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ABSTRACT: As a first step toward the computer simulation of polydisperse polymeric melts, a lattice
model containing two types of chains with lengths N; = 20 — x and N, = 20 + 4x (0 < x < 10) is studied.
This variation of x, together with the fixed composition of 80% of short and 20% of long chains, leads to
a polydispersity of 1 < Nw/Nn < 2 (Nw, Nn: weight-, number-average chain lengths). To represent dense
melts, the bond-fluctuation model at a volume fraction, ¢ = /5, of occupied lattice sites is used. The
simulation treats both the athermal case (chain connectivity and excluded volume interaction only) and
a thermal case, where additionally a choice for the bond length and bond angle potentials is made, which
has recently been proposed to mimic polyethylene. For both cases number-, mass-, and z-averages of
various static and dynamic quantities are calculated and compared with the results of the monodisperse
melt. The main results are as follows. Whereas structural properties of the mono- and bidisperse melts
agree with each other, dynamic properties are different. Short chains are slowed down by long ones,
and long chains are in turn accelerated by the short species. This leads to a weaker chain length
dependence of the chain’s diffusion coefficient and relaxation time, which are then closer to the predictions
of the Rouse theory than in the monodisperse case. For the thermal model, the stronger slowing down
of the long compared to the short chains can be interpreted in terms of Arrhenius laws with an activation

energy that increases with chain length.

I. Introduction

Computer simulation has become an important tool
in elucidating the static and dynamic properties of
polymer melts.~* The simulational approach has the
advantage that very detailed information on a precisely
characterized model can be obtained. This implies on
the one hand that many different, also experimentally
inaccessible, quantities may be determined simulta-
neously and on the other hand that the relationship
between the observed macroscopic properties and their
microscopic origin can be traced. These advantages of
the technique compete with the drawback that the
available computational “time window” limits the range
of chain lengths, N, which can be equilibrated. Whereas
it is possible to work with N ~ 10% in lattice simulations
of isolated self-avoiding walks,>8 the chain length has
to be reduced by 2 orders of magnitude to allow the
equilibration of a chemically realistic model for poly-
ethylene at high temperatures, for instance.” Neverthe-
less, these simulations of short chains in the dense state
are worthwhile to test basic theoretical concepts, such
as the Rouse model, which underlies the reptation
theory for the dynamics of high molecular weight
polymers.8

In experimental samples there is always some
polydispersity.®~11 Contrary to that, most of the simu-
lations deal with strictly monodisperse systems only.
This simplification is justified when addressing univer-
sal properties of polymers, which are not specific to a
particular material, and emerge in the limit N — oo,
Recently, however, there has been increasing interest
in modeling specific polymers, especially poly-
ethylene,”12724 in order to be able to compare with
pertinent experimental data. In this context, it is
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important to assess the effects that polydispersity may
have on the physical properties under consideration. Of
course, many aspects of this question are also of general
interest for other polymers.

While the influence on the collective scattering func-
tion,?® the phase diagram,?” and the unmixing kinetics?®
has been considered, for homopolymers mostly effects
on the equation of state?®3° and on the dynamics of
strongly entangled melts were investigated.31-33 To the
best of our knowledge, neither the high-temperature nor
the glassy dynamics of short, nonentangled polydisperse
melts has found much attention.

With the present work we want to make a first step
toward a modeling of such a situation by considering
the simplest case of polydispersity, a bidisperse mixture.
Though being very distinct from the typical molecular
weight distributions of polymerization reactions,011
bidisperse systems were analyzed in many of the above-
mentioned theoretical studies?639-33 and in a recent
neutron-scattering experiment on saturated polybuta-
diene.3* In our simulations we fixed the number-
average chain length, Ny, at a value which is smaller
than the entanglement length and varied the polydis-
persity index Nw/Np, (Nyw: weight-average chain length)
from 1 (monodisperse) to 2 (moderately polydisperse).
By comparing the results of the mono- and the polydis-
perse melts, we want to find out to what extent the
static and dynamic properties of a chain with a specific
length differ in the pure and composed systems.

The remainder of the paper is organized as follows:
In section Il we introduce the bond-fluctuation model,
the simulation parameters and the pertinent averages
over the chain length distribution. Section Il discusses
polydispersity effects in the framework of the Rouse
model and derives the theoretical predictions for the
simulated quantities. The result section, section 1V, is
split into two parts. Part IVA deals with properties of
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Table 1. Parameters of the Effective Potentials in Eqs 6 and 7

Uo uy lo I

Vo V1 Co C1

282.828613 —4.818017 3.271217 5.752445

581.588379

—0.486899 —0.671640 21.517746

a Note that lo, I are given in units of the lattice spacing, uo, us, Vo, V1 are given in units of degree Kelvin, while ¢y and c; are dimensionless.

a purely athermal melt, whereas part IVB presents the
results for a model of polyethylene in a temperature
interval ranging from the high-temperature to the
strongly supercooled state. The final section, section V,
contains our conclusions.

Il. Model and Chain Length Averages

A. Athermal and Thermal Bond-Fluctuation
Model and the Random Hopping Algorithm: A
Lattice Model for Polymer Melts with Rouse
Dynamics. All simulations were performed with the
bond-fluctutation model which is described in detail in
refs 35—38. The motion of the monomers is generated
by the Monte Carlo technique: A monomer and a lattice
direction are chosen at random, and a move is attempted
in the proposed direction. The move is successful, if the
targeted sites are empty (excluded volume interaction)
and if it lowers the energy. On the other hand, if the
energy difference, AE, between the final and the initial
state is positive, the move is only accepted with prob-
ability exp[—AE/T],%?® where T denotes the temperature
(Boltzmann constant kg = 1). By means of this prob-
ability, temperature is introduced into the simulation.
Athermal conditions correspond to a situation where the
temperature is so high that the exponential function is
always 1 and the dynamics is exclusively determined
by the excluded volume interaction. After all monomers
in the systems have obtained the chance to move once,
one time step of the Monte Carlo simulation, the Monte
Carlo step (MCS), is complete. A priori, this “pseudo-
time” has no relation to the physical time scale. How-
ever, it is possible to translate the lattice constant into
angstroms and the MCS into seconds when simulating
real materials, such as polyethylene (see below).

The just described “random-hopping” dynamics is
supposed to mimic a random force that a monomer
experiences due to collisions with its neighbors. It leads
to Rouse-like dynamics,®3° as the following scaling
argument shows. The random force tries to move a
monomer over a distance of the effective bond length b
(b = (C-02D)*2; C, characteristic ratio for N — co; [12[]
mean-square bond length). This local displacement
entails a motion of order b/N for the center of mass.
However, the collisions with surrounding monomers
impede the motion. The combined effect is that a
monomer has a (temperature, density, etc. dependent)
mobility, W, which determines the acceptance rate of a
move. To displace the center of mass by b in one time
unit, W x N such random motions are needed. This
implies that the mean-square displacement of the center
of mass scales as (r¢m(t): position vector of the center
of mass at time t)

03(t) = Ore() — ren(OI°0~ WNO/NY*t (1)

Since the center of mass moves due to the addition of

random displacements, it exhibits a free diffusive
behavior

gs(t) = 6Dt 2

A comparison of eqs 1 and 2 yields the Rouse result for

the diffusion coefficient

Wb?
Dn~ N (3

Arguing furthermore that a chain has relaxed when its
center of mass has diffused over the distance of the
radius of gyration, Rg, the relaxation time, =y, is given

by

!
9s(tn) ~ (WB?/N)7y = R* ~ b°N 4)
so that
N2
N W )

which scales as the Rouse time. These scaling argu-
ments assume that there are no hydrodynamic interac-
tions, that the excluded volume interaction is screened
down to the length scale of a bond, and that entangle-
ments are not effective yet. The first condition is
satisfied, since the model does not contain solvent
molecules, the second can be met by simulating at a
volume fraction, ¢, of occupied lattice sites of ¢ = 0.5,
and the third by choosing the longest chains in the
(bidisperse) melt not much larger than the entangle-
ment chain length N ~ 30.37:38

In previous work,234041 a3 “mapping” procedure was
developed to augment the athermal bond-fluctuation
model by temperature dependent potentials, U(l) and
U(#), for the bond length, I, and the bond angle, 6.
These potentials are constructed such that both the
chain radii of polyethylene chains in the melt and the
local mobility of the monomers are reproduced over a
wide range of temperatures.2340

U(1) = Dqug(l — 1g)* + @yuy (1 = 1))° (6)
U(8) = Dyv,(cosh — c,)® + @,v,(cosh — ¢,)*  (7)

Here ®g = 1 and ®; = (1/T — /TO/(Q/T20- Q/THE)Y?
(with /TO= (Zle 1/T;)/k) are orthonormal basis func-
tions on the set of temperatures {T;}, where input
information for the mapping is given, while the param-
eters up, ui, lo, 11, vo, V1, Co and c; are fitted by a
nonlinear optimization procedure, as described by Tries
et al.?2® The values of these parameters are given in
Table 1.

By this mapping procedure, n = 5 successive CH,-
units are mapped onto one effective bond of the bond-
fluctuation model. When the density is matched at T
=509 K—where many experimental data were available
for comparison—with the experimental density, the scale
factor, s, to convert the lattice constant into physical
units, is given by s = 2.034 A. Using furthermore the
fact that the configurational changes of polyethylene
coils come about by (trans <> gauche™, gauche™) jumps
over a rather high barrier (1500 K) in the torsional
potential, it is possible to detemine an effective time



3858 Baschnagel et al.

scaling factor that translates a MCS into the physical
time,23

1418 K
toae = 1.22 x 10 exp( )

mcs| ©

B. Bidisperse and Polydisperse Melts: Static
Averages over the Molecular Weight Distribution.
To simulate a bidisperse melt we compose the system
of a large number (P; = 160 ) of short chains (species 1)
and a small number (P, = 40) of long chains (species
2). In total there are P = P; + P, = 200 chains. The
chain lengths of the short and the long species are taken
as N7 =20 — xand N, =20 + 4x withx =0, 1, ..., 10.
The lower bound, x = 0, corresponds to the monodis-
perse melt, and the upper bound, x = 10, leads to a chain
length disparity of N; = 10 and N, = 60. This bound
was imposed because the 20% of long chains exceed Ne
= 30 only by a factor of 2—thus entanglement effects
should be negligible in our simulation.

The values, P; = 160 and P, = 40, imply that the
probability (number fraction) for a short or a long chain
is pp = 0.8 or p, = 0.2, respectively. This asymmetric
distribution with the higher weight for the short chains
was chosen because it represents the bidisperse coun-
terpart of realistic molecular weight distributions, as
they result from step polymerizations (Schulz—Flory
distribution), for instance.’®1! By virtue of p; and p;
the probability to find a chain of (arbitrary) length N is
given by

Pn = PO, T (1 = P1)ON N, AZ py=1 (9)
=1

This probability serves to introduce the following aver-
ages. Let A(N) be an observable which depends on N.
Then one can define the “number-", “weight-", and “z
average” as

[AN)], = g‘pNA(N),

> (PuN)AN) NZ‘«)NNZ)A(N)
AN, =———— [AN)], =——
2
gleN ’;pNN
(10)

Equation 10 holds for any molecular weight distribution
pn. The specified averages are often measured in
experiments.

The first two averages have an intuitive interpreta-
tion. Inthe number-average one counts the chains with
length N, multiplies the result, Py, with A(N), and
divides by the total number of chains (i.e., by >N Py =
P). On the other hand, in the weight-average one
weighs the chains of length N and divides by the total
weight, >N PnN, of the melt.

As an example, let A(N) be the chain length N. Then
eq 10 yields the number-average, weight-average, and
z-average chain lengths
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o [N?,
N, :=[N], = N, N, :=[N],= ,
» = [NI, N;pN [N] N
[N°]
N, = [N],= — (11)
[N?],

The number-average, Nn, can be measured by colligative
methods, such as membrane osmometry or boiling point
elevation, the weight-average, Ny, is the typical average
obtained in light or neutron scattering experiments, and
the z-average, N;, can be determined by ultracentrifu-
gation techniques.!

In a polydisperse melt it is not sufficient to focus on
one particular average. For instance, specifying only
Nn could be very misleading because many polymeric
properties are not determined by the number, but by
the mass of the chains. However, the dominant contri-
bution to N, comes from the light particles. To see this,
let wy denote the weight fraction, PNyN/Y NPnN, of chain
length N. Using eq 11, we can write N, and Ny, as

N, ’\2 wyN (12)
g Wy /N

This shows that N, is dominated by a small weight
fraction of light chains, whereas the main contribution
to Ny results from a large fraction of heavy polymers.
In practice, the weight-average is therefore a much
better indicator of the system’s properties than the
number-average. The number-average mainly serves
to characterize the variance of the chain length distri-
bution because

N_ann Ny
(0N e .

The ratio, Nw/Np, is called the “polydispersity index”
(sometimes the right-hand side of eq 13 is abbreviated
by U and called the “polydispersity coefficient™1? or the
“non-uniformity™?2). Equation 13 shows that N, is in
general smaller than Ny, which in turn is smaller than
N_.

Up to now, the discussion, presented in eqs 10—13,
referred to a general distribution of chain lengths. If
we insert eq 9 into eq 11, we obtain the specific results
for the bidisperse mixture, i.e.,

2
N,=20, N,=N [1 + 100]
1 + 3x%/100 + 3x3/2000

N 2
1+ x4/100

=N

z— "Nn

(14)

When using the lower and upper bounds for x (x = 0,
10), eq 14 yields
N,

1_—N <2 1= —_135 15
< < < 7
N, =~ N,, (15)

The range of these variations is physically reasonable,
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as a comparison with experimental data*3—46 and with
the predictions of the Schulz—Flory distribution! shows.

I11. Polydispersity and the Rouse Model

In the Rouse model®3° a chain of N effective mono-
mers (Brownian beads), connected by harmonic springs,
is exposed to a medium which exerts friction (and
random uncorrelated forces) on the beads of the chain.
It is believed that the dynamics of the polymers in a
melt of short (nonentangled) chains decouples so that
the environment of a considered chain can simply be
considered as a thermal heat bath described by the
Rouse model. Evidence for this assumption comes from
both experiments*®47 and simulations.348

Since the Rouse model neglects excluded volume
interactions, the chains obey Gaussian statistics, i.e.,
the (mean-square) end-to-end distance, R?, and the
radius of gyration, R¢?, scale as R? = b?N and Ry? = b?N/
6. Due to the linear dependence on N the number-,
weight-, and z-averages of R and R4? in a polydisperse
melt are directly proportional to the respective chain
length averages. For example, the z-average of R¢? is

=[R, (N)]Z——bZN =~ 6b2NW (16)

where the latter approximate equality holds for weakly
polydisperse systems (see eq 15).

Both Ry, and N,, can be determined in light or
neutron scattering experiments by measuring the col-
lective structure factor of a chain in the melt. In a dense
melt the structure factor, Sn(q), of a chain of length N
is very well described by the Deybe function f(x) (for g
< 2n/b)8

1
Sn(@) = z [@xp(ia-[r, — ra))0= Nf(@*R;)  (17)

nml

In Eq. (17) BOrepresents the thermal average, q is the
wave vector, and r, denotes the position vector to the
nth monomer. Since the amplitude of the scattered
radiation is proportional to the size of the particles, it
is not the number- but the weight-average of Sn(q),
which is measured in a polydisperse sample, i.e.

Su(@) = [Su(@] = [Nf(qu 2)1W =
NWIF(@R, ], —— N,[1 - 347R,.7] (18)

For low q values one can therefore simultaneously
determine N, and Ry,.*°

In addition to static properties one can also measure
dynamic quantities, such as the coherent intermediate
scattering function of a chain

Sn@.t) = Z [exp(ig-[ry(t) -

nml

r(0D0  (19)

or the incoherent intermediate scattering function

N
Sre@.t) == @xp(ig-[r.(t) —

n=

r,(0)Do  (20)
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where rn(t) is the position of the nth monomer at time
t. In the Rouse model the difference, ry(t) — rm(0), may
be expressed as a linear combination of the random
force. Since the force is assumed to be Gaussian, the
differences of the monomer positions are also distributed
according to a Gaussian distribution. Therefore

1 N
Sn(ast) ZN z exp

n,m=1

1 2 2
s [ra(t) — ry(0)] q (21)

. 1 N 1
SMICIES ﬁZeXp’_ ngfﬂrn(t) - rn(O)]Zq (22)

A special case is interesting for the following discussion.
If gRg < 1

[ro(t) — rp(0)]°0= gs(t) = 6D\t with
D, = Ko T 2
NTNE (23)
so that

Sn(@st)
Sn(@)

- 1
SN(ant) = Sn(@it) = ~exp[- D\q't]  (24)

Equation 24 suggests that the diffusion coefficient be
estimated either from the initial slope (so-called “first
cumulant”) of, e.g., Sy°(g,t), or from the integral of the
scattering function, i.e.

Dslope = q2 dtsmc(q t)|t =0~ DN,

= [o? [, SN(a,t) dt] * = Dy (25)

For a monodisperse melt, both methods are identical,
and it does not matter whether the coherent or the
incoherent scattering function is used, provided that gRg
< 1. This changes for polydisperse melts. As discussed
above, scattering experiments measure weight-aver-
ages. Using eq 10 the coherent and incoherent scat-
tering functions are generalized in the following way

qR <1

Sw(@.t) == [Sy(@.)], = NZpNNSN(q H——

1 00
— 5 puN?e ™™ (26)
N =

qR <1

Sw(@.) = [SN@at) I, = NZpNNS'm qt) ——

1 [e0]
— 5 pyNe Pt (27)
n =1

These equations show that polydispersity leads to a true
broadening of the relaxation spectrum: quantities,
which exhibit a single exponential decay, such as eq 24,
now decay with a distribution of relaxation times.
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When the diffusion coefficient is determined from Eq.
25, one obtains

DCOh — 1

slope qu

d
&Sw(q 1t)

w t=0

—_B_
N, ¢’
2 1 RT
h _ |19 [,or,—Dng2t _ B
Dint = [N—W S Te ™, dt] “NE (28)

from coherent scattering, and

. 1 d_;
Is?gpe == ? aswc(q,t)

— B
=0 Npf’

. o . kgT
Dinile” fy Te™™,, dt] ™ = L7 (29)

from incoherent scattering. Note that the chain length
dependence of the various means to calculate the
diffusion coefficient is different. Since N, is rather close
to N, for weakly polydisperse melts, the first cumulant
and the integral essentially yield the same diffusion
coefficient for coherent scattering. However, for inco-
herent scattering the difference in the chain length
dependence is more pronounced and should be observ-
able.

IV. Properties of a Bidisperse Melt

This result section is divided into two parts: In
subsection IVA we compare static and dynamic proper-
ties of the bidisperse melt with those of the monodis-
perse system under athermal conditions (T = ). On
the other hand, subsection IVB describes the corre-
sponding results for the thermal version of the model
using potentials that are tailored to approximately
match the behavior of polyethylene. The temperature
range studied covers the high-temperature, normal
liquid and the strongly supercooled, glassy state of the
melt.

A. The Athermal Case. A melt that contains a
small concentration of very long chains, while all other
chains are much shorter, exhibits a swelling of the long
species, since the short chains act like a good solvent.5!
In our simulations we wanted to avoid such an extreme
situation. Therefore it is important to establish that
the choice of parameters for our model leads to ideal
Gaussian statistics.

An advantage of the simulation is that averages can
be calculated for each fraction, py, of chains with length
N individually, and that the results can be compared
with those of precisely the same model in the monodis-
perse case. Figure 1 shows such a comparison for the
end-to-end distance, R?, and the radius of gyration, Rq?.
Apparently, the change of “environment” in the bidis-
perse systems has a negligible effect on the chain radii.
The results of the monodisperse and the bidisperse
systems fall right on top of each other. In particular,
there is no tendency of the longer chains to exhibit a
swollen (R2 ~ Ry ~ N2 with v ~ 0.59 ) rather than an
ideal (vig = 0.5) behavior. Theoretically, this result is
reasonable because a single long chain is only swollen,
if N3 < N,Y251 Since we have N; > N2, even for x =
10, and the volume fraction of the long species is above
the overlap concentration, swelling is not expected.

However, this ideal behavior is not borne out for all
chain lengths studied. For small N the log—log plot
(Figure 1) exhibits a slightly steeper slope, indicating
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Figure 1. Mean-square end-to-end distance, R?, (upper curve)
and radius of gyration, R¢?, (lower curve) on a log-log plot vs
chain length, N, for the bond-fluctuation model on the simple
cubic lattice. We chose a L x L x L lattice with L = 40 and
periodic boundary conditions. The volume fraction of occupied
lattice sites is ¢ = 0.5 (for a detailed description of the model,
see ref 37, from which the data for the monodisperse melts
(open symbols) were taken). The filled symbols represent the
simulation results for the chains of length N in the bidisperse
melt. The thermal averages in this case are based on runs,
extending over 107 attempted moves per monomer, and on
seven statistically independent replicas of the the start
configurations for the runs. Note that all lengths are measured
in units of the lattice spacing [l.u.]. Numbers at the upper
curve denote effective exponents (slopes of straight line fits).

6.4
6.2 p— T
T [} [y *
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Figure 2. Plot of R¥R¢ vs N for the bidisperse mixture having
80% of short chains with length N; = 20 — x and 20% of long
chains with length N, = 20 + 4x. The model parameter x,
which controls the polydispersity, ranges from x =0 to x = 10
(see section Il for details). The solid curve is the result for the
freely rotating chain (see eq 30).

an “effective exponent” ves > vig. The reason for this
deviation is that Ry becomes comparable to the screen-
ing length for the excluded volume interaction if N is
too small.?’

To check for which chain lengths the deviation from
Gaussian statistics becomes negligible, Figure 2 pre-
sents a plot of R?/R4% vs N. For ideal Gaussian chains
this ratio is 6. The figure shows that this value is
reproduced within statistical error for N = 25, while
systematic deviations clearly occur for smaller N. How-
ever, these deviations are quite similar to those of a
freely rotating chain.5® This is a chain model, in which
the bond length and bond angle are fixed and each bond
is allowed to rotate freely around the direction of the
preceding bond. Therefore the excluded volume inter-
action is only accounted for locally between three
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Figure 3. Number- (circles), weight- (squares), and z-aver-
aged (diamonds) radius of gyration vs the polydispersity
parameter x. The respective averages of the gyration radius,
[R¢?lnw.z, are divided by the monodisperse value for N = 20,
i.e., by Rg2 = 29.7.37 The solid and broken curves are the
theoretical expectations for random walk behavior, eq 31.

sucessive monomers (trimer approximation) but ne-
glected for larger distances along the backbone of the
chain. For our application we used a variant of this
model, in which the fixed bond length and angle are
replaced by their averages from the simulation. This
yields

R |P0-0d 1-o 20— o)V
rRZ | D 1+<1+(N—1)(1+a)2/
[¢]
N+1fiP0-0d8  1-q a
6N | wo  1+af N@+a)

20° 201 = (=)™
N?(1 + a)® (N — DN*1 + a)*

where 00 (=2.604), 020 (=6.947), and a = [GosOO
(= —0.1055) are the mean bond length, the mean-square
bond length, and the mean cosine of the bond angle,
respectively. The good agreement between the simula-
tion data and eq 30 suggests that excluded volume forces
are not relevant beyond the length scale of a trimer.
This compares very well with the estimate for the
screening length (about six lattice spacings) of the bond-
fluctuation model at the volume fraction considered.3”

The fact that our static results are slightly affected
by deviations from the asymptotic Gaussian behavior
for small N must be remembered when considering
averages over the chain length distribution. In the
theoretical part of section Il the asymptotic behavior
was assumed throughout. Nevertheless, Figure 3 il-
lustrates that the results for the chain radii closely
approximate the asymptotic expectations: Rgn? is in-
dependent of x, whereas Rqw? and Ry /2 increase with x.
The solid and the dashed lines in the figure are the
predictions of eq 14 when the number of bonds, N — 1,
instead of the chain length is used, i.e.

(30)

Raw' _ 4 ¥ Ros _ 14 50x1900 + 3x%1900

Ry’ 95 R/ 1+ x/100

(31)

where Rg?2 (= 29.7) is the radius of gyration of the
monodisperse system.3” Whereas the difference be-
tween N — 1 and N is completely negligible for asymp-
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Figure 4. Log-log plot of the self-diffusion coefficient Dy (a)
and the chain relaxation time 7y (b) vs chain length N. The
filled circles represent the results from the bidisperse mixtures,
whereas the open squares are the simulation data for the
monodisperse systems taken from refs 37 and 58. Straight
lines indicate power law fits with exponents, as specified in
the figures.

totically long chains, it is small, but noticable, in our
case. Therefore we used eq 31 instead of eq 14 for the
comparison. The figure shows that the simulation data
for Rgw? and Ry 2 gradually deviate from eq 31 with
increasing x. These deviations may again be attributed
to the nonideal behavior of the short chains, and are
more pronounced for the z-average than for the weight-
average moiety because a stronger N-dependence am-
plifies the effect.

The dynamic properties of the bidisperse melt are
exemplified in Figures 4 and 5. Parts a and b of Figure
4 compare the diffusion coefficient, Dy, and the relax-
ation time, 7y, both averaged over all chains of length
N in the bidisperse melt, with the corresponding results
of the monodisperse system. The diffusion coefficient
was calculated from the long time limit of gs(t) (see eq
2), whereas 7y was determined by the condition gs(zn)
= Rq2. According to eq 4, =y should be proportional to
the Rouse time 7r. The figures reveal that both quanti-
ties are rather well described by power laws. However,
the observed exponents are about 20% off the predicted
values: Dy ~ N7121 and 7y ~ N237 instead of Dy ~ N1
and 7y ~ N2. This behavior indicates that the Rouse
model is not strictly valid for our bidisperse system of
short, nonentangled chains. This observation has al-
ready been made in various related studies with mono-
disperse lattice and off-lattice models.35
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Figure 5. Number- (circles), weight- (squares), and z-aver-
aged (diamonds) diffusion coefficient vs the polydispersity
parameter x. The respective averages of the diffusion coef-
ficient, [Dn]nw.z, are divided by the monodisperse value for N
=20, i.e., by Dy = 2.38 x 107458 The broken and solid curves
are the theoretical expectations for Rouse behavior, eqs 28

(i.e., D3) and 32

If one tried to save the Rouse description by general-
izing the friction constant to an N-dependent friction
coefficient, ¢(N), one would also need to allow an
additional dependence on the composition of the sur-
rounding matrix, in which the chain moves. This
assertion is corroborated by the chain length depend-
ences of the mono- and bidisperse melts. A long chain
in the bidisperse melt is mostly surrounded by short
chains and thus experiences less friction than in the
monodisperse system. On the other hand, a short chain
close to a long one feels a stronger resistance against
its motion. Although the static properties of the mono-
and bidisperse melts coincide, there is a difference in
the dynamic properties. Short and long chains mutually
accelerate or slow down each other so that the N-
dependence of Dy or 7y is weaker and thus closer to the
Rouse prediction than in the monodisperse case. At this
point, it is interesting to note that “matrix effects” on
friction coefficients have been nicely demonstrated by
molecular dynamics simulation for a model polymer
mixture, where the constituents differ only by their
monomer masses.>®

Due to these deviations from the Rouse behavior one
can also expect that the predictions, eqs 28 and 29, for
the bidisperse melt are not fully satisfied. Figure 5
shows the variation of the number-, weight- and z-
averaged diffusion coefficients with the polydispersity
parameter x. Since we calculated the pertinent aver-
ages for Dy (and not for its inverse), the simulation
results correspond to the first cumulant method (see eq
25). According to eqs 26—29, the method yields the
z-average of Dy for coherent and the weight-average for
incoherent scattering. If Rouse dynamics applied, the
weight-average should not depend on x, whereas the
z-average should scale as Ny, ~1. Figure 5 shows that
this is approximately true. Nevertheless, one observes
a slight, but systematic increase of [Dnlw with X,
indicating that the short chains, which diffuse faster,
dominate the average for large polydispersity. This
increase is much more pronounced for the number-
averaged diffusion coefficient because

_keTray _keTp 4 1
Ol =2 N = 2085w 545 @2
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Figure 6. Radius of gyration, R¢?, plotted vs temperature for
the bond-fluctuation model with potentials adapted to mimic
polyethylene.?> Numbers represent the chain lengths, N, of
the model (the corresponding degrees of polymerization, Np,
are obtained by multiplication with n = 5 ). Note that two
chain lengths, represented by the same symbol, were simul-
taneously determined in one simulation of a bidisperse melt
with a given polydispersity x. For instance, N = 18, 28
correspond to x = 2; see eq 14. Error bars are only shown for
N > 28. For shorter chains they are always smaller than the
symbol size. The full line are the results for the monodisperse
melt with N = 20.

If x varies from x = 0 to x = 10, one expects an increase
from the monodisperse result, Dy, to 5Dn/3. The figure
shows that this expectation is approximately borne out.

B. The Thermal Case: Polyethylene as an Ex-
ample. In order to exemplify the thermal behavior of
our model this section describes the simulation results
for the case, where appropriate bond length and bond
angle potentials were introduced to mimic the large
length and time scale properties of polyethylene.23 Such
a “mapping” procedure allows a translation of the
abstract Monte Carlo units to physical units: a lattice
constant corresponds to 2.034 A, the Monte Carlo time
step is related by eq 8 to seconds, and one monomer of
the bond-fluctuation model represents a group of n =5
CH; units. Therefore the studied range of chain lengths,
N = 10—60, corresponds to a degree of polymerization
of Np = nN =50-300. While the following figures thus
contain physical units for the lengths and temperatures,
we have kept the chain lengths, N, of the coarse-grained
model and sometimes also the time in MCS’s to facilitate
the comparison with the results of the preceding section.

Figure 6 shows the temperature dependence of the
radius of gyration, calculated from bidisperse mixtures
with x =2, 4, 6, and 8. Note that there are always pairs
of chain lengths, denoted by the same symbol, which
represent the simulation results of one mixture with a
specific x value (for instance, N = 18 and N = 28
correspond to x = 2). As in the monodisperse case the
radii gradually increase with decreasing temperature,
reflecting the tendency of the chains to expand. This
expansion slightly depends on chain length. For in-
stance, the radius of gyration for x = 2 (Nw/N,, = 1.04)
increases by a factor of about 1.35 for both chain lengths
in the considered temperature interval. This is consis-
tent with the monodisperse behavior. On the other
hand, for x = 8 (Nw/N, = 1.64) the short chains (N =
12) expand by a factor of 1.3, but the long species
expands by about 1.4. Nevertheless, these differences
are so weak that the behavior observed at infinite
temperature is essentially recovered. Within the sta-
tistical uncertainties there are only minor deviations
between the number-averaged radii of gyration and the
monodisperse results (Figure 7a), whereas the weight-
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Figure 7. Comparison of the number-averaged, [Rq?]n, (a),
weight-averaged, [Rq%]w, (b) and z-averaged, [R¢?],, (c) radius
of gyration with the monodisperse result for N = 20. The model
is the same as in Figure 6. The various symbols denote
different polydispersities, x, as specified in panel a. The x
-values correspond to Nw/N, = 1.04 (x = 2), NW/N, = 1.16 (x =
4), Nw/Np = 1.36 (x = 6), NW/N, = 1.64 (x = 8), and Ny/Np = 2
(x = 10). For [Rq%]; a solid line is additionally shown for the
monodisperse data. It represents a fit to the linear form
([Re?1)¥? = aT + b, which is motivated by the experimental
analysis of ref 56. The results of the fit are a ~ —7.4 x 10
nm/K and b ~ 1.73 nm.

and the z-averages exhibit a strong enhancement with
increasing polydispersity (see parts b and ¢ of Figure
7). However, as at T = « (Figure 3) the enhancement
follows eq 14 rather closely (see Figure 8). This
indicates that the chains are sufficiently long to preserve
the (almost) Gaussian structure in the studied temper-
ature interval.
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Figure 8. Counterpart to Figure 3 for the model mimicking
polyethylene. The figure shows the number-, weight- and
z-average radius of gyration, normalized by the monodisperse
value, at T = 380 K (Rs?2 = 2.12 nm?) as a function of the
polydispersity parameter x. Note that the number-average
value is independent of X, whereas the dependence of the
weight- and the z-average values closely follows the ideal
behavior of eq 31.

Figure 7c additionally shows a solid line for the
monodisperse data. It represents the results of a linear
regression of the form [R4?],%? = aT + b for the interval
380 K < T < 470 K. This kind of analysis is motivated
by a small-angle neutron scattering experiment study-
ing the thermal expansion coefficient of the chains, « =
d(In RqA)/dT %6 which was done on nearly monodisperse
samples of long chains (N ~ 2286, 3786; N\/N, < 1.05).
The fit yields a ~ (—=7.4 &£ 0.9) x 1074 nm/K and b ~
(1.73 £ 0.04) nm, and so « ~ (1.02 — 1.07) x 1073 K1
in the studied temperature interval. A similar result
is obtained when fitting the data for x = 2 (NW/Np =
1.04). This « value agrees fairly well with the experi-
mental result xexp = 1.06 x 1073 KL,

Another closely related quantity is the characteristic
ratio, Cy = R%(N — 1)P0) Experimentally, this quantity
is mostly determined by neutron scattering and is given
by Cy’ = 6Ry2/(Ny — 1)P0 Figure 9 shows C’ as a
function of temperature for 1.04 < N/Nj < 2. Due to
the sensitivity of the weight- and the z-averages to large
chain lengths, the small amount of long chains (20%)
already leads to a considerable enhancement of Cy
with respect to the monodisperse result. This effect of
polydispersity has to be borne in mind when comparing
chemically realistic simulation results for monodisperse
melts to experimental data. Considering the coarseness
of our model, we consider the agreement between it and
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Figure 9. Characteristic ratio, defined as C{ = 6Ry,%/(Nw —
1)0?0) vs temperature for five different polydispersity param-
eters X. Ry;2 is the z-averaged radius of gyration and N,, the
weight-averaged chain length. This definition agrees with the
results obtained from scattering experiments. All simulation
results are for the bond-fluctuation model with potentials
adapted to polyethylene. The x-values correspond to Ny/N, =
1.04 (x = 2), Nw/N, = 1.16 (x = 4), Now/N, = 1.36 (x = 6), N\/N,,
= 1.64 (x = 8), and Nw/N, = 2 (x = 10). In addition, the
monodisperse result (N = 20) and an experimental value,
CHP =~ 6.7 £ 0.4, at T = 509 K are shown. The experimental
data point was estimated from the C. value (C., = 7.8 £ 0.4
at T = 413 K) of small-angle neutron scattering experiments>®
on nearly monodisperse polyethylene melts (Nw/N, = 1.05) in
ref 60.
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Figure 10. Self-diffusion coefficient, Dy, multiplied by the
chain length, N, in a log—log plot vs N for different temper-
atures, as indicated. The simulation results are for the bond-
fluctuation model with potentials adapted to polyethylene. The
coarse-grained chain length, N, correponds to the degree of
polymerization, N, = 5N, for polyethylene.

the experimental value (obtained by RIS extrapolation®®
from the value in ref 59), shown with the error bar in
Figure 9, to be satisfactory.

We now turn to the dynamic properties of our model.
Figure 10 shows the chain length dependence of the
diffusion coefficient for various temperatures. Itis the
thermal counterpart to Figure 4a. As at T = o, the
diffusion constant does not exhibit pure Rouse behavior,
Dn ~ 1/N, but has a larger N-dependence. This devia-
tion becomes more pronounced with decreasing tem-
perature. The motion of long chains slows down more
strongly than that of short chains. A possible explana-
tion is motivated by the glassy behavior of monodisperse
melts. In monodisperse melts there is a systematic
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Figure 11. Weight-averaged diffusion coefficient, [Dn]w, VS
temperature for five different polydispersities: Nw/Nn = 1.04
(x = 2), Nw/Np = 1.16 (x = 4), Nw/N, = 1.36 (x = 6), Nw/N, =
1.64 (x = 8), and Nw/N, = 2 (x = 10). In addition, the
monodisperse result (N = 20 ) is shown as open circles, and
the fit result (solid line) to an Arrhenius equation is included
(see text for parameters). The fit was done with the monodis-
perse data in the temperature interval 210 K < T < 760 K.

dependence of the glass transition temperature, Ty, on
chain length, Tyg(N) = Tg(0)(1 — const/N). Thus it is
plausible that a reduction of temperature has a larger
effect on longer chains, in qualitative accord with Figure
10. A more quantitative understanding of the data is,
however, hard to obtain.

On the other hand, the deviation from Rouse-like
behavior in the studied temperature range is not so
pronounced that the predictions of section Ill are
violated. Figure 11 shows that the weight-averaged
diffusion coefficient is nearly independent of polydis-
persity, in agreement with the results at infinite tem-
perature (see Figure 5). Moreover, the simulation data
for the bidisperse melts exhibit the same temperature
dependence as the monodisperse system. A satisfactory
description of the temperature dependence is obtained
by an Arrhenius equation, D(T) = D.exp[—Ea/T], with
Do & 8.2 x 107> cm?/K and Ea ~ 1923 K. The latter
value lies in the same range as the results of viscosity
measurements by Pearson et al.,*¢ who extracted an
apparent activation energy, defined as the slope of an
Arrhenius plot at T = 423 K, of Ex = 2500—3000 K for
comparable molecular weight. This is only an apparent
activation energy because Pearson et al. reanalyzed
their data in terms of the friction coefficient and
concluded that they were more compabtible with a
Vogel—Fulcher behavior. The stronger temperature
dependence compared to the simulation was already
noticed in our previous work?® and may be attributed
to different ensembles used in the simulation (constant
volume) and experiments (constant pressure).5!

Figure 12 shows the results for the chain length
dependence of the relaxation time ty. To facilitate the
comparison with the athermal data of Figure 4b we give
7n in MCS instead of in seconds (the conversion can be
done by multiplying 7y by eq 8). When one fits straight
lines to the data of Figure 12, assuming tn ~ Nz, the
effective exponent, z.(T), increases from about 2.45 at
high temperatures to about 2.8 at low temperatures
(remember that the athermal value found for the same
range of N was ze ~ 2.37; cf. Figure 4b). Should one
interprete this finding as an evidence that the crossover
toward a reptation-like behavior®5? sets in at low
temperatures, even if N is not much larger than Ng? In



Macromolecules, Vol. 31, No. 12, 1998

ﬂf
. ol
10 A _J " -
A
-
L
Py hd of
) [ s .. |
Q * ] 0350 K
=
= A [9) $AOK
° o l\&fK
Fiot oD o) AS5D9
R o0 | —|
o ® A &
0O A © 0
a O O
3Rl
o]
10
10 100
N

Figure 12. Log—log plot of the relaxation time, 7y, vs chain
length N for eight different temperatures as indicated. Note
that 7y is given in MCS’s to allow a comparison with the
athermal results of Figure 4b. The conversion to seconds can
be done by multiplation with eq 8. The model is the same as
in Figure 10.
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Figure 13. (a) Relaxation time, 7, plotted vs inverse tem-
perature (temperature in units of K, while 7y is in Monte Carlo
steps [MCS]). Eight different chain lengths, N, are included,
as indicated. These chain lengths correspond to a degree of
polymerization of N, = 5N. (b) Activation energy, Ea(N) (in
units of 10% K), plotted vs chain length, N, as obtained by
fitting the formula tn(T) = 7n() exp[Ea(N)/T]. The model is
the same as in Figure 10.

our opinion, one has to be very careful with such a
conclusion, since alternative interpretations are equally
well possible. For instance, Figure 13a shows 7 plotted
vs 1/T with N as a parameter. It is apparent that the
data can be described by an Arrhenius equation with
an activation energy, Ea(N), that increases with N (see
Figure 13b), i.e., =n(T) = 7n() exp[Ea(N)/T] ~ N237
exp[Ea(N)/T]. This could simply result from a chain end
effect, Ea(0) — Ea(N) ~ 1/N. However, the limited range
of N and the large error bars preclude any conclusion
whether such a simple explanation is actually correct.
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Figure 14. Weight-averaged viscosity, [#]w, vs 1000/T for four
different polydispersities: Nw/N, =1.04 (x = 2), Nuw/N, = 1.16
(x = 4), Nw/N, = 1.36 (x = 6), and Nw/N, = 1.64 (x = 8). The
viscosity was calculated from the Rouse formula, eq 33. The
solid line represents the monodisperse result. All data are are
for the bond-fluctuation model with potentials adapted to
polyethylene.

Therefore, even without invoking the development of
anisotropic, reptation-like motion, one would expect long
chains to relax more slowly and the difference between
short and long chains to become more pronounced with
decreasing temperature. This could also give rise to the
observed increase of the N dependence at low temper-
atures.

Finally, Figure 14 presents the weight-average of the
viscosity. The preceding discussion showed that the
Rouse theory—though not strictly valid—provides a
reasonable guideline for the interpretation of the simu-
lation data. Therefore we determined the viscosity of
the bidisperse polyethylene-like melts by the weight-
average of the Rouse formula?®

KeTo[ R?
3|NDy|,, [P] (33)

[n]w - 288s

For monodisperse melts, this equation yields a good
description of experimental data.?® The reason for
calculating the weight-average is that this is the ex-
perimentally measured average because the viscosity
depends on the size and thus on the weight of the
polymer.1l Figure 14 compares the monodisperse data
with the results for x = 2, 4, 6, and 8. It shows that an
increase of the polydispersity leads to an enhancement
of the viscosity, but does not influence the temperature
dependence. The curves are essentially shifted parallel
to larger viscosities. Qualitatively, this behavior agrees
with the predictions of the Schulz—Flory distribution,
if Np is kept constant while varying the polydispersity
(as done in our simulation).*> Quantitatively, however,
the shift is bigger than expected from [#]w ~ Nw and eq
14. For instance, if x = 8, this would imply an
enhancement of the viscosity beyond the monodisperse
value by a factor of 1.64, whereas the actual increase is
about twice as large. Nevertheless, the data qualita-
tively agree with the Rouse prediction [7]w[Dn]w ~ Nuw/
Nn (see Figure 11). Since the product #Dy is often used
in the analysis of the crossover from Rouse to reptation
dynamics, its sensitivity to the molecular weight dis-
tribution must be kept in mind when comparing differ-
ent experiments, as also discussed in ref 46.

V. Concluding Remarks

The present paper summarizes our first attempts to
model the influence of polydispersity on the static and
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dynamic properties of polymer melts. The simulations
were done with a coarse-grained lattice model, the bond-
fluctuation model, for which monodisperse melts have
been studied extensively.337:38 This allows a comparison
between the (average) behavior of a chain immersed in
a environment of the same species with that of a chain
surrounded by others of different length.

In the simulation polydispersity is realized in the
simplest imaginable way by a bidisperse mixture of
short and long chains. There are always 80% short and
20% long chains, and the chain length disparity is
chosen such that the number-average chain length, N,
is kept constant (see eq 14). Varying the polydispersity,
Nw/N, (between 1 and 2), therefore implies that the
weight-average chain length, Ny, increases with poly-
dispersity (see eq 14).

Simulations have been carried out for both athermal
and thermal conditions. In the latter case the bond
length and bond angle potentials are adjusted to mimic
large length and time scale properties of polyethylene
melts.23

Under athermal conditions, the end-to-end distance
and the radius of gyration of the monodisperse and the
bidisperse melts coincide (see Figure 1). This exempli-
fies that the change of environment does not perturb
the static properties of the chains. They still retain
their (almost) Gaussian structure typical of dense melts.
Therefore the number-, weight-, and z-averaged radii
of gyration agree very well with the expectations for
ideal chains (see Figure 3). On the other hand, the
dynamic properties are affected when introducing poly-
dispersity. The presence of the (sluggish) long chains
reduces the mobility and relaxation rate of the short
species (see Figure 4). This influence is similar to the
one observed in melts with randomly placed rigid
obstacles.>” A small amount of these obstacles leaves
the static properties nearly unchanged but considerably
slows down the motion of the chains. However, contrary
to rigid obstacles, the long polymers in the present case
are mobile and can also be influenced by the short
chains. The short chains accelerate the long species so
that the overall chain length dependence of the diffusion
coefficient or the relaxation time is weaker than for
monodisperse melts and thus closer to the Rouse predic-
tion. Therefore the number-, weight-, and z-averaged
diffusion coefficients agree reasonably well with the
Rouse theory (see Figure 5), though the accord is
certainly not as good as for the radii of gyration.

When the athermal model is extended by potentials
adapted to simulate polyethylene, the just described
effects of polydispersity are essentially retained (for
instance, compare Figure 8 with Figure 3 or Figure 11
with Figure 5). The introduction of the potentials leads
to a stiffening of the chains with decreasing tempera-
ture, which reflects the increase of bonds populating the
trans-state in polyethylene. This stiffening reduces the
number of statistical segments and makes the chains
less ideal so that the deviations from the Gaussian
predictions are more pronounced than in the athermal
case (compare Figure 8 and Figure 3). Furthermore,
the simulation results for experimentally accessible
guantities, such as the characteristic ratio, Cn (see
Figure 9), or the product of the diffusion coefficient and
viscosity, #Dn (Figures 11 and 14), point out that these
guantities depend on polydispersity. This has to be kept
in mind when guantitatively comparing simulational or
theoretical results to experimental data.
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