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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 temperatiijg-t 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 studied2@3 American Institute of Physics.
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I. INTRODUCTION engenders aggregat€subensemblesy of particles with en-
hanced or reduced mobility relative to the average on inter-

Many liquids supercooled below the melting temperaturemediate time scales. These high and low mobility regions
Tr, transform into a glass, a solid phase without long-rangéiuctuate throughout the sample with a finite lifetime.
structural order, at the glass transition temperafye The To test this idea experimentally several techniques, such
liquid well aboveT, and the amorphous solid beloly are  as multidimensional NMR;? optical bleaching? nonreso-
structurally similar, yet their dynamics are very different. In nant spectral hole burnifjor solvation dynamic? have
the temperature interval;<T=<T,, the relaxation time been applied to a variety of glass forméfer reviews see
slows dramatically on cooling, typically by more than ten Refs. 4—6. These experiments show that it is possible to
orders of magnitudé: select subensembles of slow or fast particles clos@ 4o

A contributing factor for this dramatic change in the lig- Although the possibility of detecting such subsets suggests
uid dynamics may be attributed to the caging and the resultthat the fast or slow particles may be spatially correlated,
ing emergence of spatially heterogeneous dynamics upodirect evidence of this is difficult to extract by these experi-
cooling towardTg.“‘7 The term “dynamic heterogeneity” mental approaché's>
means that the amorphous packing in the supercooled state |nformation on this correlation has, however, become ac-
cessible in recent experiments on colloidal suspensibtrs.
apresent address: Department of Physics, Wesleyan University, Middletowrf>0lloidal suspensions undergo a glass transition driven by
,CT 06459. _ _(_jensity,16 which, for hard-sphere colloids, is well described
Q;J;EEL;Z((\é\/ir;gmu_;(:;rstabsg?rndence should be addressed. Electronic malby the idealized mode-coupling theo(WlCT).N_ZO Indi-
9Author to Whoh corresp.ondence should be addressed. Electronic maiVidual particle trajectories can be monitored by confocal
sglotzer@umich.edu spectroscopy*-!® This new technique provides the same in-
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formation as computer simulations on atomic liquids. Bysystem in terms of the displacement—displacement correla-
scaling the time scales of the colloidal system and the simution function or the cluster analysis agrees closely with that
lated system by a common characteristic relaxation timen simple LJ mixture$?=2*In the LJ system, the nature of
(such as thea-relaxation time, the dynamics of the two cooperative motion was further investigated, and it was dis-
systems may be compared. The experiments of Ref. 14 reovered that particles follow each other in quasi-one-
vealed that the fastest particles form clusters whose size irdimensional paths. This analysis has not been performed for
creases as the glass transition is approached. These findingspolymer system. In particular, it is interesting to ask
closely agree with the results obtained from computer simuwhether, if strings exist, chain connectivity plays any role.
lations of various model glass formerssuch as binary Therefore the goals of this work are twofol@} To ascertain
soft-spherés and Lennard-Joned.J) mixtures?>~2* poly-  the tendency(or lack thereof for monomers in the super-
mer melts®® and watef® (see also Refs. 27—29 for related cooled melt to follow each other in stringlike paths, diid
work on two- and three-dimensional hard spheres as well a® study the influence of chain connectivity on dynamical
Ref. 30 for dynamical heterogeneities in a LJ-mixture belowheterogeneity and strings.
Ty). This paper addresses polymer-specific relaxation proper-
In this paper we analyze molecular dynamics simulaties of polymer melts via detailed analysis of the motion of
tions of a nonentangled polymer melt above its glass transionded and nonbonded monomers. To this end, we have con-
tion temperature. We study the commonly employed finite|y5iderab|y extended the simulations of Refs. 25 and 31 to
extensible nonlinearelasti€ENE) bead-spring model of lin-  longer times at the lowest and the highest temperatures, and
ear polymer chains, each containihNg=10 monomers. Our We investigated spatial correlations in the motion of the
results are based on molecular dynamics simulations dfighly mobile monomers, as in Refs. 22—-24. The paper is
102—120 chains, depending on temperature. We study an isefganized as follows: Section Il reviews the mean square
baric path with pressurp=1 for 10 temperatures in the displacement and non-Gaussian parameter for polymer
range 0.46T<1.0. These temperatures correspond tochains and for monomefshain segmenjsThese quantities
monomer densities ranging between =Q#=0.91. The are useful reference points for the subsequent analysis. In
simulations were performed in the canonical ensemble usin§€c- |ll we present a detailed analysis of the dynamic prop-
a Nose-Hoover thermostat. Further simulation details can beetties and cooperative motion in the melt. In this section we
found in Refs. 31-33. For reference’ we quote the Criticapemonstrate the occurrence of Stl’inglike motion and investi-
temperature of ideal mode coupling theof,c;=0.450 9ate the influence of chain connectivity on this motion. A
+0.00534-36 summary of the main results is given in Sec. IV.
This model has been extensively investigated in the su-
percooled regime abovEycr.3*~28 In this temperature re-
gime, the liquid exhibits dynamical heterogeneities. This wadl. DYNAMICS OF THE MELT
evidenced by two approaches. The first consisted in calculaly  \ean-square displacements
ing spatial correlations between the displacements of differ- ) ) )
ent monomers via a “displacement—displacement” correla-  1h€ change in dynamics on cooling can be observed by
tion function3! Reference 31 showed that the strength oféXa@mining the mean-square displacem@#sD) of a mono-
these correlations, as measured by a generalized susceptiffi€" 9o(t) and of the center-of-mass of a chajg(t)
ity given by the volume integral of the displacement— B ) B )
displacement correlation function, depends on time, is largelo(!) =([ri(H =Ti(0)]%),  gs() =([Re(t) =R(0)]%). (1)
for times in thea-relaxation regime, and grows on cooling Here,{-) denotes the canonical ensemble averagé) is the
toward Tycr. The susceptibility was found to follow a position of monomer at timet, andR(t) is the position of
power law behavior, exhibiting an apparent divergence athe center-of-mass of chamat timet. These quantities are
Tuer- Moreover, the time scale corresponding to the maxi-shown in Fig. 1.
mum in the susceptibility increases with decreasings a At short times gy (t) ~t? for all temperaturegregime of
power law, following the same scaling with—Tyct as the  ballistic motion. At T=1, we observe subdiffusive behavior
diffusion coefficient, which is characterized by an exponentor longer timesgy~t* (x=0.65). This subdiffusive behav-
less than that of the-relaxation time. ior can be attributed to chain connectivity which determines
These findings were supported by a second appfdachthe monomer dynamics forgp=1 (=one monomer
which identified clusters of highly mobile particles and ana-diametey.>*8 If g, is comparable to the size of the chain,
lyzed their size distribution as a function of time and tem-free diffusion sets indy~t).
perature close td@ycr. There it was demonstrated that the At low temperature, this scenario is interrupted by an
mobile monomers form clusters that are largest when meantermediate time window wherg, increases slowly“pla-
sured over a characteristic time scaf?* in the lateg/  teau regime). The plateau reflects a temporary localization
early« regime. The time scal&]>* appears to diverge as a of the monomers by their nearest neighb¢tsage”) be-
power law with T—Tycr, with an exponent smaller than causeg is of the order of 10% of the monomer diametgg (
that of the diffusion coefficient. Furthermore, it was foundis close to 83 with r,.~0.095*33. The intermediate time
that the cluster size distribution approaches a power law awindow encompassing the plateau and initial relaxation
T— Tyer from above?® away from it is known as the S-regime” in MCT2 It
The nature of dynamical heterogeneity studied in thisprecedes the final structural relaxation known as tlhe *“
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FIG. 1. Time-dependence of the MSD of all monomagg(t), for all T 04 n
studied and of the MSD of the center-of-magg(t), atT=0.46(shown by 03 | ]
) [see Eq.(1)]. Temperature decreases from the Iéft1) to the right -l -
(T=0.46) in the figure. The lowest temperature is slightly abdygr 0.2 i -
=0.45 (Refs. 34-3k The dashed horizontal lines indicatef,@ (Linde- ] ‘\I}: 1
mann localization lengtn,.=0.095) and the values of the radius of gyra- 0.1 [ . -
tion RS (=2.09) and of the end-to-end distanBé (=12.3). The filled 0.0
circles(®) for T=0.46,0.5,0.55,0.7,1 mark the valuesggfthat correspond TE sl el il v
. . . . ; 2 1 2 3 4 5
to the timet;; where the non-Gaussian parametgris maximum(see Fig. 10 10 t 10° 10" 10" 10

2). The solid line labeled-t%° shows an effective power law describing the
data in the regime £g,= Ri, where the connectivity between the mono-
mers dominates the dynami¢Ref. 38. Two other solid lines indicate the
behavior in the ballistic regime~t?) and the diffusion of the center-of-
mass (®t).

FIG. 2. Non-Gaussian parameter of the monomes&) (upper paneland

of the center-of-mass of the polymes$(t) (lower panel vs time for dif-
ferent temperaturesy,(t) and a5(t) are defined in Eqs(2) and (3). The
temperature ranges from the high-normal liquid state above onset of
caging (T=1; thick dashed lines in both pangl# the supercooled state of

the melt slightly abové y,c1=0.45 (T=0.46; thick dash-dotted lingsTem-
regime.” In thea-regime a monomer begins to move subdif- perature decreases from the bottom curve to the top curve in both panels.
fusively due to the bonding to its neighbors and finally The dashed horizontal line<(0.043) in the upper panel indicates a possible

; 2 _ : intermediate plateau toward which al,(t)-curves could converge. This
ap> = -to- L - . . ; :
diffuses freely as soon Re (Re=end-to-end distange line is also included in the lower panel. The two vertical lines in the upper

Relative togo, the MSD of the center-of-mass is sup- panel indicate the timet;.* where clusters are maximum fdr=0.46 at
pressed by about a factor of\Lin the -regime. For longer 7@ g5 g5 (dashed lingand for T=0.55 att®=7.22 (straight line.
timesg; directly crosses over to free diffusion. There is no
intervening subdiffusive regime because the center-of-mass
is not subject to chain connectivity. These findings are in
good agreement with recent theoretical predictiths. 3([Re(t) —Re(0)]%

0= SR D -R(O PP ®

B. Non-Gaussian parameter whereR(t) is the position of the center-of-mass of chain

In the limit t—0, the monomers move ballistically, and at timet.
hence the self-part of the van Hove correlation function By definition, the non-Gaussian parameters vanish in the
G4(r,t), which is the probability for finding a particle at a limits t—0 andt—o. Otherwise, they are bounded from
distancer at time t, is proportional to the Maxwell- below because the mean-quartic displacement is always
Boltzmann distributiof® which has a Gaussian form. In the larger than or equal to the square of the mean-square dis-
opposite limitt—o, the polymers behave as if they were placemenf a,(t),a5(t)=—0.4]. A negative value of the pa-
isolated Brownian particles subjected to a heat bath, antameter means that the particles move on average less far
hence diffuse freely. Due to chain connectivity the mono-than expected for a random walk, whereas a positive value
mers must follow the diffusive motion of the center-of-mass,implies that they move farther. The latter case is often ob-
andGg(r,t) is again Gaussian. served in computer simulatiohs*® and experimenté*547

At intermediate times, however, there may be deviation®n glass-forming liquids.
from Gaussian behavior. A possible means to measure these Figure 2 showsx,(t) and a5(t). With increasing time

deviations is the non-Gaussian parametgt)*° the amplitude ofa,(t) and a5(t) increases to a maximum
3([ri(H)—r;(0)]% value which occurs alj;2 for a,(t) and att’;p for ab(t).
1 I 2
ay(t) = 5([r(H)—r,(0)1%2 1, (2 Notice that the peak height is larger fap(t) than fora(t)

. o o . and thatt* andt”, are differentt”, is shifted by about half
wherer;(t) is the position of monomarat timet. Similar to 2 a a3

a,(t), which quantifies deviations of the monomer dynamicsa decade to Iongernziarxnes fr<0.52. Furthermore, a com-
from Gaussian behavior, one can also measure these deviarison oft; andtg,” (Ref. 25 indicates that both time
tions for the chain motion by calculating a non-Gaussianscales occur in the latgfearly« relaxation regime, but that

parameteib(t) for the polymers as tha slightly precedeszz. There isa priori no reason why
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this particular non-Gaussian parameter and the mean clustdre displacements of the monomers and of the chains follow
size should peak at the same time. However, with improved Gaussian distribution, in which case,(t) and a5(t)
statistics, the previous estimatestdf* may shift closer to  should vanish at all times. The finite value of the plateau
tzz. In our subsequent analysis, we will mainly referttg points to small, but systematic deviations from Rouse behav-
when comparing different time scales. ior. This value is approximately the same for bath and

The small amplitude of5(t) may be attributed to the ob, and roughly agrees with the maximum of found at
difference in packing of the monomers and of the chains. Thd =1. The latter observation could imply that the occurrence
monomers of our model exhibit an oscillatory pair- of the plateau is related to the weak interactions between the
distribution functiong(r)3® whose shape and range are very C€nters of mass alluded to above.

similar to those found in simple dense liquids. In contrast to /" summary, the interpretation of Fig. 2 suggests that
that, the pair-distribution functiog,,(r) for the centers-of- deviations from Gaussian behavior in our model might have

mass is fairly structureless, and resembles glie) of a ENO ongmrs]: The weak} tempelratlére mdepe”ngem mteraptm;
gas*®4°This reflects the fact that polymers are soft, strongly?€Ween the centers-of-mass leads to small deviations in the

interpenetrating objects and that the effective interaction bel_ong-tlme subdiffusive regime. Preceding the subdiffusive re-

tween the centers-of-mass is weak. If this interaction weré’ime strong T-dependent deviations occur due to the caging

: n nt correl motion of monomer rvi
zero, there would be no resulting force on the center-of d subsequent correlated motion of monomers as observed

mass. Then, the chain would diffuse freéiyutside the bal- in dense simple atomic liquids and colloids. This drives the
listic r.egime'. The small, nonzeraS(t) atT=1 may thus be sluggish glasslike relaxation of the monomer and, as a con-

I sequence, also that of the center-of-mass. Our subsequent
related to a weak force arising from the presence of other S .

S ) analysis will focus on this correlated nature of the monomer
chains in the volume occupied by a polyme@r.

On cooling the melt toward et a pronounced maxi- dynamics.
mum in time occurs for both non-Gaussian parameters. Sincl(ﬁ_ INVESTIGATION OF SPATIALLY CORRELATED
Jen(r) is (nearly temperature independetftthe maximum MOTION
of ) cannot be attributed to enhanced interchain interac- o N
tions at low T. The similarity betweer, and af rather ~A- Definition of mobility

suggests that the coupling between monomer and chain \We investigate the nature of the spatial correlations in
dynamics® drives the behavior of5(t). If the monomers of  monomer displacements as in Refs. 25 and 31 by focusing on
a chain are trapped in their cages and prevented from moythe motion of the most mobile monomers in a given time.
ing, the center-of-mass cannot move either. On the otheFollowing Ref. 25, we identify highly mobile monomers as
hand, if a sufficient number of monomers move far duringthose 6.5% of monomers with the largest scalar displacement
the timet, a large displacement of the center-of-mass resultsatt#_ In this definition, the mobility of a monomer at any
As many monomers of the same chain are involved in thisime t,, is characterized by calculating the magnitude of its
motion, a large displacement of the center-of-mass shouldisplacement withirt , :

take a longer time than for a single monomer. This explains wi(t,) =Ir(t)—r,(0)]. 4

why t*, is larger thart; .
2 Other similar choices have been discussed elsewfidvet

In ition he maxim hows tw nspi . o o
ao_'dFO ot € maximumg, Sho St 0 CONSPICUOUS ) oq6 alternate choices of mobility do not qualitatively affect
features: First, there is a small, temperature independent St%%r results

at t=~0.1. This time corresponds to the crossover of the
MONomer mean-square dl_splaceméMSD) 9o(t) from the B. Mean-square displacement of mobile monomers
ballistic to the plateau regime. The step can be more or less
pronounced, depending on the microscopic properties of the We first characterize the motion of the mobile monomer
system studied?*>*651Second a,(t) relaxes toward a pla- subset, and investigate how that motion is affected by the
teau at long times before decaying to zero. This behavior ishoice oft,. To this end, we calculate a specially defined
clearly visible forT=1.0, while lowerT are only indicative =~ MSD gom(t, ,t), which calculates the MSD, as a function of
of a similar trend. Figure 2 suggests that the plateau value i#me, of a subset of monomers that are identified to be highly
the same for allT, but that the time when it is reached mobile in a specific time window,, ,
increases on cooling. FAr=1 the plateau is attained when 1
the MSD of all monomers is=1, and this occurs &t~ 10. <
For T=0.46, the plateau is only reached # 10°. This time
corresponds to displacements of the order of the chain sizdere, M,,(t,) denotes the subset of mobile monomers at
for T=0.46, i.e.R3<go<RZ (Ry andR, refer to the radius timet, in the melt comprised ofl monomers. For all times
of gyration and the end-to-end distance of a polymer chainthe number of elements iM(t,,), 0.065/, remains fixed,
respectively. Because the motion of the monomers becomeslthough the composition of the subset changes wjthat
diffusive forgo,>RZ, one can speculate that the length of thedifferent times different monomers will be among the 6.5%
plateau decreases with decreasing with the largest displacement. By fixirtg and varyingt we

For all T the plateau occurs dy=1. This corresponds to fix this composition for allt and follow the motion of only
times where the Rouse modeis believed to describe the those monomers that have been found to be mobile, at
dynamics of nonentangled chains in the ni8ln this model  However, we can also calculate the MSD of the mobile

> )[n(t)—ri(onz. (5

e Mm(t,

Jom(t,,t)= 0.065/
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FIG. 3. Comparison of various MSD'’s @t=1 (a) andT=0.46(b). The thick dashed curve is the average M8E(t), of all monomers in the melt, whereas

the dash-dotted curve represents the MSD of all mobile monomgrgt). gom(t) results from the concatenation of the cusps of the thin solid curves. Each
of these solid curves shows the time evolutiorggf,(t,, ,t), which is obtained by averaging over all those monomers that have been found to be mobile at
t=t, (=time when the cusp occyrsThe vertical solid lines in both panels show the titﬁzewhere the non-Gaussian parametgris maximum. In(b) the
vertical arrows indicate two times, , one at the beginning of the platea, £ 1.038) and in thex-regime ¢, =2634). The insets ita) and(b) illustrate the
difference between the average MSD and that of the mobile particles by shawig, ,t)/go(t) for t,, well beyond the ballistic regimec) compares
Jom(t)/go(t) to a,(t). The non-Gaussian parameter is shifted upward by 3[d48hed horizontal line, see E@)]. The vertical arrows indicate the time
wheng,=R2 for T=1 andT=0.46, respectively.

monomersgo,(t), as done in Ref. 25; this corresponds toare always faster than the average, since the system is er-
the choicet,,=t in Eq. (5). In that case, the composition of godic. Rather they behave as the average i, , acceler-
the subset may vary for different times. ate ast approaches, , and finally relax back to the average
Figures 3a) and 3b) compareg,(t) with go(t) at T for t>t,. This cycle is symmetric on a log-scale &t 1 if
=1 andT=0.46. Qualitativelygy(t) andgom(t) exhibit the t >t22, ., in the subdiffusive regimgnset of Fig. 3a)].
same behavior at both temperatures. However, there aimilar behavior is found aT=0.46 for times beyond the
quantitative differences. As expected, the mobile particlegpjateau in the subdiffusive reginimset of Fig. 3b)]. How-
alWayS move S|gn|f|cant|y farther than the aVerage At earl)bver the Cyc|e |S fa”’|y asymmetnc in t}‘&reg|me |ft
and very late times, the ratigym(t)/go(t) is approximately  at the beginning of the platedaurve indicated by an arrow
3.14[Fig. 3(c)]. This value can be predicted from the Gauss-at t ,~1 in Fig. 3b)], the monomer accelerates fast, but
ian behavior of the displacements in the ballistic and diffu- takes a long time to relax back tp(t), whereas the behav-
sive regimes. I3(r,t) is a Gaussiargom(t)/go(t) is given jor is opposite ift,, is in the a-relaxation regimdcurve in-

by>* dicated by an arrow &t,~2600 in Fig. 3b)].
gOm(t) 4 _y*
—— =1 ————(x*)%%e ", (6)
t 5/
9o(t) 0.065/9m C. Mobile monomers and the role
where x* is determined by the normalization condition of chain connectivity

(A7) [ 7 dxx? exp(—x?)=0.065. This yields* =3.6136 so
thatgom(t)/go(t)=3.143.

At intermediate timesgg,(t)/go(t) is larger than 3.14
and behaves qualitatively in the same way as [Fig.

The previous subsection discussed the motion of mobile
monomers without distinguishing whether or not they are
connected to each other. The interplay of connectivity and
mobility is one of the main issues we wish to address. Intu-
3(c)].*° In particular,go(t)/do(t) exhibits a maximum at itively, one may expect that the bonds in a chain provide a
=tj,, the amplitude of which increases with decreasing preferred direction along which mobility can be “transmit-
This illustrates again that the most mobile monomers movéed.” To investigate this polymer-specific effect we calculate
farther than expected for a random walk. The difference irthe mean contiguous segment lendih,(t), which is de-
mobility between all and the fastest monomers grows orfined as the average number of mobile monomers that are

cooling and is most pronounced in the Ig&early-« regime.

Figures 3a) and 3b) also showgg m(t, ,t), which illus-
trates how the monomers that are moblle#atnove at other
times. As found in other simulated liquid$,the mobile

consecutively bonded to each other on a given polymer
chain, averaged over all chains that contain at least one mo-
bile monomer. Figure 4 illustrates this definition and shows

that there can be multiple contiguous segments on a single

monomers do not belong to a special class of particles thathain.
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FIG. 4. A schematic diagram showing how the average length of contiguouElG' 5.BMt_a:n§?Snltlggours] sdegment Ie;?EB(L)GVZ tlr;:edfor 3" tempira-
segments of mobile monome (t,), is defined. Assume that, at time tures. BesidesT =1 (dashed curveand T=0.46 (dash-dotted curyethe

t,, only the shaded monomers are considered to be mobile. The first thOHOW'ng temperatures are showfsolid curves from left to right T

V1 - —
monomers constitute a contiguous segment of length 2, then there are fivéoj' 0'65'_0'6' 0.55,0.52,0.5, 0'48’ _0'47' FFG“_ andT70.46,2the open
ndlcate’;2 and the arrows indicate the time whgp=Rs .

nonmobile monomers, followed by another contiguous segment of length FqUares |
So, the average length of contiguous mobile segmeni j(t,,) =2.5.

whether they are bonded to each other orAdluster for-
1. Correlations of mobile monomers in a chain mation related to cage breaking is also observed in a binary

Figure 5 shows\, (1) for all temperatures studied. In LJ-mixture close tolycr** and in experiments on colloidal
the ballistic regime we expect no correlatidist and find ~ Suspensions close to the glass transitibfihus, chain con-
N¢ m~1.06. The value\, ,~1.06 could also be obtained by Nectivity is not necessary for clustering. As in nonpolymeric
calculatingN, , after selecting 6.5% of monomers at random!iquids, the clustering is rather a consequence of the self-
and labeling them as “mobile.” Therefore, no significant dy- generated cooperativity between the local motion of the
namic correlations between bonded nearest neighbors exi§@ged monomers in the cold melt. To a large extent, this
in the ballistic regime. cooperativity is lost adN. , crosses over to the minimum.
Beyond the ballistic regiml, (t) increases, but never The minimum and the sub_sequent steep rise, Wh_lch corre-
exceeds~1.5 as long ag=<t* . Thus, in the studied tem- SPond to the second relaxation mechanism, are a signature of
2 i-“_«*ouse—type, polymer-specific dynamics because they are, at

perature interval, the relaxation mechanism does not corr .
east as precursors, already presentatl where no caging

spond to the sliding motion of many consecutive monomer:
along the backbone of the chain, since that would requiré’ccurs'
N¢ m to be of orderN. The small value oN, ., rather sug-
gests that the relaxation in th@regime is predominantly 2. Mobile end monomers
determined by the dense local packing of the melt and not by |, addition toN, ,, we also analyzed the mobility of end
chain connectivity. This is consistent with the degree tomonomers as corﬁpared to central monomers in polymer
which the ideal MCT for simple liquids is successful at de-chains by calculating the fractiofy, ,, of mobile monomers
scribing the dynamics of polymer melts. However, this doeshat are end monomers. FiguréBshows the time evolution
not imply that chain connectivity is completely irrelevant. of Nf. /2 for all temperatures. The factd#/2 takes into
For T<0.7 (below the onset of cagingN, (t) exhibits a  account that the priori probability of finding an end mono-
maximum attg (=t7 ) in the time window of the latg%/  mer among thél monomers of a chain is &/ If the mobil-
early-w process. The maximum increases upon cooling toity of the ends cannot be distinguished from the average,
ward Tycr. Thus, the colder the melt, the larger the ten-Nf, /2 should be 1. This is the case in the ballistic regime,
dency for the mobile monomers to be nearest neighbors iwhere the monomers are independent of each other, and in
the chain. the diffusive regime, where they follow the motion of the
For times larger tham;":; spatial correlations between center-of-mass. At intermediate times, however, we find
mobile monomers diminish. The length of the contiguousNf, /2>1, and hence chain ends are more mobile than in-
segments relaxes back to a minimum. The minimum occuraer monomers.
at tgj;g which roughly corresponds to the time whegg=1 We compareNf, /2 with the ratioge(t)/go(t), where
(subdiffusive regimg Fort>t2‘;g, the crossover to free dif- g¢(t) is the MSD of the end monomefEig. 6b)]. The time
fusion takes place and. ,, continuously increases, possibly dependence ofNf. /2 closely agrees with that of
converging to its upper limiN, because the displacement of ge(t)/go(t). This implies that the qualitative relationship be-
the center-of-mass is predicated upon a concomitant motiotween the motion of the mobile ends and that of all mobile
of many monomers in the chain. monomers is not different from the average behavior of the
The occurrence of the maximum and the minimum sug-melt. However, there are quantitative differences. For times
gests that there are two relaxation mechanisms at low tensutside the ballistic and diffusive regimesf, ,(t)/2 is
perature: One, occuring whe, ,(t) is a maximum, corre- larger thange(t)/go(t), except in the window of the inter-
sponds to the cage-breaking process. Here, clustering ofiediate plateau (MCT B-procesy where Nfg (1)/2
highly mobile particles is most pronounced, irrespective of~ge(t)/go(t).
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FIG. 6. (a) Fraction of mobile end monomefsg ,, vst. fg ., is multiplied byN/2 (=5) to account for the fact that there are only two ends per chain. Besides
T=1 (dashed curjeand T = 0.46 (dash-dotted curyehe following temperatures are shovsolid curves from left to right T=0.7, 0.65, 0.6, 0.55, 0.52, 0.5,
0.48, 0.47. FoiT=1 andT=0.46, the open squares indicatg, the filled squares the time whep=R2. (b) Same as ira), but for ge(t)/go(t). ge(t) is

the MSD of the end monomers.

When leaving the ballistic regime, /g, first increases. decreasingT. Previous analyst4>°3"8showed that this
This increase can be understood by the short-time expansidime window corresponds to the MCA-process where one

of the MSD of monomei*° expects temporary intermittence of particle motion due to the
. " cage effect®® In the B-regime,g,(t) is close to the local-
([r(H-ri(0)2)=2t f dt’(l— T)<vi<t>-vi(0>> ization length 8 ;,***°
0
e Gn(t)=6r7c—6hG(1)  (n=0g). ™
~3Tt3 1— %tz (t small, Here, only theB-correlatorG(t) depends on time and tem-

perature, whereas the other parametgrsandh, are inde-
where(v;(t)-v;(0)) is the velocity auto-correlation function pendent ofT (close toTycy). Since 6,G(t) represents a
and F; the total force on monomer Since an end is only small correction to ﬁﬁ,m Eq. (7) suggests g./go
bonded to one monomef; is smaller than for inner mono- ~(re,C/r01C)2 (=1.046) in the time window of the
mers. Thus, one expeds/go>1 (and alsoNf, ,/2>1) for ~ B-relaxation. Figure 6 shows thgt/g, andNf, /2 are in-
times just outside the ballistic regime. In our model the ratiodeed close to 1 in this time window. This illustrates that the
continues to increase up to a maximum that occurs aroundifferent bonding of end and inner monomers does not cru-
t~0.13. This is close to the time where the velocity auto-cially alter the dynamics in th@g-regime. Here, the relax-
correlation function becomes negatifeThe inversion of the  ation is determined by the local packing of a monomer and
initial direction of the velocity is caused by rebounding col- its nearest neighbors, which (glmos}) the same for end and
lisions between a monomer and its neighbors. It is typical ofnner monomersin our mode).

dense liquids and must occur in the same way for end and

inner monomers. Therefore, the difference in mobility shouldD. Stringlike motion

diminish andg./ggy should decrease. In fact, the simulation

fnhi(rz;,r\futr:a;’ngoirigrr:gz g?gf;igo ﬂéfct)sdsicsreciseerst;o:’ztrgea for the spatial correlations between highly mobile monomers
) . ' i . P closely resemble those found in a binary Lennard-Jones
rise. The rise reaches a maximum close to the time where thgiyre 24 References 23 and 24 also reveal that, in binary LJ

MSD of the center-of-masgz equaRg. This roughly corre- liquids, the clusters are composed of smaller objects called
sponds to the Rouse time>” of our model. Thereafter, the «strings » which are sets of highly mobile particles that

The cluster analysis of Ref. 25 showed that the results

*
az’

transition to free diffusion takes place. . move in quasi-one-dimensional paths, replacing one another
The enhanced mobility of the end monomerstort, a5 they move. Following Ref. 24, any two mobile monomers
is not unexpected. The Rouse theory prediiggo=2 in i andj are considered to be in the same string if

the time regime where the monomer displacement follows a .
t1/2 behaviogr(i.e., fort<rg).>In the preseF;lt simulation, the min{|ri(t) =r;(0)]. [r;(—ri(0)]]<0. 8)
maximum ofg./gq is smaller than 2, partially due to short This equation means that mononiemoved fromr;(0) to
chain effects. Longer chains may attain the Rouse prediction;(t) in time t, while the other monomej simultaneously
more closely if entanglements can be neglected. approached the initial position @fwithin a sphere of radius
The double-peak structure gf/gg is present at all tem- 8. 6 must be sufficiently smaller than the Lennard-Jones di-
peratures. When cooling the melt towafg,ct two addi- ametero (=1) to guarantee thgt unambiguously replaces
tional features can be observed: First, the second peak i. For the binary LJ-mixture, a good choice wés 0.6.23
relaxation strongly shifts to longer times. This is the For the polymer model under consideration we find that
signature of the slowing down of structural relaxation. SecEq. (8) with §=0.6 may, in a very small percentage of cases,
ond, the curves collapse in the time window of the minimumlead to ambiguities. With this choice @f more than one
which deepens and evolves into a protracted plateau witmonomerj can “replace”i simultaneously. If this happens



J. Chem. Phys., Vol. 119, No. 10, 8 September 2003 Dynamics of a supercooled polymer melt 5297

frequently, a “string” may contain many Y-like portions, i.e., 24g
two monomers are equally likely to occupy at time the £ 22
initial position of i. To remove this ambiguity we use a 2 oF
modified definition where any two mobile monomeérandj 2 3
. S . o 1.8F
are considered to belong to the same strirjgréplaces and k= 1 sE
i=arg min [Iri(t)—ri(0)[]. 9) 2 1 4E
{illrj() = ri(0)|<a} s 1 of ®
That is, at any time, i, andj are considered to be in the = '1 3 Lis” -~ =3
| FRTRTIT M 1 b |l

same string only if the position gfat timet, r;(t), is within

a radiusé of the old position of, and alsg has the shortest
distance fromr;(0) when compared to that of all other po-
tentially replacing mobile monomers. Similarly, wheme- FIG. 7. Average string lengths(t)) of all mobile monomers and average

: . . . . . string length in contiguous segments of mobile mononjeyg(t)) vst with
placeSJ, the monomers andJ are in the same string if replacement parameté¥=0.55. The temperatures shown dfem left to

- ; _ right): T=1, 0.7, 0.65, 0.6, 0.55, 0.52, 0.5, 0.48, 0.47, 0.46. The dotted

=ar min i i .

J g{j|\r-(t)7r-(0)\<5}[|rl(t) rJ(O)H (10 vertical lines in the lower panel indicate the time whenis maximum for

: I T=1 (t;,=0.766) andT=0.46 (t;,=100.894), whereas the dashed verti-
Compared to Eq(8), Egs.(9) and (10) are more stringent cal line indicates the time[>* when the cluster size is maximum fat
clu .
criteria for identifying stringlike motiori’ However, the new =0.46 (t*=65.85). A string length of one corresponds to an isolated
definition and Eq(8) give the same result fof<0.45. For mobile monomer, i.e., no “bond” could be formed between two mobile
_ . s o o monomers via the replacement criterion of E¢®. and (10). Figure 10

5_0-_6 we found Y-like ambiguities in 1%, and f@_0-55_ shows that despite the small average string length, large strings containing
only in 0.2%, of the replacements. Although these ambiguup to 12 monomers occur with significant probability.
ities are relatively uncommon, we wish to avoid them as
much as possible while still using a definition close to that )
used in Ref. 23. Thusy=0.55 is chosen for the subsequent String length of one means that the mobile monomers are
analysis. separated from each other, and do not replace other mobile

Once strings are identified at any tiretheir transient Monomers when they mov& For a replacement to occur the

nature andT-dependence may be studied by calculating theShortest distance a monomer must travel is the nearest-
mean string length. There are two different definitions that’€ighbor distance~x 1) minusg, which is roughly 0.45. Fig-
may have relevance here. One definition is provided by thélré 3 shows that such a displacemegg {~0.2) occurs at

102 10" 10° 1o1t102 10° 10

weight averaged string lengtfs(t)),,, defined by® t~0.2 atT=1 andt=2 §1th0.46. These estima}tes are
. close to the times at whickis(t)) and (ss{t)) begin in-
2s-18°P(s) creasing.

(11) A string length larger than one implies that mobile

monomers tend to replace each other. This trend is present at
all temperatures, but becomes more pronounced on cooling.

SIS
wheres=s(t) andP(s) are the string length and the prob-

ability of finding a string of lengtts, respectively. This defi- When compared to the MSD of mobile monomegs, the

nition is relevant in the context of percolation theory, Wh'ChéJeak timet™ for (s(t)) corresponds to a time whegg,,

was used to analyze clusters of mobile monomers in Ref. 25_4 [see Fig. 8) or 3(b)]. Thus,(s(t)) is maximum when a
For completeness, we present the results(&f)),, in Ap- mobile monomer moves on average a distance equal to its

pendix A. L , size. With respect to the MSD of the bulk, this time corre-
A second definition is the number averaged string lengthy, s 1o the time when there is a crossover from a caging
(s(1)), defined by regime to a subdiffusive regime, similar to what is observed
3% ,sP(s) for other dynamical quantities as discussed in earlier sec-
<S>= EOO—P(S)' (12 tions.
s=1 For times larger thang™, (ss{t)) relaxes back to its
whereX=Z_,P(s)=1. This definition arises in the context of initial value of one, wherea&s(t)) asymptotically tends to a
equilibrium polymers, which we discuss later in this sectionslightly larger value - 1.04). This disparity is related to the
as it appears to be relevant to the present study. Thus it is thiefinitions of(s(t)) and(ss{t)) which give rise to a differ-
definition on which we focus in this section. Additionally, in ent larget limit in the diffusive regime(see Appendix B
order to investigate whether or not chain connectivity favorsNotice that thetf;™ occurs at a slightly later time thatf*.
the formation of strings, and to understand the interplay ofn principle, one would expect the clusters of mobile mono-
connectivity and mobility, we calculate the number averagedners and the strings they are comprised of to be maximum at
string length (se{t)) of contiguous segments of mobile roughly the same time. This apparent discrepency is cur-
monomers in a chain. The comparison of the two quantitiesently being investigate®f In the present system, finite size
should reveal the contribution of chain connectivity to theeffects may occur at low, where the clusters become larger
formation of strings. than the simulation cell. This could give an estimate
Figure 7 shows the time evolution ofs(t)) and different from the asymptotic value. It is also possible that in
(ssedt)). Qualitatively, both quantities behave in the samethe present systemsg ™ is larger thantgi* because there

str clu
way. At short times({s(t)) and(ss.{t)) are equal to one. A may be a time delay for mobile particles to rearrange them-
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LA Equilibrium polymers are systems in which the bonds
between monomers are not permanent. They can constantly
break and recombine at random points along the backbone of
a chain. In chemical equilibrium a melt of these self-
assembling polymers is characterized by an exponential dis-
tribution of chain lengthsP(s)~exp(—s(s)) (if s is large,
and by a mean chain length that increases exponentially with
the energyE gained by bond formatior(s)oexpE/T).
001 T Ty In our context, the mobile monomers also self-assemble
TMyer -1 into chains, driven by the sluggish dynamics of the cold
melt. The dynamically created bonds can break and recom-
FIG. 8. Temperature dependence of the ratiqst{tg")) and(s(tsz)-  bine at any instant. They are more likely to form, and thus
tsr" is the peak time 0fs.g and(s) at different temperatureslycr  «gronger,” the larger the choice of. This suggests a corre-
—045 spondence betweeflandE, the simplest assumption being
Eox . Figure 9 shows that this assumption is not unrealistic.
Despite the disparity between the theoretical premise of long
selves in a special one-dimensional path. In any case, despighains and the relative shortness of our strings, a reasonable
this small difference in the peak times, batff* andt3}3*  superposition of string lengths, found for variofiandT, is
occur in the lateg/early-w relaxation regime when particles obtained. This implies that any of the values Bpresented
begin to break out of their cagéThe different relaxation could have been chosen for the present analysis.
times discussed in this work are compiled in Appendix C and  From the analogy with equilibrium polymers one ex-
their dependence on temperature is compared. pects that the strings have an exponential distribution. Figure
To understand the role of chain connectivity on strings,10 shows the distribution of the string lengttiound att%>.
we comparg sty )) and(s(tgr ) in Fig. 8 by taking the At the highest temperatur@= 1, P(s) is an exponential and
ratio of the two quantities. A ratio near orienless both the decreases rapidly with increasiegThe most frequent string
numerator and denominator are equal to)anglies thatthe  |engths ares=1,2. Their probability remains essentially un-
strings are the result of consecutively bonded pairs, i.e., thashanged on cooling, whereas longer strings occur much more
monomers moving in strings actually move along the backfrequently forT<1. The tail of the distribution appears to
bone of the chain to which they belong, indicating an impor-remain exponential, further supporting the possible interpre-
tant contribution from connectivity to the formation of tation of strings in the same context as equilibrium polymers.
strings. On the other hand, a ratio close to zero implies thagimilar observations of exponential distributions were also
stringlike motion occurs among nonbonded monomers anghade in simulations of a binary LJ mixtufg.
that chain connectivity is insignificant. As indicated in the The weight averaged string leng¢s(t)),, is presented
figure, (Sseg/(S) decreases &b approached ycr, suggest-  in Appendix A. We find that{s(t)),, and the number average
ing that chain connectivity becomes less important for string{s(t)) behave qualitatively in the same way, but are quanti-
like motion at lowT. tatively different. This difference characterizes the variance
The previous analysis was performed with=0.55.  of the string length distribution because
When introducing the criterion for defining strings we argued ((s=(5)D  (Sh

0.9

(Sgeg/(S)

0.7 .

that the precise choice dfis not crucial, as long as its value 5 = 1, (13
is sufficiently small. To illustrate this point, Fig. 9 shows the (s) (s)
temperature dependence of the maximum average stringhere(-) denotes the number averafgee Eq.(12)]. The

length, (s(t2)), for various . We find that the strings be- ratio (s),,/(s), shown in Fig. 11, is referred to as the “poly-

come longer if§ increases. This is expected, since more pardispersity index” in the context of polymerization. We find
ticles satisfy the-|< & condition. However, the qualitative that the strings are most polydisperse for times of the Bite-
features are independent 6f To support this point further early« process and that this maximum of polydispersity in-
we invoke an analogy, first proposed in Ref. 23, between thereases with decreasirg

strings and equilibrium polyméets®3 (see also Ref. 64 and In carrying out this analysis, the question arises as to
references therein whether a string of length one should be included or not in
FR T T LA A I 08F W Tome T FIG. 9. Left panel: average string length) vs T for
2.0F, e 5=0.60 0.7F * T=047 £ various 6 [see Eqs(9) and (10)]. The string length is
18E - 06E X 1-080 )= calculated at3®™, where it is maximum. Right panel:
R neex 520,45 o5k S 1882 q&%’ E rescaling of(s) as suggested by the analogy with equi-
w16 -0 5=0.40 \2/ 0 4 Y T=065 E librium polymers(see text for details A satisfactory
= 2 Eﬂ” &W collapse of the data for all and 6 is obtained except
0'35' M 3 for T=1, the temperature below which supercooled lig-
0.2¢ ﬂf]@ E uid dynamics occurs in this model. At this temperature,
O1—f/,,,,— strings larger than 1 occur very seldontgee Fig. 10
04 06 08 1 1.2 The dashed straight line is a fit through the dataTor

ST <0.7, yielding I{s)=—0.23+0.735/T.
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FIG. 12. Left panel: Definition oB[d;(t),r;;], Eq.(16). Right panel: Defi-
nition of #[d;(t),d;(t)], Eq.(17). In both panels, the dashed circles depict
the position of the mobile monomersandj att=0, whereas the shaded
circles represent their positions at tinbe The vectorsr;; and di(t) are
defined by Eqs(14) and (15), respectively.

FIG. 10. Semi-log plot of the probability distributioR(s) of the string

max

lengths for variousT. P(s) is calculated at=tj* where(s) is maximum. ; ; ; ; ;
iy . ) and forming strings of different sizes whose mean value is a
All data sets exhibifroughly) exponential behavior. Insee(s) rescaled by 9 9 max

the mean valués) vs s/(s). In addition to the temperaturds=0.46, 0.47, maXimum ata ti.mest_r : Since tYPica' diSpl_acements of mo-

0.48, 0.50, 0.52, 0.55 faf=0.55 the graph also includ@s=0.46 and 0.55  bile monomers in this time regime are still fairly lodalee

for both §=0.4 and§=0.6. The scaling deteriorates if data at highieis ~ Fig. 3), a replacement is most likely to occur between nearest

included. neighbors. In the remaining part of this section, we thus con-
centrate on neighboring mobile monomers and explore their

the caleulation of mean string lengths. One may argue th orre!ateo_l motion in further deta_il. In particular, we address
L . the directional aspect of correlations between mobile mono-

s=1 should be excluded from the calculation since by def|—mers that are bonded or nonbonded

nition stringlike motion requires one mobile monomer to re- Let monomers andj be nearest .neighbors 8t 0 and

place another, and .hence is not reaIIy_defineds‘grQ. In ., mobile at some later timé. We definei to be a nearest

other words, a §tr|r)g of !ength one |nd|cate_s a mobile neighbor ofj if their initial distance is within the first neigh-

monomemot moving in a string based on the criterion used. or shell of the pair-distribution function, i.e}r;(0)

To address this issue, we calculate the time evolution O—r-(0)|<l 535 The same definition was alsé u.se.,djin Ref

((t)) by excluding strings of size orfsee Appendix A for 25 | To sim.pl.ify the notation we write for the distance be-.

comparison. We find no qualitative difference between thetwéen two neighbors at time=0

two cases, but in the absencesaf 1 the mean string length

is accordingly larger. Therefore, to maintain the analogy of  ri;=r;(0)—r;(0), (14)

strings to equilibrium polymerization, in which polymers of and for the displacement of monoriein time t

length one are included, we restrict our discussion to the

mean values that include=1 and are calculated using the di(t)=ri(t)—r;(0). (15

number average. We can define the following angles:

E. Directional correlations between neighboring H[di(t),rij]zarcco%M . 6[di(t),r;le[0m]
mobile monomers |di()][rj] a8
The above analysis shows that mobile monomers follow
each other, replacing one another in one-dimensional |oatH:‘§,n
o[ d;(t) d-(t)]zarcco%M
A ldi(D)]d;(t)])’
o[di(t),d;(t)] [O0,m]. 17

These definitions are illustrated in Fig. 12. The first
angle[Eq. (16)] was proposed in Ref. 23. It indicates to what
extent a mobile monomer is displaced, at timen a direc-
tion parallel to a vector connecting its initial position to that
of one of its neighbors which is also mobile at timmeThe
b second angl¢Eq. (17)] measures the correlations between
10° 102 10" 10° 10" 102 10° 10* 10° the displacementd;(t) andd;(t) of the monomers at time

t t. Thus, it shows the extent of directional correlation be-

) ) o L _ _ tween any two neighboring mobile monomers. For both
FIG. 11._The polydispersity index” given by the ratio of‘the weight aver- bonded and nonbonded nearest-neighbor pairs we Computed
aged string lengti{s(t)),, and the number averaged string lengs{t)) - .
plotted as a function of time for all temperatures. The temperatures show}"nhe prObab”'ty distributions Pd,r( H[di(t)!rij]) and
are(from left to right: T=1, 0.7, 0.65, 0.6, 0.55, 0.52, 0.5, 0.48, 0.47, 0.46. P 4(6[ d;(t),d;(t)]) normalized by the probability for iso-
The vertical dotted lines indicat§2:0.766 andj,zz 100.894 forT=1 and tropic, uncorrelated displaceme‘?ﬁs
T=0.46, respectively. ForT=0.46 the vertical dashed line shows
thax (= 65.85), the vertical solid7™ (=236.26). Piso( #) = 3Sin( ). (18
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FIG. 14. C4 ((t) vs time for allT. C4, measures the tendency of a mobile
particle to replace a mobile nearest neighbor at tirfeq. (19)]. (a) and(b)
present the results for nonbonded and bonded nearest neighbors. In both
panels, the vertical dotted lines indicate the timgs for T=1 (t7,

FIG. 13. Probability distributiofPy (6[d;(t),r;;]) of the angle between the
displacement vector of a mobile monon(t) and of the vector;; be-
tween the initial positions of the monomer and of its mobile neighbér, ,

is divided by the probabilityP;s, for isotropic motion. The upper figure . .
presents theyresultz for bonilpelzl0 nearest ngighbors, the IoweIrDFf)or nc?nbonde,:do_j%) and f9rT:O'46 6222100'894)’ Whefreas the daShe_d vertical “n_e
nearest neighbors. In both cas@s: 0.47. The times shown are separated mdpates the timef* when mean cluster size, calculated in Ref. 25, is
from each other roughly by a factor of 10=0.098 (~first maximum of ~ Maximum forT=0.46 cu =65.85). The following temperatures are shown
fon), t=1016 (beginning of the B-regimg, t=9.014 (center (curves from left to right T=1, 0.7, 0.65, 0.6, 0.55, 0.52, 0.5, 0.48, 0.47,
of the f-regime, wherego=6rj ), t=93.33 (=tlm), t=1541.7 (=tly),

t=10° (2go>R)).

Figure 13 shows the ratiBy ,(0)/Piso( ) at T=0.47 for
several selected timeghe times are approximately uni- We use the absolute value of the cosine because the prob-
formly distributed on a logarithmic scajeit the earliest and  ability distribution is symmetric about 90°. In order to set
the latest time, we fin®y , (0) ~Pis(6), consistent with the Cy (t)=0 for isotropically distributed displacement direc-
expectation that the motion should be directionally uncorretions, we subtract (i)fZ|coséldg=2/m. The resulting
lated in these limits. This behavior persists up to approxiquantity measures deviations, in terms of directional correla-
mately t~0.1 for the short-time regime. For intermediate tions, from isotropic behavior and enables us to perform a
times, displacements perpendicular to the axjsare sup-  time-resolved comparison for differefit Note that Eq(19)
pressed relative t®s,, whereas motion parallel to it is en- s not an expectation value because the retjQ /P, is not
hanced as indicated by large values néar0 and#=180 g probability distribution. Ifd; andr;; are perfectly parallel
[Pa,(6) is symmetri€®]. This directional preference is par- o each otherC, , diverges.
ticularly prominent in the latg/early« regime: as the Figure 14 depicts the time and temperature dependence

monomers escape from their cages, they tend to replace @ ¢ . for both bonded and nonbonded nearest neighbors.
neighbor. Similar findings were reported in Ref. 23 for a LIgeyeral observations can be inferred from this figure: First,

mixture. Comparison between Figs.(aB8and 13b) shows
that this directional correlation is more pronounced for
bonded mobile monomers.

for all T the displacement of the mobile monomers is isotro-
pic in the ballistic regime and for times in the-regime

. . . provided thatd;>1.5 (for T=1 and 0.46 this implies>10
TO. ascert'c_nn _the !nfluence of temperaFure on _the tlméc)mdt> 10%, respectively; see Fig)3Second, at intermediate
evolution of this directionally correlated motion, we find that times the motion of mobile monomers shows an enhanced

a direct comparison of the probability distributions obscure . : .
the details, since the graphs become fairly crowded and hijteendency to replace a nearest neighbor. This tendency is

. . . .presen [ incr n ling towalqcr. It
the main trends. Thus another averaged quantity, which gresent at all, but increases on cooling towalcy . It is
o ; S oo maximum in the lates/early« regime. Third, the propensity
sensitive to preferential motion in the direction parallel to . . N
. . of displacements along the nearest-neighbor axis is more
rij , is proposed. One choice is

pronounced if the neighbor is directly bonded to the mobile
monomer. These findings concur with those of Fig. 13, but in
addition demonstrate thE-dependence.
For 6[d;(t),d;(t)] we define a similar quantity to mea-
y Pa, (6[di(t),ri;]) do[d(1).r,1]— E (19 Sure the tendency of mobile neighbors to follow each other at
Pisol a[di(t)7rij]) J w timet

1 (=
Car()=— fo |cog 0L d;(t),ri;])|
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FIG. 15. Cy4(t) Vs time for all T. Cy 4 measures the tendency of two FIG. 16. Recapitulating the comparison of the time dependence of various

neighboring mobile particles to follow each other at timEEg. (20)]. (@) guantities discussed in th!s paper. In all cases, the tgmperatﬂ'r*e 0s46
and(b) present the results for nonbonded and bonded nearest neighbors. (H;MCT:0-45)- Thfe.upper figure shows the non-Gaussian paranmggsd _
both panels, the vertical dotted lines indicate the tin‘[gezsfor T=1 (tZZ aj. These quantities are averages over all monomers and all ;:hams_m the
—0.766) and foiT=0.46 ¢* =100.894), whereas the open squares mark meItj The other quantities s'hown are calculate_d from the 6.5% of highly

) Y2 T ) mobile monomers. They are: the fraction of mobile end-monoiNégs,/2,
the times whenge/go reacr_les its second maxmum=_(92 _for T=1,1 the average string lengis), the average length of mobile contiguous seg-
_23_3361 forT:_0.42;axsee Fig. b The dasheq vertical line n both panel§ ments of a chaifN, ,,, and the cosine of the angle between the displacement
indicates the timeg,” when mean cluster size, calculated in Ref. 25, is of 53 mobile monomer and the vector to one of its nearest mobile neighbors
maximum forT=0.46 (tg;"=65.85). The following temperatures are shown j, e chainC}, . The vertical dotted lines indicate the time of the first peak

(curves from left to right T=1, 0.7, 0.65, 0.6, 0.55, 0.52, 0.5, 0.48, 0.47, Nfe /2 (t=0.1104), the timazz (=100.894) wherex, is maximum,

0.46. whereas the vertical dashed line indicates the tfiff when the clusters

formed by the subset of mobile monomers is largest Ter0.46 (g0
=65.85) (Ref. 25. These times are also included in the lower fig(werti-
1 (= cal dotted resp. dashed linehis figure shows the MSD of all monomers
Cd,d(t)z _f cog H[di(t),dj(t)]) Jdo, of_ th(_a mobile mc‘momzergo,m, and_ of Fhe ceorlger-of-mas:‘;s: Th_e
T Jo behavior in the ballistic £t?), the subdiffusive <t%%9) and the diffusive
regimes ¢-t) are indicated by solid lines. The horizontal dashed lines depict
Pg,a(0[di(t),d;(D)]) 6r3. (Lindemann localization length,.=0.095 forg,), the radius of gy-
Y dofd;(t),dj(t)], (20 ration R? (=2.09), and the end-to-end distari® (=12.3
Predl 0L (D), 0 ()~ H lonRg (=2.09) istarke (=12.3)

which gives zero for uncorrelated motion and diverges to

+oo if the mobile neighbors follow each other in perfect ) b b s

alignment(or to —o for antiparallel motion parison. The difference betwee@ 4(t) andCy y(t) is Iarge_
Figure 15 depict<Cy 4(t) for all temperatures. Beyond for t~0.1 and fortzzsts TR, Where the mean-square dis-

the ballistic regimeC, 4(t) is positive for both bonded and placement of the end monomers is enhanced compared to the

nonbonded mobile monomers. The positive value impliesiverage displacement. It is plausible that a highly mobile end

that small angles between the displacemeit) andd;(t) monomer will trigger large displacements of the neighbor

are more likely than expected for isotropic motf§riThus,  connected to it and bias this displacement in the direction of

mobile monomers have an enhanced tendency to follow eadkts own motion. This effect is strongly suppressed in the

other for all times outside the ballistic regime. This tendencyB-regime, wherege(t) and go(t) are alike. For Etst’;z,

is particularly pronounced at=1, which corresponds to the cg d(t)/CQté(t)” constant, comparable ®@./g,.

early B-relaxation at low temperatures, and feft;,_, where ' ’

the monomer displacements are determined first by chain

connect.ivity' and Iqter by the diffusion of the center-of-mass,y, syUMMARY AND CONCLUSIONS

In the diffusive regime one exped; 4(t) to be large. After

large times many monomers have moved in similar direc- We presented a detailed analysis of the local dynamics of

tions so that the center-of-mass advances substantially. Muah simulated equilibrium polymer melt approaching its glass

before the diffusive regime, howevet, 4(t) first “grows” transition. Our analysis utilizes the 6.5% of monomers with

and then “shrinks” as the observation time increases. A cluehe largest displacement at some tim&hese monomers are

to interpret this behavior is obtained by calculating the ratiocalled “mobile.” For this subensemble, we addressed the fol-

of the bonded ) and the nonbondednp) neighbors. We lowing questions(1) Do the mobile monomers follow each

find that Cgvd(t)lcgﬁj(t)~ge(t)/go(t) (see Fig. 6 for com- other in a stringlike fashion, as observed for a binary LJ-
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FIG. 17. (a) Weight averaged string leng{s(t)),, of

all mobile monomers vs. (b) Number averaged string

3 length(s(t)) of all mobile monomers vscalculated by
excluding strings of size 1. In both figures, the tempera-
tures shown arérom left to right: T=1, 0.7, 0.65, 0.6,

E 0.55, 0.52, 0.5, 0.48, 0.47, 0.46. The dotted vertical
lines in both panels indicate the time whep is maxi-

g mum for T=1 (t§2:0.766) and T=0.46 (tfy2
"1"05 =100.894). The dashed vertical line indicates the time
toa when the weight averaged cluster size, calculated

in Ref. 25, is maximum folf =0.46 (72*=65.85).

clu

mixture?(2) If yes, what are the properties of these dynamicACKNOWLEDGMENTS

strings?(3) What is the influence of chain connectivity on
this correlated motion?
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ficient 1D (the productDls,” ~const, see APpendix ooy by o \WEIGHT AND NUMBER AVERAGED

C), which was shown in Ref. 31 to scale differently STRING LENGTHS

from the a-relaxation time when fitted to the power _ _

law of the MCT. The similarity in the scaling between ~ To compare the weight averaged string lengslt)),,

tT and 1D is not unexpected, becaus®® is ex-  With the number averaged string leng(t)), discussed in

tracted from the dynamics of monomers with the larg-Fig. 7, we show here the time evolution ¢),,, which is

likely the ones that determine the diffusion behavior,the figure[Fig. 17@)] that (s(t)),, is qualitatively the same

and henceD; as(s(t)).

the maximum string lengtlis(t™®)) increases with To address the issue of including or excluding strings of
str . . . .

decreasingl, approximately in an exponential fash- SIZ€S= 1, in Fig. 11b) we show the number avera_lged string

ion (Fig. 9. The distribution of string lengthsat any  '€ngth (s(t)) for severalT calculated by excludings=1.

T is roughly exponentialFig. 10. These findings are This calculation yields a similar result to that obtained by

identical to those observed .in a.LJ mixtdRand sug- including strings with sizes=1, but the number average and

gest an analogy between strings and equilibrium poly-the yve|ght averagénot shqwr) take larger values whes

mers, as proposed in Ref. 23; =1 is excluded compare Figs. 7 and 13)].

the average string length remains fairly small on cool-
ing. Even atT=0.46, (s(t3))~2 (calculated by in-
cluding s=1), although strings as long as 12 mono-
mers are observed:; For long times the average string length of contiguous
an important contribution to correlated motion comesSegments of mobile monome(se{t)), tends to 1, whereas
from chain connectivity. A monomer tends to replaceth® average string length of all mobile monome(st)),
one of its bonded neighborsee Fig. 7 and:gr in approaches a slightly larger value {.04) (see Figs. 4 and 7
Fig. 16. However, mobility is not concentrated along for an illustration of the string lengthsWe can explain this
the backbone of some chains. If this was the case, thdifference by the following argument: Let(|r;(t)
average string length calculated for the monomers of i(0)| <) denote the probability that a mobile monorner

a chain only(s.) (Fig. 7), and the average length of at timet approaches the initial position of another mobile

’ 'Se . )

mobile contiguous segments should be of the monomerj to within the ranges. Then, (0.06M —1)P; is
order of the chain lengtiN T?{gr,efore a relaxation the average number of mobile monomers that satisfy the cri-

mechanism in which mobile monomers are connecteapir'on of string formation. Hence, the average string length is

to each other and slide along the backbone of the'Ven by
chain is unlikely. (s(t))=1+(0.060M —1)P;. (B1)

APPENDIX B: LARGE TIME LIMIT OF THE NUMBER
AVERAGED STRING LENGTHS
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For P s we can write 10%¢ ———— —————3 At}
i oty
P(s:f d8<5([l’i(t)—rj(0)]_8)> 1035_ m:x
£<d F x t'seg

10°F * t’s‘:;
ZJ de jdrl(t)er(O)(S([ﬂ(t)—rJ(O)]_E) E ] max
e<d 1 10 t(:Iu
10F 3 max

P E~ 1+ ts’tr
><Gs<ri<t>—ri<0>,t>[mg<ri<0>—rj<0)>“(t large), o e
(B2) TMyer -1

where C?s(r't) an_d g(r) are the gelf.—pa_rt O_f the Van_ Hove FIG. 18. Log-log plot of characteristic time scales M yc1—1 (Tyer

correlation function and the pair-distribution function, re- —g 45). The times aret’, (maximum ofa,), t*, (maximum ofag), t7e

spectively. Sincq)g(r”)/M is the probability density that (maximum ofN; ), tggg (minimum of N ), tg?sz(maximum of the cluster

the two monomers are initially at a distancg=r;(0) size of mobile monomers; taken from hef.)zfgq,ax (maximum of(s), see

—1;(0), andGg(r;(t) —r;(0),t) is the probability density for  Fig. 7), andtf, (a time where displacement—displacement correlation func-

the displacement, (1) 1,(0), the podct pgCs/M gives 07,3 st ponounced e fom RS sl s boed b e
s : : ower law

the p_mbab"lty density for th_e _Vecm{(t) T (0), p_rOVIded fime resulting from a quantitative f\)/ICT analy$;=2.09(Refs. 34 and 3§

the displacement of monomeris not correlated withr;(0). and of the inverse diffusion coefficiehty=1.84 (Refs. 35 and 38.

This condition can only be valid for large times. If we per-

form the integral over thé-function and use the homogene-

ity of space, we obtain range of validity of Eq(C1), i.e., the highest temperature up
) to which the power law is observable, dependsXort-58
P‘S:ML@dSJ drijGg(rij+e,t)g(r;;) (t large. Fits to simulation data often show that E@1) only

holds approximatel§™®° Very close toTcr deviations oc-
B3 curin (almos} all systems(colloidal suspensions appear to
In the diffusive regime the van Hove function is vanishingly be an exceptiot?}”%§. These deviations may be rationalized
small for distances wherg(r) varies appreciably. Thus, we in the framework of MCT by relaxation mechanisms other
may replaceg(r) by its larger limit. This limit is O for the  than the cage effect that are not incorporated in the idealized
polymer pair-distribution functioR so that (Se9=1, theory’®"*In the remaining temperature interval where Eq.
whereas it is 1 in the case of the melt. Furthermore, sthge (C1) can be applied, the fits often find the same result for
is a normalized Gaussian, the integral ovgrjust gives 1.  Tycr, whereasy can depend oiX. For the present model,
Thus, we findP ;= (p/M) (4 5°%/3). Together with Eq(B1)  for instance, the relaxation times derived from intermediate

this yields scattering functions yield & that decreases with the modu-
_ lus of the wave vectog and approachegy , the exponent of
(s)=1+ 4m(0.06M 1)53,)_ (B4) the diffusion coefficient, in the lowa limit.***’ Since quan-
3M tities like the mean-square displacements or the non-

Using 6=0.55 andM = 1020, p=0.9058 afT=1 as well as Gaussian parameters are related to the smalehavior of
M =1200, p=1.0378 atT=0.46 we find(s)=1.040 and the intermediate scattering functiotts)* we expect that re-
(s)=1.046 atT=1 and 0.46, respectively. These estimategaxation times derived from these quantities exhibit a tem-

are in good agreement with the simulation data of Fig. 7 aperature dependence that is compatible wigh rather than
large times. with the exponent found at the maximum of the static struc-
ture factor.
Figure 18 shows the temperature dependence of various
APPENDIX C: CHARACTERISTIC TIMES time scales introduced in this study, including also the time
72X of Ref. 25 where the cluster size of mobile monomers is
Quantities such aa,(t) or N¢ (1), exhibit a maximum  maximum. As expected, deviations from the power (&)
at some time in the window of the-process. Ideal mode are found forT close to Tyt (i.e., T—Tycr=0.02). For
coupling theory predicts that, in principle, any time in the larger temperatures the relaxation times roughly agree with
a-regime may be chosen as a characteristic relaxation timgg. (C1). Within the (admittedly large statistical uncertain-
of the a-process(see, e.g., Refs. 2 and B6That is, the ties of the data and perhaps with the exceptiot{iif which
theory suggests that the relaxation timeg of different  seems to show a weaker increZsine exponents are closer
quantities X" should only differ in prefactors, but scale to y,=1.84+0.02° than to the result obtained at the maxi-
with temperature in the same way mum of the static structure factory&2.094%9, as sug-
T-T —y gested above.
= T§’<<T—MCT> (T—Trer)- (&)
mer 1J. Jakle, Rep. Prog. Physi9, 171(1986.
Provided thafl is sufficiently close tdl'ycr, the exponent 2y, thzé, in Proceedings of the Les Houches Summer School of Theoret-
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