X’’ should only differ in prefactors, but scale
with temperature in the same way

tX5tX
0 S T2TMCT

TMCT
D 2g

~T→TMCT
1 !. ~C1!

Provided thatT is sufficiently close toTMCT , the exponentg
is predicted to be independent ofX. Contrary to that, the
s
t

e

range of validity of Eq.~C1!, i.e., the highest temperature u
to which the power law is observable, depends onX.51,68

Fits to simulation data often show that Eq.~C1! only
holds approximately.41,69 Very close toTMCT deviations oc-
cur in ~almost! all systems~colloidal suspensions appear
be an exception16,17,20!. These deviations may be rationalize
in the framework of MCT by relaxation mechanisms oth
than the cage effect that are not incorporated in the ideal
theory.70,71 In the remaining temperature interval where E
~C1! can be applied, the fits often find the same result
TMCT , whereasg can depend onX. For the present model
for instance, the relaxation times derived from intermedi
scattering functions yield ag that decreases with the modu
lus of the wave vectorq and approachesgD , the exponent of
the diffusion coefficient, in the low-q limit.36,37 Since quan-
tities like the mean-square displacements or the n
Gaussian parameters are related to the small-q behavior of
the intermediate scattering functions,39,51 we expect that re-
laxation times derived from these quantities exhibit a te
perature dependence that is compatible withgD , rather than
with the exponent found at the maximum of the static str
ture factor.

Figure 18 shows the temperature dependence of var
time scales introduced in this study, including also the ti
tclu
max of Ref. 25 where the cluster size of mobile monomers

maximum. As expected, deviations from the power law~C1!
are found forT close toTMCT ~i.e., T2TMCT&0.02). For
larger temperatures the relaxation times roughly agree w
Eq. ~C1!. Within the ~admittedly large! statistical uncertain-
ties of the data and perhaps with the exception oftclu

max which
seems to show a weaker increase25 the exponents are close
to gD51.8460.0236 than to the result obtained at the max
mum of the static structure factor (g'2.0934,35!, as sug-
gested above.
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FIG. 18. Log–log plot of characteristic time scales vsT/TMCT21 (TMCT

50.45). The times are:ta2
* ~maximum ofa2), ta2

p* ~maximum ofa2
p), tseg

max

~maximum ofNc,m), tseg
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max ~maximum of the cluster
size of mobile monomers; taken from Ref. 25!, tstr
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power law ~C1! indicate the temperature dependence of thea-relaxation
time resulting from a quantitative MCT analysis@g52.09~Refs. 34 and 35!#
and of the inverse diffusion coefficient@g51.84 ~Refs. 35 and 38!#.
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