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ABSTRACT: The dynamics of bidisperse (1K/4.5K) polyethylene (PE) melts in the Rouse-reptation transitional
region is studied using a newly designed dynamic Monte Carlo algorithm on a high-coordination (2nnd) lattice.
The internal relaxation modes fit the KWW relationship very well. The distinctive dynamic transitions have been
identified on the basis of mode analysis. The observed anomalous power law dependence of higher modes agrees
very well with other earlier molecular dynamics simulations using united atom models. For the long-chain
component in the mixture, the tube dilation concept has been visualized through the short-time diffusion of
monomers at different concentration, although the established tube dilation theory seems to be not applicable to
this transitional region. The diffusion coefficients have been calculated in real time units over the full concentration
range for this mixture of PE. Converting Monte Carlo steps into real time units was based on a previously
determined coefficient at the simulation temperature. The results are tested against both the Hess theory generalized
by Rathgeber et al. and the von Meerwall/Pearson model. Both models fit our data reasonably well. The two-step
relaxation of internal modes predicted by the Hess theory can be vaguely identified in the simulation but cannot
be faithfully designated due to the data fluctuation near the zero of the relevant autocorrelation function.

I. Introduction Carlo algorithm will be used to obtain the diffusion coefficients
(D) of individual components in real time units over the full
concentration range in this paper.

While the computer simulation is becoming a valuable tool
for predicting the material properties of realistic polymers, it
has also traditionally been an important device for evaluating
theories. For example, computer simulation rendered a strong
support to reptation theory and for the first time clearly

Computer simulation is an increasingly important tool for
predicting the material properties of realistic polymetshanks
to the more efficient and advanced algoritin¥sand faster
computers. Many computer models are fast enough to study
realistic entangled polymers now:* For example, material
properties such as diffusion coefficients and viscosities have

been computed and verified by experiments for polyethylene q trated that disol Y as th it
(PEY and polybutadien respectively. While most attention fGT”tO”S r%.et ? n:jean-sc;uare ISP a(;:.ff ; a(ljs ;erte;]sut b
has been paid to the monodisperse system in the course of! INtermeciate slowdown of monomer diifusion due fo the tube

evaluating existing theories, polydisperse systems deserve moréesmcnorﬁ9 While the reptation the(_)ry address_e_s entang_led
considerations in practice because most commercial polymersphenomena at the long-chain "”.“t’ in the tr_ansmonal region
possess high polydispersity indexes which are often not only betwe.en the Rouse and reptatioff dynamics, the strict
the natural result of polymerization reactions but also the critical reptation picture doe_s, not hold. Qn the other_ hand, computer
basis for ease of processing. The importance of polydispersitys_'mum‘t'o!qs can pro_wde th? deta_|led mformatlon at th? transi-
effects has led to many experimental and theoretical investiga- tional region conveniently W'thOUI myoklng .the asymptotic imit,
tions of bidisperse polymer mel&:15 which can be regarded There have been alternative theories which cover the Rouse

; it R2—28 i

as the simplest polydisperse system. However, elucidating thereptation transn!oﬁ. qu instance, the Hess @he(_)ry was
effects of more complex molecular weight distributions can be designed to provu_zle aful p_|c_:turigf polymer_dynamlcs including
challenging for existing theories. Computer simulations deal with 1€ ROUSEreptation transitiod2-24 Comparing to the Rouse

far less constraints from this prospective. They also retain the '{Eeory, thle Hess t(;1eotryt|:1as two a(:_dltlor;al factolrsd. erst,l the
ability to access the detailed information on polydisperse eory no longer adopts the assumption of no exciuded volume

polymers, which otherwise may not be accessible to experi- as the Rouse theory did; instead, there is a range for the effective

mental methods. The capability of computing diffusion of exi:lud?d-volttjmel |nte|ract|qn. S%condt,htheh t.helory m;qts the
individual components in a polydisperse sample is very useful len ang tehmenthmo e_:;u allr w?ng. nc?l ec altr;] engtlis
in establishing the relationship between the diffusion distribution onger than the critical entanglement lendi, the perpen-

and the molecular weight distribution for the petrochemical dicular motions to the chain contour cease. AL th's point, the
industry16 Furthermore, the weighted sum of the contribution system transits from the Rouse dynamics to reptation dynamics.

from individual components has been used to estimate theRathgeber et & have generalized the Hess model to the

; . : . bidisperse system.
viscosity ¢7) of a polydisperse sample according the theldriy. . L
As an ongoing effort to better predict the material properties of PearSﬁn et "J.‘I' forrr|1ulat|ed an.a::ernatlve. thf%r.y’ WE'CE'S able
polydisperse polymers, a recently designed dynamic Monte to treat the entire molecular weight range including the Reuse
reptation transitional regiof?. Their theory considers the overall

_ _ diffusion as the contribution from both the Rouse dynamics and
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model by accounting for free volume effeéfsThe von a diamond lattice. The angles between any pair of the coordina-
Meerwall/Pearson model has also been conveniently generalizedion axis of this lattice are 60 The coordination number of a
to the bidisperse system. In this work, the microscopic informa- lattice site is 122 Because of the existence of the underlying
tion and macroscopic properties obtained by our model will be diamond lattice, any snapshot obtained by a simulation can be
used to test these theories. easily reversed back to the atomistic detailed cRaifthe
There have been earlier simulations dealing with polydisperse interaction energy used in this model contains a short-range
systems. Baschnagel et al. applied the bond fluctuation modelinteraction based on the rotational isomeric state (RIS) mibdel
to simulate polymers under both athermal and thermal condi- and a long-range interaction energy based on a discretizéd 6
tions2? Chain lengths were short enough so that in their Lennard-Jones (LJ) potentf#.Both RIS and LJ potentials
simulation the entanglement effect can be safely neglected. Thedepend on the type of polymers. The lattice constant corresponds
radius of gyration of the monodisperse and the bidisperse meltsto the real chemical bond length after the type of polymers is
coincided in their study. It was found that the short chains decided. In this work, a bead on the lattice represents a two-
accelerate the long species so that the overall chain lengthcarbon unit. The distance between the neighboring beads can

dependence of the diffusion coefficient or the relaxation time

be calculated using 1.54 A as a carbaarbon bond length

is weaker than that of monodisperse melts. Under the thermaland 109.5 as a bond angle. The resulting lattice constant is

condition, the chain conformation deviated from the Gaussian
distribution. Experimentally accessible quantities suchy@s
were computed over a range of temperatures whei® the
zero shear viscosity. Harmandaris et®@lalso studied the
dynamic properties of unentangled PE melts with a polydis-
persity index of 1.09. However, the objective was not to study
how the dynamic properties were affected by polydispersity.

Instead, much attention has been paid to the material proper-

ties of individual components in the mixture in their work.
The D computed using their model is in very good agreement
with experimentally measured values. They also found that
higher relaxation modes did not conform to the Rouse predic-
tions, which coincided with the results reported by Paul et al.
earlier® Barsky studied a slightly entangled bidisperse system
using a coarse-grained model based on FENE pote#tids.
was found that the Hess model fit the data reasonably well in
this work. To our knowledge, all previous modeling studies
either fall into nonentangled polymer categories or con-

2.5 A. Thus, unlike general dynamic Monte Carlo methods,
our model is designed to simulate a realistic polymer with
chemical details at a finite temperature and at a real experimental
density.

In this work, the first-order and second-order energies of RIS
potential areE, = 2.7 kJ/mol andE, = 14.6 kJ/mol,
respectively. In all simulations, not only a 2nnd lattice site
cannot be double occupied by beads, but also the underlying
diamond lattice does not allow the double occupancy of implicit
methylene units, termed as 2nnd “collapse”. The parameters for
long-range LJ potentials ar¢k = 185 K ando = 4.4 A,
respectively. Based on these two parameters, the discretized shell
energyU, j can be calculate?f. Only those of the first two
neighboring shells, which represent the repulsive part of the LJ
potential, are adopted in od¥VT simulation as the following:

u; = 14.426 ands, = 0.558 kJ/mol.

The box size used in the simulation is 3030 x 30 steps

(75 A x 75 A x 75 A), in order to exceed twice the root-

centrated on generic polymers because simulating realisticmean-square radius of gyratiom§?(d*? for the long-chain

polymers inside the entangled regime is computationally
demanding. By applying a newly designed two-bead-move

component. The temperature used in all simulations is 453 K.
The molecular weight of the long-chain component is 4.5K,

algorithm, we were able to investigate long entangled PE chainsWhile for the short-chain component it is 1K. The size of the

up to 3—-4 M with regular desktop computetshe efficiency
of dynamic Monte Carlo simulation also enabled big box sizes
to be used.

The objective of this paper to study a bidisperse system for
PE at 453 K in order to unlock the potential of our model for
the precise prediction of dynamic properties of polydisperse
samples. Although the validity of our model has been verified
by experimental data, our model will be tested again here with
other existing computer models and theoretical studies in detail
for bidisperse PE melts. In the current simulation, the melts
consist of a long-chain component with molecular weight 4.5K
and a short-chain component with molecular weight 1K over
the full concentration range, and the polydispersity index is as
high as 1.68.

The remainder of the paper is organized as follows. In section
Il we briefly describe the recently designed dynamic Monte
Carlo algorithm. In section IIl the theories representing bidis-
perse polymer melts are introduced. In section IV the basic
static properties and detailed dynamic properties will be
discussed. The results will be compared with two theories
introduced in section Il and with the results of other computer
simulations.

Il. Simulation Method

Our model has been discussed in detail in the previous gaper.
The model was based on a high-coordination lattice (2nnd
lattice) which arrives by taking out every second lattice site on

periodic box for the simulation is chosen so that the system
has the densityp, specified by the von Meerwall density
model36

PLT My My0,] = [Lpo(T) + V(MM ()] * (1)
TM*(v;) = v,/M, + (1 — v)IM, ©)

Vg = 13.93+ 0.06T (°C) 3)

po(T) = 1.1424 0.00076 (°C) )

The coefficients in the equations have been extracted by fitting
a huge amount ofi-alkane datav; is the volume fractionM;

and M, are the molecular weights of two components in the
mixture. After the calculation, the chain numbers of each
component are decided according to the concentration. The
beads occupy only about +48% of lattice sites in this case
for PE.

Single-bead moves and two-bead mdvesve been used in
the simulation in order to reproduce the random and local nature
of torsion dynamics. These two local moves allow the moving
beads to choose their new configurations from all available sites.
The algorithm naturally incorporates the out-of-plane motions
and provides many more destinations for moving beads than
internal pivot moves. This algorithm represents the stochastic
nature of microscopic motions more closely because there is
no artificial rule of motion involved. Because of the high
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coordination numbers, there are many more distinctive con- bidisperse system, where the numbers of segments per molecule
figurations on 2nnd lattice than those on general cubic lattices. are Ny > Np.28

For example, in terms of any two consecutive beads on 2nnd

lattice, a total of 948 different configurations have been 5 _ R
identified and included in a data base for the simulation. In the ! t
current simulation, for a single Monte Carlo step (MCS), there N
is 2/3 probability for a single-bead move and 1/3 probability for &, < <1

N, 4(1— DYNN,, -1
L 2P T NN, 3N) — 2NN (1 F D)
C C m T 'm t.

for a two-bead move. Hence, there is a 1:1 opportunity for every Ny
bead to be moved by either single-bead or two-bead moves in N, 4(1— ®)NN, |1 N
every step. The acceptance of single-bead moves and two-bead= pR|1 + 29, _ty o vtm for®d, > ——1
moves in our simulation is judged by Metropolis rules. Before Ne NN+ Np) N,

data could be collected, all simulations have been run long )
enough to reach equilibration. The signs of reaching equilibra- |, this formula,®; is the concentration of the entangled long
tion include stabilized average polymer dimensions, large chain There is no adjustable parameter dbRés decided and
displacements of the center of mass compared to the radius ofine critical entanglement molecular weight is fixed.

gyration, and the vanishing of autocorrelation function of the  There is another important conclusion in the generalized Hess
end-to-end vectors. All simulations were conducted on typical theory that predicted the two-step function of time correlation

desktop computers. function of normal modes for the higher modes as seen in the
literature2® This two-step relaxation will be checked in following

[ll. Theories for Bidisperse Polymer Melts in the discussions. Note the two-step transition happens at the very

Transitional Regime low value of the autocorrelation function which is close to zero.

We will find later that this very fact induces a significant
difficulty for comparisons.
Pearson et al. formulated an alternative thé8ryhich is

The Hess theory is one of the several theories which may be
applicable to our system. It has been extended and thoroughly

checked tiy E athgk;a ber and hcod-worke;g re?e?rjthli}gvcira(\jple Th able to treat the entire molecular weight range and nicely covers
ﬁ'greeraen S a\ff. een reacl_ edaRccor Ing dol ei|1r. Shl:j |es..b e transition region from the Rouse dynamics to the reptation
ess theory itself is a generalized Rouse model, which describesy, o mics pearson’s theory considers the overall diffusion from

the microscopic dynamics of polymer melts. Unlike the Rouse e contributions from both the Rouse dynamics and entangled
model, the Hess model introduced excluded volume effects, dynamics: D = [1/Drouse+ 1/Den] %, WhereDrouse= do/M and

which appear as an additional memory function of entanglement Dent = Dyep + Dcr. Dyep andDcg are contributions from strict

friCtion resultlng from the Surrounding ChalnS Other than the repta“on and Constra|nt release’ respect|\@bh= (XDrep(Mc/
test chain in the generalized Langevin equation. Through the pm)2 wherea ~ 15 andD,e= di/M2. It can be shown that
excluded volume effects in the Hess model, both motions of

the tes_t chain and the surrour_1d_ing chai_ns con_trib_ute _tq the D(anyM) — D(unent] 1+ M -1 ®)

relaxation of the entanglement friction function, which implicitly R[1 + a(MC/Mz)]

incorporates the constraint release effects. Here only the

important conclusion of the generalized Hess theory is coveredwhereR = dy/do. D(unent) is the diffusion coefficient in absence

in the following paragraph. of entanglement effects. Neither the Pearson theory nor the Hess
The overall center-of-mass diffusion in the Hess model can theory explicitly considered the chain ends effects or the contour

be successfully decoupled into the contribution of curvilinear '€ngth fluctuation (CLF) effect. For marginally entangled
diffusion D' along the chain contour an®”, which is polymers near the transitional region, CLF may not be omitted.

perpendicular to the chain contour. For the correction of chain end effects, von Meerwall et al.
formulated an approach by applying free volume theéiyor
NN 1 a bimodal polymer melt, the diffusion coefficiebt (i = 1, 2)

(I

— 1 (5) can be calculated from eq 9 and inserted iDi@nent).

! R 3KTVERI o 0Dl 4l
b R D/(TMyM,v,) = A exp(-E/RTM, " exp[-Byf
@ is the mean excluded-volume energy between two arbitrary (TMyM;.))] (9)

i e - o
segmentsD™ is the Rouse d|ffu5|9n coefflc!ent. For monod|§ CoefficientsA, By, and activation energl, inside the equation
perse polymer melts, the analytical solution of the equation have been extracted by fitting a large amount of data for

exists: n-alkanesf is the fraction of free volume indicated by eq 10:
p"=2L 4 Ne = F(TMuM,,0,) = £(T) + 2Ve(T)p[ TM*(0) Y M*(vy)
3\Dr  6kTVD' (10)
2Dy N whereM* and p have been given in eqs-#. Note that in the
= T(l - W) forN <N, treatments above no tube dilation has been incorporated. Both
¢ d; and M. are concentration-dependent values. Thus, the
=0 forN= N, (6) following relationship incorporating tube dilation is still needed.
M(vy) = MY(1 = v,) (11)

Above the critical degree of polymerizatidf, the perpendicular
motion freezes and only curvilinear motion exists. Rathgeber R o
et al. generalized the formula for the transitional region for a R(vy) = RM (v))/Mc 12)
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Figure 1. Mean-square radius of gyratia&{of long-chain and short- log(t)

chain components in the mixture against the weight concentration of

short chains. Figure 2. Normal modes fitting of long-chain components according

to the KWW equation whe = 0.4.
The theory above must also satisfy the limiting condition when
v1 = 1, which is the infinitely dilute condition. The multiplica-
tive correction toD, described by von Meerwall et &.has
been applied. That correction, eq 13, has little effect;at

0.9 but produces the desired resulvats 1.27

involving N/p segments. The bond length and persistence length
are the same in a freely jointed chain. However, the short-range
intramolecular correlations in polyethylene, which are incor-
porated in our simulation, cause our chain to have a persistence
length that is about 2.5 times larger than the step length on the
: _ 4 03 _ high-coordination lattice. This local stiffness implies a possible
D;(dilute) = D;(concentrated)l. + v, [(M/M,) 1]:{3 correlation in the very higip Rouse modes in our simulation.
(13) From the molecular simulation, this quantity can be calculated
Now the diffusion coefficients can be calculated for PE over directly from the time-dependent coordinates of all beads.
the full concentration range of both long- and short-chain According to the Rouse theory, the normalized time correlation
components. function of normal modes is an exponential decay.

IV. Results and Discussion B,(H) xp(O)MDKpZD= exp((t/7)) (15)

In this paper, our attention will be paid mainly to investigating
entanglement phenomena in the bidisperse melts because théhe realistic chains, either entangled or unentangled, do not
Rouse regime has been more or less covered by several othefecessarily follow this relationship exactly. A common ap-
papers mentioned in section Il. Based on the fact that short Proacit’ uses a KWW equation in the form
chains are similar to th® solvent of entangled long chains,
the rest of the discussion will be overwhelmingly on the long [3,(1) X,(0) I, 2= exp(~(t/7)") (16)
component unless another specific indication has been made.
Another reminder is that the concentration here refers to the The normalized time correlation functions of the normal modes
weight concentration of the short component in order to follow  are shown in Figure 2 for the longer component in the mixture.
the tradition of earlier publications by our gro2fpSome prior pisl,2,4,6,8,10, 16, 20, and 32. After a simple mathematical
literature cited earlier uses the long component concentration, transformation as shown in Figure 2, the autocorrelation function
which corresponds t@ written in this work. can be conveniently fitted with a linear relationship. From the
A. Static Properties. The static properties of both the long fitting, two important parametenrsandg in the KWW equation
and short components have been checked. A plot of their can be obtained. The effective relaxation timg can be
dimensions vg is given in Figure 1. As expected, no systematic calculated using eq 17
dimension change has been found, and the short component may
be regarded as th® solvent of the long component. When _ [ BT At — T
there is a vast difference between the lengths of two components, Tett = ﬁ) exp[-(Ur) ] dt= ﬁr(llﬁ ) (17)
a change of chain dimensions may occur. In the current system,
no significant change of chain dimensions has been observedwhereI'(x) is the gamma function
B. Mode Analysis. According to the theory, the trajectory

of a Gaussian chain can be decomposed into the Rouse modes: I'(2= L/(’)“tzfle*t dt (18)
18
LN For each concentration in this work, at least nine normalized
X ==-5r (t) cod— (14) correlation functions of modes have been calculated, and the
n&g " KWW fitting has been done in the same way as shown in Figure

2. The data of monodisperse PE melts at several different chain
N is the number of repeating units, angt) is the position vector lengths have also been included and analyzed in the same way
at the timet. p is 1, 2, ..., etc. Each of these modgsis for a better comparison. The data fitting results of monodisperse
independent, which is able to describe the dynamics of the chainmelts are shown in Figure 3. The data fitting for bidisperse
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' g Figure 5. Effective relaxation times from normal modes fitting of long-
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1o However, there was a different interpretation of this transition
06 1 2 in the literature. Padding et al. identified the transition as the
051 @ critical entanglement lengti..1-3" This interpretation may gain
= % *5% support from our results as well becaysef unentangled C60
04 1 m15% did not reach a plateau but longer entangled chains did. More
03 ] A25% interestingly, Padding et al. also identified a minimum for
' ©40% before the transition point, which they considered as a new
02 ] ®74% length scale, termed as slowdown lendth This new length
oy . .
] ©90% scale is not observed in our results.
014 Similar results for the long component for six bidisperse
o] mixtures are plotted in Figure 4. One contrast to the monodis-
0 100 200 300 400 perse system is that the plateau was only reached by mixtures
Nip rich in the long component (short chain component below 25%).

Figure 4. f extracted from the normal mode fitting of long-chain leg C60,5 of .dllute solutions INCreases with the length sca!e,
components in the mixtures according to the KWW equation, at the Which Shaffer interpreted as a relaxation toward less constrained
indicated value ot. dynamics. Unlike the initial rise gf at smallN/p, suggesting

a master curve due to intrachain interactions, the following rise
mixtures is shown in Figure 4. Noté here is carbon number  of 3 of dilute mixture at largeN/p spread out, depending on
instead of 2nnd bead number. (One 2nnd bead has two carborithe concentration. This rise in the second stage should cor-
atoms.) respond to intermolecular interactions. Of course, a much more

In Figure 3, wher from those chains in monodisperse melts interesting query is “how does thg plateau relate to the

is plotted againdil/p, a master curve appeafsincreases rapidly entanglement phenomena?” In fact, de Gennes has point&d out
against chain segment lenghip initially and starts leveling ~ that 8 in the KWW equation is not just a fitting parameter
off at 0.7, except for unentangled C60. In the case of @560, irrelevant to the underlying physics of polymer relaxation
continues rising to 0.8. According to Shaffer and the references processes. Instead,may closely connect to the entanglement
therein®” a low 3 value generally signifies the strong constraints Phenomena. The exact nature of this relationship is still an open
of the dynamics, however according to the reptation theory; question.
chains shall move according to the Rouse dynamics below the Now attention is turned to the effective relaxation timeg
length scale of entanglements. Only around the entanglementextracted from the KWW equation. In Figurers; is plotted
length, the additional tube constraint sets in and stays until the againstN/p. The relaxation time is expected to scale Bép)?
probe chain fully relaxes itself. This seemingly contradicts our according to the Rouse model. However, at the short length
observation here. Of course, the reptation theory is a genericscale this is clearly not the case. Instead, it can be seen that
theory which did not take local stiffness effects into account. ~ (N/p)2in the initial stage, which may correspond to the earlier
Therefore, it is natural to consider the Igiat the short distance  findings of unexpected smadlvalues at this region. The Rouse
scale as a consequence of local intrachain interactions, i.e., thedynamics is not an accurate description at the short distance
stiffness. No similar behavior has been found in Shaffer’'s work, scale, and the true dynamics is more complicated than the Rouse
probably because his model did not include the realistic prediction because of the factors such as the stiffness effect or
intrachain interactions either. On the other hand, a similar intermolecular interactions at the short distance scale. For
behavior has been found by Padding et allhose model did example, a brief discussion has been given edrlierthe
include certain intrachain interactions. Once this intrachain subdiffusive behavior of the center of mass at the short distance
interaction is screened out, a plateau arrives. Thus, the transitionor time scale. Instead of the Rouse predicted slope, 1, a slope
point of 5 may symbolize the blob size in a dynamic sense. 0.83 has been identified for either unentangled or entangled
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Figure 6. Effective relaxation times from normal modes fitting of long- 0.001 0.01 0.1 1 10 100
chain components in the mixture plotted against the concentration of ns

the short chain. Figure 7. Normal-mode analysis of long-chain components in the

chains. Furthermore, there were repeated observations frommixture plotted against the time in searching for the two-step relaxation

united atom MD simulation of unentangled ¥&showing that, predicted by the Hess theory.
at the short time and distance scale, normal mog&0)0~

1/p3 instead of predicted fif. The same observation has not
been found in the coarse-grained bea@ring model, which
may be understandable because it is not designed to represe
true conformation and dynamic enyironment_below its coarse- _ M2¢—175 The maijor difference here is that our chain length
grained level. Note the MD simulations mentloned gbove. took corresponds to the initial part of the broad transition from the
a standard Rouse _approach to analyze their data, while a dlffelrenrUnentangled to entangled dynamics, which is seldom considered
approach (KWW) is used here for a t?ette_r coverage of our data'in the original tube model which emphasizes long-chain limit
These two approaches may not conflict with each other becausea” the time. Another difference is that the chain lengths of two

as we have showhfor relatively short unentangled PE chains components here are pretty close to each other. These are the

\t;g:h \}VT]' Isrvk\]/:\; a?:?l:r?gtocr)]u?rr]r?onglurzzcrﬂg(sj(tellquglgglt:(t)?]ec|Szitgn reasons why we have only discussed the theories which are able
y : to nicely cover the unentangle@ntangled crossover in the

here as previous MD simulations did proves that our dynamic beginni . " S
. - eginning of this paper. The traditional tube dilation theory for
Monte Carlo simulation based on an RIS model of PE on 2nnd © solution of the entangled long chains which predits-

lattice is robust and can be comparable to atomistic MD M2¢—175 would not be applicable for our system. Of course,

concentration. It is directly plotted againsb as seen in the

literature which generally discuss the very long entangled chain

in its © solution, then the concentration dependence is way
elow the prediction of theot§ and experimental resultsD

simulations. . . . . .
In Figure 5, afterN/p increases to the point around 30, a our simulation does not |nval|da.te the theory.e|tr.1er.
Rouse-like scaling recovers for the unentangled chain ith As a result, the Hess theory discussed earlier is used here to

= 1.2K in the monodisperse melt. However, for the monodis- compare our results. The predicted step function of relaxation
perse melt withM = 4.5K, an intermediate slope 2.5 shows ©f normal modes is checked first. In order for the convenient
up. The interpretation should be careful here because if the comparison with the theory and future experimental results, the
intermediate slope signifies the onset of entanglements, thenMCS was converted into real timmsusing the coefficient (330
the transition to the entangled dynamics is too earlyNg ~ MCS = 1 ps) obtained prewousﬁ/ln Figure 7, it seems there
30 if compared withN, = 110 obtained in our earlier work. IS @ step transition for the relaxation of higher modes; however,
The ideal picture of this figure should include two transitions data scatter a lot for the second stage. As mentioned earlier,
for entangled PE. The first transition is from slope 3 to slope the Hess theory predicted that the step transition happens near
2, and the second transition is from slope 2 back to 3 or some @ vValue of zero for the autocorrelation function, which poses a
higher value such as 3.4. This is to say, between the shortSignificant complication to our analysis due to the noise in the
distance (Or t|me) scale dynamics and the entang|ement dynam_autocorrelatlon function aS. it approaches Zero. The Slmula-tlon
ics, one should expect an intermediate region dominated by 'esults may serve as an evidence for the step function predicted
Rouse dynamics, and only after this region, an upward trend by Hess; however, unavoidable noise in the tail of the auto-
with slope bigger than 2 is expected. In Figure 5, the first correlation function prohibits a stronger statement. In fact, the
transition from the local dynamics to the Rouse dynamics is Small negative numbers of autocorrelation functions cannot be
seen. The data presented here are still too few and too scattere§ven presented in the log scale.
to tell whether there is a secondary transition toward the C. Diffusion in Bidisperse Mixtures. Although the classic
entanglement dynamics, especially since the longest chain (4.5K)tube dilation theory is not applicable to our simulation, the
in this work cannot be considered as a fully entangled melt. In concept of tube dilation should still be effective as long as the
between the two pure samples, the long component in thetube exists for the marginally entangled species. A tube
mixture shows intermediate slopes which should be reasonableconstraint has been clearly demonstrated from the diffusion of
results. middle beads in our previous wofkDiluting this marginally

The 7¢ Of the long component in the mixture has also been entangled PE chain (4.5K) should lead to the expansion of the
plotted against the concentration in Figure 6. The nominal tube, which is seen in Figure 8. The slowdown of middle bead
concentration dependencerigs ~ ¢ 92~ (1 — ®)792 where diffusion for the pure 4.5K starts a little below 2 Aim Figure
c is the short-chain concentration aml is the long-chain 8, while the slowdown for the long-chain component in a
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Figure 8. Example of middle bead diffusion of the long-chain c

components in mixtures witkk = 90%, 15%, and 0% from top to  Figure 9. Diffusion coefficients of long-chain and short-chain

bottom, plotted against the time (dashed lines are illustrative straight components in the mixture plotted against the short-chain concentration,

lines). compared with the prediction of the Hess theory and the von Meerwall
Pearson model.

mixture with 15% short component starts at a larger time and . . -
distance scale. The long-chain component in a mixture with 90% tN€ory). This model is capable of describing not only the
short component does not show any intermediate slowdown atdiffusion of long-chain molecules but also the diffusion of short-

all as illustrated by dashed lines, which follow the initial slopes €hain Q“,O'GCU'?S- In addition to the parameters already deter-
of each curve, and has a slope very close to 0.5. A more mined?’” in conjunction with eqs 9 and 10, we have also used

convincing determination of the tube diameter would require € fitting parametersl: = 1500 andk = 500. In Figure 9, the
use of a significantly longer chain in the simulation. von Meerwall/Pearson model fits the data very well when the
. e - long-chain molecule is the dominant component in the mixture.
Finally, we present the full range diffusion coefficients . . i
. : However, this theory somewhat overestimates the diffusion
calculated from the trajectories of the center of mass of both

.- coefficients of short-chain molecules in pure melts, which leads

short and long components. The results then have been fitted ST . .

. . - to the small overestimation in the high content region of short
with both generalized Hess thedfghown in eq 7 and the von lecul
Meerwall/Pearsci2” model as shown in eqgs 8, 9, and 13. molecules.
BecauseVl; has been already decided as 1500 in our previous \, Summary
work,? there is only one fitting parameter in the generalized
Hess theory. This parameter is the Rouse diffusion coefficient
of the long-chain componeﬁIIR. In fact, according to the Hess
theory, evean is not a fitting parameter because it can be
obtained from the diffusion at the short time scale. Unfortu-
nately, the Rouse diffusion of center of mass is largely
inapplicable at very short time and distance sc@l%.cannot
be faithfully exacted from the diffusion trajectory of the center © solution of the marginally entangled species.

of mass in the simulation because the center of mass diffusion  x; the initial stage for higher modes, the stretching parameter
does not follow the relationship msd 6D;t! at the short time B in the KWW equation for different concentrations and
scale as the theory expects. Of course, it is still possible to avoid §ifferent chain lengths falls onto a master curve agahigt
using the fitting parameter here. As indicated in the literatire, s behavior has been attributed to a local constrained dynamics
if all diffusion coefficients obtained in the simulation are G,e to intrachain interactions. For mixturedsof long-chain
normalized byDpre in monodisperse meltsl{ = 100%), D component varies with the concentration. Below 25% of short-
will disappear. However, for retaining the pOSSIbIlIty of the chain ComponentS, a p|ateauﬂ)agains|N/p was found. Above
direct comparison with future experimental data, the absolute 4095, no plateau can be clearly identified. The underlying
diffusion coefficients are preferred so tlm? is still taken as a physics between this plateau and the entanglement phenomena
fitting parameter, which equals to 1.2 &10° s for the curve s still not clear. The effective relaxation times in KWW equation
in Figure 9. In either way, we found the fitting agrees with our have been obtained as well. The local constrained dynamics
data very well using\; ~ 110 (M. = 1500). Note in the  results in an anomalous scaling for higher modes. This anomaly
literature®® a differentN. (~140) was adopted; however, the disappears after the Rouse or intermediate entangled dynamics
fitting did not completely agree with the experimental data. We sets in, depending on the chain length and concentration of the
found that the selection d¥ic greatly affects the trend of the  mixture. The mode analysis has been also used to check the
fitting curve. Hence, we believe that the inadequate description Hess theory. The two-step relaxation of normal modes predicted
of experimental data of Hess theory shown in the literature is by Hess theory can be vaguely identified but cannot be faithfully
probably related to the choice & instead of inadequacy of  designated due to the data fluctuation in the decisive range of
the Hess theory itself. the autocorrelation function. The diffusion coefficients of both
Our data have also been used in comparison with anothercomponents in the mixture have been calculated and calibrated
theory by Pearson and von Meengafl’ (von Meerwall/Pearson into the real time units over the full concentration range. The

A recently developed dynamic Monte Carlo algorithm based
on random two-bead moves has been used in simulating bimodal
mixtures of PE with one marginally entangled component
(~3M) and one unentangled component. The static and dynamic
properties have been studied. As expected, there is no systematic
change of mean-square radius of gyration as the concentration
varies in the mixture. Thus, the mixture can be regarded as the
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diffusion coefficients increase with increasing short-chain
concentration. The results have been tested against both the He

ments have been reached.
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