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ABSTRACT: The initial stages of phase separation are studied for a symmetrical lattice model of a polymer
mixture, where both pelymers A and B are modeled by self-avoiding walks of N = Np = N steps on the simple
cubic lattice and a lattice site is taken by either an A monomer, a B monomer, or a solvent molecule (or'a
vacancy V, respectively), choosing a volume fraction ¢v = 0.6. We study two cases of energy parameters, (i)
¢ = —eap = —¢pp (if two neighboring sites are taken by monomers of the same kind) and eag = 0 (if two
neighboring sites are taken by monomers of different kind) and (ii) ¢ = eap and eas = epp = 0. For chain lengths
N = 8 and 32 and volume fractions ¢a/(1 - ¢v) = 0.5 and 0.2, the system is quenched from the randomly
mixed initial state (¢/kaT = 0) to various unstable states inside the spinodal, and the time evolution of various
structure factors after the quench is monitored, as well as the time-evolution of the chain radii and various
types of nearest-neighbor contacts. It is shown that in case (i) also some segregatlon of solvent (vacancies)
occurs, accompanied by a contraction of the chains, while in case (ii) the vacancies remain ramdonly distributed
in the system, and the radii of the chains do not change significantly. In neither case can the data be
accounted for by the linearized (Cahn-type) theory of spinodal decomposition. We suggest that this theory
should hold only for much longer chains and rather shallow quenches. Performing runs also in the grand-
canonical ensemble of the mixture, long-lived metastable states are identified but only in the close neighborhood
of the binodal curve. Consequences of our results for the interpretation of experiments are briefly discussed.

1. Introduction

By spinodal deéomposition of a polymer mixture, one
means the phase-separation process induced by the
“quench” (Figure 1) from a state where the system is
miscible to an unstable state inside the miscibility gap
(see refs 1-5 for recent reviews). For a system exhibiting
an upper critical solution temperature (UCST), by quench
we mean a sudden cooling of the system from the one-
phase region into the two-phase region, while for a system
with a lower critical solution temperature (LCST) the
quenchisasudden heating. Inboth cases, theinitial rather
homogeneous state will decay by the growth of concen-
tration fluctuations. The initial length scale, Ay (t=0), of
these concentration inhomogeneities typically is of the
same order of magnitude as the size of the coils, while at
later times t after the quench the inhomogeneous con-
centration distribution coarsens, An(t—») — «. This
process is of fundamental interest for the theoretical
understanding of phase transitions and their kinetics,*%
and polymer mixtures are rather ideally suited model
systems for the experimental study of these phenomena:
for melts of long flexible linear macromolecules, all
diffusion processes are so slow that also very early stages
of the decomposition process can actually be observed, 515
and light scattering,$1! neutron scattering,12-1¢ and scat-
tering of X-rays!® are available as tools that yield detailed
information on the collective structure factor, which is
essentially the Fourier transform of the correlation func-
tion of these concentration fluctuations.

In addition, it has been suggested that spinodal de-
composition of polymer blends may have important
technological applications, using processing techniques by
which one can control the morphology of the resulting
two-phase structures: this may be achieved by freezing
the structure at a given time after the start of the phase
separation by suddenly cooling it far below the glass
transition temperature!® or by activating a cross-linking
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Figure 1. Schematic phase diagram of a polymer mixture,
choosing the volume fraction ¢, of one component and the inverse
Flory-Huggins parameter, x71, as the basic variables. A critical
point of unmixing occurs at a volume fraction ¢o™** and at a value
Xait Of the (temperature-dependent) effective interaction pa-
rameter x. Note that in this representation the phase diagram
applies to both LCST and UCST systems (cf. text). Full curves
show the coexistence curve, which separates the one-phase region
(above) from the two-phase region (below), and the spinodal curve,
which is thought to separate the unstable region (below) from
the metastable region (in between spinodal and coexistence
curves). Also,three typesof quenching experiments (i)-(iii) from
aninitial state at temperature T, to other states at a temperature
T are indicated.

agent,l7 etc.

Clearly, a detailed theoretical understanding of these
processes enabling us to predict the detailed kinetic
behavior of such unmixing processes would be very
desirable. The theory of spinodal decomposition for poly-
mer mixtures has been considered by various authors®18-2
but is only incompletely understood. This is no surprise
at all: even for small molecule mixtures, nonlinear effects
prevent a satisfactory theoretical description of spinodal
decomposition;526in addition, the dynamics of homopoly-
meric melts poses already very difficult problems.?” While
there is no reason to assume that late-stage spinodal
decomposition for polymers is simpler than it is for small-
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molecule mixtures, one very attractive feature of polymer
mixtures is the prediction®202! that polymers should have
awell-defined regime of early times after the quench where
the linearized theory of spinodal decomposition32828 holds.
In fact, there is some experimental evidence for this
prediction.”!1 For small-molecule mixtures, it is argued
that nonlinear effects are very important already in the
initial configuration,?! and furthermore due to the quicker
interdiffusion of small molecules, the very early stages of
phase separation are not experimentally observable.
However, even on the level of linearized treatments!®2! of
spinodal decomposition, there are problems: it is con-
troversial how the generalized Onsager coefficient, A(g),
describing interdiffusion of ideal randomly mixed polymers
at wavelength A = 2x/g behaves; also the relation of
A(G—0) to self-diffusion coefficients of the two types of
chains forming the mixture is controversial.330-38

In view of all these problems, Monte Carlo simulations
of spinodal decomposition should be very helpful: forspin-
odal decomposition of metallic alloys, Monte Carlo sim-
ulations have played a central role in clarifying the accuracy
of various theories and checking out various theoretical
predictions.®3%43 Of course, due to the internal degrees
of freedom of long polymer chains already the simulation
of homopolymer melts is very difficult.#44 Previous
simulations of spinodal decomposition of polymersind =
2 dimensions*’ and in d = 3 dimensions*8 only have the
character of feasibility studies (considering a single quench
depth and a single chain length, N = 1047 or N = 32,48
respectively), rather than a systematic investigation of
the problem.

In the present paper, we hence extend our preliminary
previous work*® studying now the effect of varying both
quench depth and chain length, and we also present the
first Monte Carlo results for quenches at off-critical
concentration. Since for our simple cubic lattice model
static properties such as binodal® and spinodal curves®
have been obtained in previous work, a quantitative
analysis of the Monte Carlo “data” is possible without
unknown fitting parameters.

The outline of our paper is as follows. Section 2 contains
a brief summary of the results of the linear theory of spin-
odal decomposition,2® which will be used for later
comparison. Section 3 briefly describes the simulated
model and summarizes the pertinent static properties
obtained in previous simulations.4%5 Section 4 describes
our simulation results for a model with repulsive inter-
actions between unlike monomers (e = e4g > 0), while
Section 5 describes corresponding results for a model with
attractive interactions between monomers of the same kind
(e = —eaa = —egp > 0). Since the simulated model48-50
includes a (rather large) volume fraction, ¢y, of vacant
sites (or solvent molecules, respectively), these twomodels
behave in a very different manner, while for ¢v — 0 only
the combination esg — (eas + ¢gp)/2 would matter and
then both cases wereidentical. Section 6 then summarizes
our conclusions and discusses a possible relation to
experimental work. Finally, an appendix describes our
attempts to simulate metastable homogeneous states in
between the spinodal and binodal curves, applying the
same grand-canonical ensemble techniques as have been
appropriate for the study of equilibrium properties.

2. Linearized Theory of Spinodal Decomposition
for Polymer Mixtures

In this section, we disregard the fact that the simulated
model really is a ternary system containing vacancies in
addition to the two kinds of polymers: we only consider
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an incompressible binary polymer mixture, assuming that
the actual ternary system can be mapped onto the binary
one by a suitable rescaling of parameters, as will be
discussed below. Since the theory has been discussed
elsewhere in detail 20 we here summarize only the main
results.

The starting point of the description is a Flory-Hug-
gins lattice model’! of the polymer mixture, where a local
concentration variable ¢’ = 1 if lattice site { is taken by
an A monomer and otherwise zero and ¢gi = 1 if it is taken
by a B monomer and otherwise zero. Then the time-
dependent collective structure functionof an L X L X L
lattice (we measure all lengths henceforth in units of the
lattice spacing) is given by

S(@.t) = ({)_exp(ig-R)[6g'(t) - 8,/(t) -
j
(o5 - 0P /LP (1)

Here (---) denotes a thermal statistical average, and
we display a time argument for this equal-time structure
factor, since we consider a quench at time t = 0 (Figure
1), and thus the system for ¢ > 0 is out of thermal
equilibrium. Of course, the average relative composition
of the considered mixture ¢o = (¢a/)/ (98 + ¢a’) is
conserved in the phase-separation process following this
quench.

Now the linearized theory of spinodal decomposition
implies an exponential variation of S(§,t) with time

S(g,t) - S(g,t=0) =
[ST°°11(¢7) - 8(g,t=0)][1 - exp{2R(§)¢}] (2)

where the initial structure factor S(g,t=0) = S7,°U(§), i.e.,
the collective structure function describing the scattering
under wavevector § from concentration fluctuations in
thermal equilibrium at the initial temperature Ty. Ac-
cording to the random-phase approximation, Sy=l(g) is
given by%?

1 __ 1 1
SN 66Sa@  (1-¢)Sp@)

where x(T) is the Flory-Huggins parameter (we display
here explicitly only an unspecified temperature depen-
dence, but it may also depend on ¢¢%%) and Sa(g) and Sg(§)
are the single-chain structure factors of the two types of
chains. Note that eq 3 assumes that S,(g) and Sg(g) are
strictly independent of both T and ¢, which in general
is not true, at least not for the model treated in our
simulation.4®% We shall return to this problem in section
5 but remark that also eq 3 is at best qualitatively accurate
for the model introduced in section 3.5 If the chain
configurations are ideal, the single-chain structure factors
Sa(@) and Sp(§) can be expressed in terms of the well-
known Debye function fp{x)3.52

Sx(@ = Nufo[gNaoa'a?), Sp(@ = NBfD(éNBogzqz)w

-2x(1) @)

where
folx) = (2/x){1 - [1 - exp(-x)]/x] Sl x/3 (5)

where the chain lengths of the two polymers A and B are
denoted by N and N, and the size of their effective units,
oa and og.

The rate R(§) describing in eq 2 the variation of S(g,t)
with time is given by?2°

R(@) = -¢*A(@)/S;™%@) (6)
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where A(§) is a generalized Onsager coefficient that will
be discussed later.

If we would: consider a quench with a final state above
the spinodal curve in Figure 1 {case (i) or case (ii),
respectively}, we would have S7l(§) > 0 and hence R(g)
< 0 for all ¢. Then eq 2 simply describes an exponential
decay of the correlations contained in the initial state,
and the system smoothly relaxes toward its new equilib-
rium, described by the structure factor Sr*o(g). Spin-
odal decomposition occurs for the quench (iii) in Figure
1 which crosses the spinodal curve x = xs(T), which follows
from eq 3 from the condition 1/87°°U(g—0) = 0; i.e.

== + 7
X 2[¢0NA (1- ¢o)NB] @

In the unstable regime, where x > xsp(7T), we have S7¢()
< 0 for 0 < g < g, where now q. is given by the condition
1/S7*(g) = 0. For a symmetric mixture for which N =
Ny = N, and o4 = o = ¢, which holds for the model
treated in the following section, we then have, using xcrit
= 2/N, and noting from eq 7 that xsp(T) = Xcrit/ [4¢b0(1 -
¢o)] from eqs 3-5

fn(%N.vzqf) = [4¢o(1 = $p)X/ Xerit] " = Xep(D/x  (8)

For a shallow quench, for which x exceeds xsp(T) only
slightly, the expansion of the Debye function in eq 5 may
be used, and, hence, remembering (1/6)N,0? = (Rgn?),
the gyration radius square of the coil

A Real = 1-x(D/x ©)

For a deep quench, on the other hand, for which x >»
xsp(T), we rather have to use the large x-approximation
to fp(x), namely, fp(x) =~ 2/x. This yields instead of eq 9

(Rm2>q¢2/2 ~ X/ Xgp(T) (10)
Forshallow quenches where 1 — x45(T)/x < 1,eq 9 implies
that (Rgy?)qc? « 1 and then in eq 6 the g-dependence of
A(g) may be neglected. Equations 3 and 6 then yield

2 2

. q. Ry )
R(@) ~ 20032~ - ¢%/q) (1D
The position g where R(§) is maximal then is gm = g/

+v/2 as in Cahn’s treatment,?8 and the maximum growth
rate should behave as

R(gn) =~ Agtn Xep(T)( Ry /8 = Aggy '/ [36x0(1 - xo)]
(12)

For deep quenches, on the other hand, the g-dependence
of A(g) crucially enters and this is the point where various
theories differ.18-20 We here quote the result of ref 20 only

Gl (Rey?) = (2x/Xep(TNY2, x >x,p(T)  (13)

R(gy) =~ 12(W/N)x/x,p(T) = %qm4(Rm2)2 ~
SW(ag,)* (19

where W is an effective monomer reorientation rate per
unit time. Since® A¢ = Weo(l — ¢o)o?, eq 12 differs from
eq 14 by a numerical factor only. These results will be
compared to the computer simulation results in sections
4 and 5. Note that in our choice for A¢ we have assumed
simply the Rouse model,* as is appropriate since our chains
are rather short.
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Figure 2. Schematicillustration of the dynamic Flory-Huggins
lattice model of a polymer mixture. Lattice sites taken by
monomers are indicated by full dots; lattice sites taken by
vacancies are denoted by empty circles. Chains of type A are
indicated by thick bonds between the monomers and B chains
by wavy bonds. Nearest-neighbor bonds between monomers of
the same kind (eas and ¢gg) are denoted by full straight lines and
those between monomers of a different kind (esn) by broken lines.
Interactions between monomers and vacancies (eav and epv)
(which might as well represent solvent molecules rather than
vacancies) are assumed to be zero in this work; they are denoted
by dash-dotted lines in the figure. Dynamics is introduced into
this model by random motion of single bonds (at the end of the
chains), by a 90° “crankshaft” motion of three neighboring bonds
(remember that we deal with the simple cubic lattice throughout
rather than the square lattice, which here is used for illustrative
purposes only), and by exchange of two neighboring bonds, which
form an angle of 90° (“kink-jump” motion). These motions are
indicated in the lower part of the figure. They must conform to
the excluded-volume principle that each site can be taken by a
single monomer only, and the bond energies eaa, ¢sp, and exs
must be taken into account via suitable transition probabilities,
as is standard practice in Monte Carlo simulations of lattice
models for polymers.# The upper part of the figure illustrates
that by suitable succession of these random motions a lattice site
previously taken by an A monomer later may be occupied by a
B monomer.

3. Simulated Model and Its Static Properties

In the present paper, we are concerned with the same
dynamic Flory-Huggins model of polymer mixtures as was
used in previous work,#:48-50,64.55 jllystrated in Figure 2.
We consider two choices of energy parameters, namely

() eap=¢€, €xa=¢gg=0
(ii) €AB = 0, €A = €gg = € (15)

Inthe absence of vacancies, the Flory-Huggins parameter
x used in section 2 according to the simplest version of the
Flory-Huggins mean-field approximation5! would be

_ 2[ean — (ean + €ap) /2]
= kT

where 2 is the coordination number of the lattice (z = 6
here), kg is Boltzmann’s constant, and T is the absolute
temperature. Equation 15 suggests that the two cases (i)
and (ii) are strictly equivalent, and this is rigorously true
for ¢v = 0 but not for ¢v # 0. A simple generalization of
Flory—Huggins theory for ¢y # 0 yields49:55

(16)

_ z[egg = (ean + €5p) /2]
X = keT

which would imply that two cases (i) and (ii) both reduce

(1-¢v) (1
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to the same result

x = 26(1- ¢y) /kgT (18)

Now the numerical results presented in ref 49 show that
eqs 15-17 are rather inaccurate: (1) The above formulas
assume that each chain with N bonds makes (1 — ¢v)zN
contacts with monomers of other chains, which is a crude
overestimate: due to excluded-volume effects on a local
scale and the fact that intrachain contacts lead to a chain
contraction® rather than to phase separation, the effective
number of contacts z¢N is much smaller than zN, and
hence z¢ rather than z should be used in eqs 15-17. (2)
The vacancy concentration dependence of the effective x
parameter is much stronger than suggested by the factor
1-¢vineqs16and 17. (3) When an effective x-parameter
is fit to the simulation data, the parameter kg T'x has both
a weak temperature dependence and a slight dependence
on the volume fraction ¢5 = (¢a).4° (4) The two cases (i)
and (ii) mentioned above are practically equivalent for
very small ¢y, but this is no longer true for ¢y = 0.6, the
case considered here. This is seen from the fact that the
critical temperatures found in both cases differ from each
other; namely, e.g., for N = 16, one finds#?

¢/kgT, = 0.188 (i), ¢/kpT,=0.166 (i)  (19)

Thus for the present model, the dependence on the type
of interaction {case (i) and case (ii) are two extreme
possibilities for a whole class of choices for esp, €aa, and
epB] is still a rather small effect, as far as the one-phase
region and the critical region of the model is concerned.
We shall see, however, that for spinodal decomposition
where in a deep quench ¢/kgT > ¢/kpT, holds, never-
theless, pronounced differences between the two cases (i)
and (ii) result.

Now a comparison between the phenomenological
theory, as was outlined in section 2, and the simulated
model is hampered by the fact that eqs 16 and 17 should
not be used for a conversion of parameters. Similarly, one
must neither identify the lattice spacing in Figure 2 with
the segment length, o, nor the number of segments, N,
with the chainlength N in the simulation, since the relation
(Rgy®) = 02N,/6 would not be fulfilled. Rather one
observes still a considerable swelling of the chains; i.e.,
the system corresponds to a semidilute solution with a
blob size containing about 20 monomers. This is seen by
the fact that the gyration radii are for ¢y = 0.64°

(Rey’) e = 175, (Rpy) yags =~ 3.84, (ng,"’)N=32z(%)

which all are in a crossover regime from the region where
(Rgy?) ~ N? holds with » ~ 0.59 for small N to (Rgyu?)
~ Nforlarge N. Inordertoallow a meaningful comparison
between the simulations and the phenomenological theory,
we hence shall use the actual values of (Rgyu?) in the
normalization of the wavevector scale and use T/ T as a
parameter corresponding to xcrit/x in the normalization
of the temperature scale.

Figure 3 shows the phase diagram of the model for
case (ii) and the largest chain length studied (N = 32),
Note that the spinodal curve was found from a linear
extrapolation of the inverse collective structure factor
[S7*°(g=0)]"! as obtained from the simulation versus
¢/kgT (for details see ref 50). Since the actual behavior
of [Sr*oM(g=0)]"! as a function of ¢/kpT near ¢/kpT, is
nonlinear, reflecting a critical exponent v different from
unity,*5055 one obtains the spurious result that a spin-
odal curve obtained from a strictly linear extrapolation
for ¢ near ¢,°it would lie slightly above the true 7. This

Spinodal Decomposition of Polymer Mixtures 581

0,206 N=32
2}
binodal =
10r ~
W 7 g h N
; 8r , /\ex"cpeleted spinodal N N
T .l
LF
2 b
0 e 1 i 1
0 025 0.50 075 1.0
0,/11-0,)

Figure 3. Phase diagram of the model polymer mixture
displaying both the true coexistence curve (binodal) and the
extrapolated spinodal, or the case ¢v = 0.6, N = 32, eap = 0, and
€AA = €BB = —€.
effect has also been seen in recent experiments on
polystyrene—poly(vinyl methyl ether) mixtures.5%57 This
temperature region where the linear extrapolation fails
gets smaller the larger the chain length N becomes, as a
Ginzburg-type criterion shows.2052 QOnly for N — « the
spinodal curve becomes well-defined,?0 while for the small
N used in Figure 3, the dashed curve is only a rough
estimate of the region in the phase diagram where a gradual
transition from nucleation to spinodal decomposition
should be expected.?5

In our Monte Carlo simulations, we work with L X L X
L lattices, choosing L = 40 and periodic boundary
conditions. This means that the structure function S(g,t)
defined in eq 1 is only well-defined for a set of discrete
values §; defined by

éu = 2[—,15(":’”)'»”:)* {Vx'yy’yz} = 1’ 2’ 3’ (21)

Thesame fact is true for another structure function, which
is sensitive against a possible polymer-vacancy phase
separation; namely

S,@.) =
(D _exp(ia-R)[6g/(t) + ¢4 - (b5 + 6,1 I1P) /L (22)
j

This quantity is the fourier transform of the correlation
function of fluctuations in the density of polymers in the
system; unlike eq 1 it does not distinguish between the
two types of polymers A and B.

The initial configurations of the chains are prepared
and relaxed in the same way as described in refs 49 and
55. In this relaxation part of the simulation, all energy
parameters are put equal to zero, corresponding to an
equilibration at infinite temperature, To— <. Thisimplies
that the initial structure factor St,(§) (eq 3) simply
corresponds to the structure factor of single chains, since
x(To—>=) = 0. At ¢ = 0 then the chosen value of ¢/kgT
isswitched on. This energy is felt in carrying out the trial
moves shown in Figure 2 via the transition probability, W
= exp(-6H/kgT), if the energy change 6H involved in a
move is positive: the trial moves are carried out only if
W exceeds a random number uniformly distributed
between zero and one.44-4 More details on this standard
Monte Carlo procedure can be found in the reviews.-46

One difficulty with this type of nonequilibrium Monte
Carlosimulation is the fact that structure functions S(g,t)
and S,(g,t) for particular values of § are not self-averaging:
this means the fluctuation of individual observations of
the scattering (i.e., individual recordings of the quantity
in braces in eqs 1 and 22, respectively) does not decrease
with increasing size (L3) of the simulated box but rather
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isof orderunity. Infact,thestatisticalaverage {:-+) means
in principle that one should perform an average over a
large sample of equivalent runs, starting from different
realizations of the initial equilibrated configuration and
using different random numbers simulating the course of
the “time” evolution. For the sake of computational
economy, only of the order of 20-40, such runs have been
carried out. Toimprovestatistics of the structure function,
we then perform the standard spherical average in § space;
i.e., we define a S(g,t) by summing S(§,t) over all § vectors
that lie in a shall between spheres with radii (v - 1/2)-
(27/L) and (v + 1/2)(27/L) and plot this value at g, =
(2x /L)y, for v = 1, 2, 3, ....343

A comment should also be made on the conversion of
time scales: the Monte Carlo “time” is measured in the
units of attempted moves per “monomer” on the lattice.
Very roughly, this means in the phenomenological theory
that we measure time in units of the subunit reorientation
rate, W. Of course, nothing hence can be said about the
dependence of this quantity on temperature, local volume
fraction, etc. In principle, it would also be possible to
choose jump rates I'y and I's for the motions shown in
Figure 2 different for the two kinds of polymers. Such a
parameter I'y/T's has been introduced in recent simula-
tions of interdiffusion in lattice gases’” and polymer
mixtures?® and in a simulation of spinodal decomposition
for an alloy model.®8 These rates enter as a prefactor in
the transition probability, W, and since the latter must
not exceed unity, it is the larger one of the two rate factors
that controls the unit of time. Therefore, anyratioI'a/T's
appreciably. different from unity distinctly slows down
the simulation,® in units of the actually consumed CPU
time. Therefore, in the present work we restrict attention
to polymers with the same intrinsic mobilities, choosing
Ta = I'g = 1 for all three types of motions shown in Figure
2: these attempted motions hence are always carried out
if they do not violate the excluded-volume constraint and
if W = Min lexp(-6H/kpT),1} exceeds the random number.
Clearly, the “dynamics” of this Monte Carlo model is
somewhat artificial when we compare it to the dynamics
of real polymer melts: however, the simplification is in
the same spirit, as the Flory-Huggins lattice model for
the static properties of polymer mixtures drastically
simplifies the problem. In fact, our approach is a rather
natural extension of this model*®-5 to dynamics, and the
motions included on the microscopic level (Figure 2) ensure
that on time scales that are much larger than unity (the
inverse jump rate in the absence of interactions is unity
in our case) the Rouse model?’ is a good approximation
to the dynamics of single chains in our model.%4# This
fact is expected, of course, since the Monte Carlo process
can be interpreted in terms of a master equation,*4€ which
is the discrete analogue of a description in terms of Lan-
gevin equations?” from which the Rouse model may be
derived. Neigher the Rouse model nor our Monte Carlo
process, however, contains any hydrodynamic flow effects,
and thus our model at late stages will reproduce a
coarsening behavior characteristic for solid mixtures®
rather than for liquid mixtures.®? As is well-known, this
problem is not important during early and intermediate
states of phase separation.26

4. Spinodal Decomposition for the Model with
Repulsive Interaction between Monomers of
Different Kind

Simulations have been carried out for N = 32 and
monomer volume fractions ¢o = ¢ = 0.2 at inverse
temperatures ¢/kgT = 0.2, 0.3, 0.6, and 1.0, as well as for
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N =8 at ¢4 = ¢p = 0.2 at inverse temperatures ¢/kpT =
0.3 and 0.6. Since the critical point occurs at*® ¢/kpT. ~
0.105 (N = 32) and ¢/kpT ~ 0.315 (N = 8), the ratio X/ Xerit
= T,/ T takes the values 1.9, 2.86, 5.72, and 9.5 (N = 32)
and 0.95 and 1.9 (N = 8): thus for the case N = 8, ¢/kgT
= (.3 is a quench in the critical region for T'slightly above
T., while all other quenches are rather deep quenches where
X/ Xerit €Xceeds unity distinctly.

Figure 4 shows some typical examples for the structure
factor S(g,t) plotted vs g at different times. Estimates for
g. are included; they were calculated from eq 8, which for
the critical quench treated here (¢s = ¢B = Perit) reduces
to fp(gc2{Rgy?)) = Xerit/x. Similarly, estimates for gm are
included which were calculated numerically from eq 4.9
or ref 20, since for our range of x/Xcit the asymptotic
expressions gp, = ¢,/ v/2and eq 13 are not yet very accurate.
Itis seenthat g, predicts the position, where the difference
S(q,t) — S(g,0) develops a maximum for early times, in
rough agreement with the data. On the other hand, g,
seems to have little significance: while according to the
linear Cahn?8 theory S(g.,t) = constant, independent of
time, no intersection occurs at early times at all; at later
times, however, curves S(q,t) for different values of time
dointersect each other, but at the same time the maximum
of S(g,t) shifts to lower values of g, as time proceeds and
sodoes the intersection point: this behavior, whichis very
familiar from small-molecule liquid mixtures and metallic
alloys,*%26 simply reflects the onset of coarsening.

In order to perform a more meaningful comparison with
the phenomenological theory of section 2, we plot S(q,t)
versus time ¢ at the different ¢ values available in our
simulation (Figure 5). While eq 2 suggests that for ¢ <
g. we obtain a variation that increases exponentially with
time, which implies an upward curvature of the curves
shown in Figure 5, we see that there is no evidence at all
for an exponential increase of intensity with time: the
curves show a linear increase with time and then bend
down, reflecting the immediate onset of strong nonlinear
effects. This behavior is the same as that which has been
observed in simulations of spinodal decomposition in
metallic alloys.34! Inorder to extract an initial rate R(q)
from our data, we fit a straight line to the curves in Figure
5 over the time interval 0 < t < 100 to obtain dS(g,t)/
dt|;=o. Clearly,the choice of this time interval is somewhat
arbitrary: ideally, one would like to make this time interval
as short as possible, to avoid systematic errors due to the
gradual onset of nonlinear effects. However, it we choose
the time interval in our simulation distinctly smaller than
t < 100, the data for the derivative dS(g,t)/dt|;=o get too
noisy to allow a meaningful analysis. According to egs 2
and 8, the initial derivative of the structure factor should
be

dS(q,t)

| = 2R@ISr™(q) - S(gt=0)] =

t=0
g°A(g)[1 - S(g,t=0)/S(g)] (28)
which with the help of eq 3 can be rewitten as

dS(g.t)| _ [ 1 ]
=0 =g —— +2¢S
qdt |eg “Alg)} 1 2~ 90 xS(q)
~q?A [1———1—+
g“A(q) PYTRPY)
2\ .2
_x_( _M)]
4xmit 1 3 (24)

For small ¢ this hence also yields a Cahn plot R(q?)/q?
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linear in g2, for ¢¢ = ¢eri = /2

1 dS(q,t) 4 .
BT P vk A B 25
qu(O) dt t=0 Xerit 3 Xcrit< e )q" (25)

It is seen that apart from the constant A(0), which can be
absorbed in the time scale, the comparison between the
initial slope dS(q,t)/dt|:=0 only involves the known quan-
tities x/Xcrit and (Rgy?); no adjustable parameter what-
soever enters. This comparison between the phenome-
nological theory and the simulation is presented in Figure
6.

It should be noted that eq 24 is only valid for (Rg,?)q?
<1 and most of the computer simulation results are in a
regime where this inequality does not hold. An extension
of the linear theory of spinodal decomposition valid in the
regime (Rg,?)q? > 1 as well has been suggested in ref 20;
the result is shown in Figure 6b, suppressing a rate factor
that can be absorbed in the normalization of the ordinate
scale. It is seen that for large T/ T where q.2(Rgy2) > 1
there occurs pronounced curvature on the Cahn plot Figure

6b, and there is a qualitative agreement between this
linearized theory and the simulation results, apart from
the vicinity of ¢.. However, the simulation results exhibit
a pronounced curvature at all values of T,/ T studied, and
awell-defined estimate of g, can hardly be identified, while
linearized theory exhibits a well-defined g, with g. — 0 as
T./T — 1; in this limit the Cahn plot develops toward a
straight line, in disagreement with the simulation data.
Note that in experiments!! linear Cahn plots were found
but all these data refer to g.(Rgy?) <1 and to much larger
chain lengths.

There are essentially two reasons why one might expect
that the linearized theory of spinodal decomposition
cannot account for the simulations: (i) The chain lengths
N are too short to satisfy the Ginzburg criterion? for the
validity of the linearized theory. (ii) The large content of
vacancies invalidates the simple versions of the theory!8-20
where the two volume fractions ¢4 and ¢p of the two kinds
of monomers are no independent variables since ¢4’ + ¢
= 1, while in our case ¢s' + ¢p' = 1 ~ ¢y = g also is a
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Figure 5. Collective structure functions S(g,t) plotted versus
time for various values of g as indicated in the figure (data are
labeled by v = 1, 2, 3 related to q via ¢ = 2xv/L). Case a refers
to N =32 and ¢/kgT = 0.3 and cases b and c refer to N = 32 and
¢/kaT = 0.6, where case b refers to early times and case ¢ to
intermediatetimes. The straight lines in cases a and b indicate
how an effective relaxation rate, R{q), can be extracted from the
slope dS(g,t)/dt over a time interval from ¢t = 0 to ¢ = 100 Monte
Carlo steps.

dynamical variable which may fluctuate and couple to the
fluctuations in the relative concentrations of the polymers.
_Inorder to check for the behavior of the polymer density,
o', the structure factor 5,(3,t) (eq 21) has also been analyzed
(Figure 7). It is seen that S,(§;t) is essentially constant
in the g-range of interest and independent of time, apart
from statistical fluctuations. Asweshallsee, this behavior
is in marked contrast to our findings for the model with
eas = epp = —¢ and exp = O (section 5).
In order to study the behavior of S(q,t) at intermediate
times, it is convenient to analyze the time dependence of
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ds (q.t1/qdt

q2<R§yr>

2.p2
q°<Rgyr>

Figure 6. (a) Cahn plot dS(q,t)/[q%dt] vs ¢ obtained from the
simulation data, as indicated in Figure 5 and discussed in the
text. All data refer to N = 32. Different values of T./T are
indicated in the figure. (b) Same as (a) but calculated from the
phenomenological theory of ref 20, which leads to dS(q,t) / [¢2dt]
~{@/2N(Te/T) - (1/2)[1 - (1/%)(1 - e®)]} with x = (Rg?)q%

the moments.
aut) = D_a"S(at)/2_S(q,t) 26)
q q

Itisseen (Figure 8a) that, for times ¢t S 100, ¢,(t) isbasically
time-independent. This is the time regime for which we
have tried to carry out a comparison with the linearized
Cahn-type theory of spinodal decomposition in Figures
4-7. At somewhat later times a decrease of g;(¢) with
increasing time occurs, signifying the gradual onset of
coarsening. If one would try to describe this behavior in
terms of a power law

q,(t) ~ ™ ) 27)

the exponent a in the time range from ¢ ~ 600 to ¢ =~ 3000
would be distinctly temperature-dependent: for exp/kpT
= 0.2 we have a =~ 0.12, while for esg/kgT = 1.0 we have
a =~ 0.22, and for intermediate temperatures the exponent
lies in between (a = 0.15 for ezg/k8T = 0.3 and a ~0.18
for eap/keT = 0.6). The occurrence of effective exponents
a(T) in an intermediate time range with a(7) increasing
with increasing quench depth has also been found
experimentally.!! It must be emphasized, however, that
the agymptotic power law (eq 26) for t — « in our model
should be a = !/3, assuming that the Lifshitz—Slyozov
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rescaled plot of the data for g,(¢) vs t at ¢/kgT = 1 where the case
¢ = ¢sp and eaa = egp = 0 (repulsive interaction, denoted as “r”)
and the case ¢ = —ex4 = —¢pp and eap = 0 (attractive interaction,
denoted as “a”) are plotted vs areduced time t / 7 with 7 = (Rgy,?) /
Dg(t), Deg(t) being an effective chain self-diffusion constant,
which is discussed in eq 29.

mechanism® of coarsening holds, while real polymer
mixtures exhibit the result ¢ = 11! proposed by Siggia.t®
As noted in the previous section, this discrepancy stems
from the fact that our hopping model of polymer dynamics
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(Figure 2) really better corresponds to a solid polymer
mixture rather than a fluid mixture, where hydrodynamic
flow effects take over at late stages of the phase-separation
process.?480 It should be noted that a detailed explanation
of the effective exponents at intermediate times in Figure
8 or in experiment!! is not known: ideas about “cluster
dynamics” have led to the proposals a = 1/¢ at low
temperatures®! and a = !/, at higher temperatures,$2 and
it is believed® that these estimates should apply to polymer
mixtures, too. However, neither experimental work!! nor
the present simulations is consistent with these predictions.
We think that the behavior seen in Figure 8 should be
interpreted as a gradual approach to the asymptotic
universal power law describing phase separation of solid
mixtures,® q;(t) ~ t"1/3, but extremely costly simulations
extending to much longer times would be needed to show
this.

5. Spinodal Decomposition for the Model with
Attractive Interactions between Monomers of the
Same Kind

Simulations were carried out for N = 32 and ¢ = ¢p
=0.2ate/kpT =0.3,0.6,and 1.0 and for N = 32, ¢4 = 0.32,
and ¢p = 0.08 at ¢/kpT = 0.6. The critical point occurs
at ¢/kpT. ~ 0.0917. Thus all data are in the regime of
deep quenches.

Typical data for presented in Figures 8b, 9, and 10.
While at first glance the data for S(g,t) look similar to
those presented in Figure 4, a closer examination reveals
important distinctions: while the phase separation pro-
ceeded faster with increasing ¢/kgT (and hence with
increasing quench depth) for € = eap, it is seen that for the
case ¢ = —eap = —¢pp the phase separation proceeds faster
for ¢/kgT = 0.3 than for ¢/kgT = 1.0. This observation
alsois reflected in a smaller value of the effective exponent
a in the relation eq 26 (see Figure 8, lower part).

At the same time, the structure function S,(g,t) clearly
reveals for ¢/kpT = 1.0 also a phase separation between
polymers and vacancies takes place (Figure 10b): the
growing peak of S,(q,t) does not seem to settle down at a
limiting Ornstein-Zernike function describing polymer
density fluctuation correlations in a macroscopically
homogeneous polymer-vacancy system

S,(gt—®) ~ (1+ g% (28)

¢ being the correlation length of the polymer density
fluctuations. Onthe other hand, for ¢/kgT = 0.3the results
(Figure 10a) are compatible with the gradual approach
toward eq 27, which would then appear as an envelope of
all the curves S,(g,t) for finite t. In all cases, however, the
behavior of S,(g,t) is quite distinct from the structureless
behavior found in the case of repulsive interactions
between unlike monomers (Figure 7). The behavior of
Figures 9 and 10 demonstrates that already on the level
of the linearized Cahn-Hilliard-type theory, egs 2, 6, and
11-14 are too simple, because they consider concentration
fluctuations only, and even on the level of this mean-field
theory, one must consider simultaneously concentration
fluctuations and polymer density fluctuations. Therefore,
a comparison between the theory of section 2, and the
results shown in Figures 9 and 10 is not very meaningful
and has not been performed.

Figures 9¢ and 10c show the behavior of an off-critical
quench for ¢5/(1 - ¢v) = 0.8 and ¢p/(1 - ¢y) =0.2. Itis
seen that also in this case one still has an A-B phase
separation by spinodal decomposition occurring, accom-
panied by a phase-separation polymers-vacancies. Com-
paring these data to results for ¢a = ¢g taken at the same
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temperature ¢/kgT = 0.6,8 we see that the polymer-
vacancy phase separation for this off-critical quench
proceeds distinctly faster and the polymer-polymer phase
separation proceeds distinctly slower. In fact, for still
higher vacancy content a situation is conceivable where
the polymer species A and B are compatible in the
homogeneous phase containing the vacancies and only
when the polymer—vacancy phaseseparation has proceeded
to create a vacancy-rich phase and a polymer-rich phase;
the A-B phase separation occurs in the latter.

The process of phase separation also is accompanied by
a gradual change in the linear dimensions of the chains
(Figure 11). While a small decrease in the chain linear
dimensions also occurs for the case of the A-B repulsive
interaction (eap = 0), this decrease is limited to a few
percent only, even for very deep quenches. In contrast,
for the case of attractive interactions between monomers
of the same kind (¢4 = egp = ~¢ = 0) this shrinking of the
coil size is much more pronounced and also depends
strongly on quench depth. Forthe deepest quench studied
(¢/ kT = 1.0), this striking process has not even stopped
after 3000 time steps. It is also remarkable that for
shallower quenches a slight “overshooting” of this shrinking

of the chains occurs. For off-critical quenches, the minority
chains exhibit a more drastic contraction than the majority
chains, consistent with what is found for the configurations
of the chains in equilibrium blends.?

A useful measure of the degree of phase separation is
the number nap(t) of nearest-neighbor contacts between
monomers of different kinds A and B per chain (Figure
12). In the case where ¢ = ¢5p this quantity simply is
related to the internal energy of the chains. For this
quantity we also expect a power law decay

nm(t) - nAB(m) ~ t_b (29)

where the exponent b at very late times also is expected
to have a value consistent with Lifshitz-Slyozov theory,
b = 1/5. Since for the very deep quenches considered in
Figure 12, the final equilibrium value of contacts nag(=)
in a fully phase-separated state is negligibly small; since
the solubility of the A-rich phase for B chains then is
extremely small and vice versa; we have not subtracted
nap(=) in Figure 12. Nevertheless, it is seen that in the
time regime from ¢ =~ 300 to ¢ =~ 3000 in Figure 12 the
effective exponent beff in the power law eq 28, which shows
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Figure 10. Collective structure function S,(g,t) describing the
polymer density fluctuations plotted vs g at various times ¢ after
the quench. Cases shown correspond to those of Figure 9.

up in the plot of Figure 12 as the slope of the curve, even
may exceed the asymptotic value (e.g., for ¢/kpT = 1.0 in
case a and for ¢/kpT = 0.6 in case b), while the effective
exponent in the relation q;(t) vs ¢t (Figure 8) in the
corresponding cases is much smaller than the asymptotic
value. Clearly, the asymptotic regime of late times where
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we expect that a = b = 1/3 (eqs 26 and 28) has not been
reached by our simulations. Note that for ¢/kgT = 1 one
can clearly distinguish two different physical phenomena:

at early times (¢ S 200), a rather strong chain contraction
occurs (Figure 11), and therefore there is a rather strong
initial decrease in the number of (unfavorable) AB con-
tacts due to the formation of (favorable!) AA and BB
self-contacts. Therefore, nag(t) for ¢/kgT = 1 lies below
nag(t) for ¢/kgT = 0.6 in Figure 12b. The later stage,
however, requires interdiffusion of chains in order to form
more extended A-rich and B-rich regions: this interdif-
fusion proceeds much faster (see Figure 14 below) for ¢ /2T
= 0.6 than for ¢/kgT = 1.0, and therefore for these later
times (¢ 2 600) the data for ¢/kpT = 1.0 lie above those
for ¢/kgT = 0.6 in Figure 12b. We think that this
interpenetration of pairs of chains, which at ¢t = 0 have
been both self-avoiding and mutually avoiding, is respon-
sible for the strong decrease of nsg(t) seen in Figure 12 for
later times.

While the number of contacts nag(t) between monomers
of different kinds is a decreasing function of time, the
number of self-contacts in a chain increases with time
(Figure 13). This increase in the number of self-contacts
reflects the decrease of the coil size (Figure 11); of course,
the more compact a chain configuration becomes, the more
self-contacts are expected.

This change of the coil configuration in deep quenches
also has an effect on the mobility of the coils. This is seen
when we define an effective self-diffusion coefficient of
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the coils as

([i'cc(t) - i'cc,(t - At,)]z)A’B
I, (30)

where Fcg(t) is the center of gravity of an A polymer (or
B polymer, respectively) at time ¢ after the quench, and
the average in eq 29 is taken over all samples and over all
polymers of the considered types A and B (for ¢4 = ¢5,
both polymer species are equivalent and are hence averaged
over). The time interval, At, in eq 29 should, in prineiple,
be larger than the chain relaxation time; for practical
reasons we have limited it rather to At = 20 MCS.

DoﬁAB(t) =
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Figure 14. Effectiveself-diffusion constant, Dyx(t), as a function
of time after the quench for N = 32 and various choices of
interaction parameters as indicated in the figure.

From Figure 14 it is seen that for repulsive inter-
actions (epg > 0, eaa = egp = 0) the effective diffusion
constant slightly increases as the time after the quench
proceeds, for deep quenches, while for shallow quenches
Deg(t) isindependent of time. Inaddition, the dependence
of Deg(t) on temperature is not very large. For the case
of attractive interactions, however, this is not true: while
for not very deep quenches Degr(t) is similar in magnitude
to the repulsive case and Deg(t) always is a decreasing
function of time, for deep quenches Deg(t) is 1 order of
magnitude smaller than that in the case of repulsive
interactions. A remarkable asymmetry arises also for the
off-critical quench: for ¢/kpgT = 0.6, the diffusion constant
of the minority component then is about a factor of 2
smaller than that of the majority component!

Since the self-diffusion process of the chains sets the
time scale for the kinetics of phase separation as well, it
is useful to convert our results to a dimensionless time
scale t/7, where 7 is a characteristic time of a polymer
chain needed to diffuse over a distance comparable to its
linear dimension. Hence we define 7 as

7= (Rey,”) [ Dg2) (81)

Note that in this definition r itself depends on the time
t after the quench, of course. In eq 30, we have used the
chain dimension for ¢/kgT = 0 as quoted in eq 19 for
simplicity—alternatively, we could have used the time-
dependent radii shown in Figure 11 for this data reduction
as well. Figure 8c contains the results for ¢;(¢) at ¢/kpT
= 1.0 plotted in dimensionless form. This type of plot
involves dimensionless quantities only, which in principle
also would be accessible in experimental work as well. Two
conclusions emerge from this plot: (i) The Monte Carlo
results all belong to the regime t/7 < 10, i.e., the regime
of rather early stages, since chains have not yet had enough
time to diffuse over a large distance. (ii) The distinction
between PFigure 8a (repulsive interaction) and Figure 8b
(attractiveinteraction) disappears completely in the scaled
plot: it simply was due to the fact that for attractive
interactions the diffusion constant is so much slower that
only very early stages of the phase-separation process could
be resolved (t/r < 1).

6. Conclusions

In this paper we have presented rather extensive
computer simulation studies of spinodal decomposition
of symmetrical polymer mixtures, both for critical quenches
(s = ¢B) and for a quench at strongly off-critical
composition {¢a/(1 - ¢v) = 0.8 and ¢g/(1 — ¢v) = 0.2},
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considering both the case of repulsive interaction between
unlike monomers and the case of attractive interactions
between monomers of the same kind. Our model contains
many vacancies (¢y = 0.6) and thus is in some respects a
model of a dense solution of two polymers in a common
solvent rather than a model of a mixed polymer meit.
Therefore both cases are not at all equivalent.

The model studied is a dynamic version of the Flory-
Huggins lattice model. In this respect it differs signifi-
cantly from a recent study,’” where the continuum Flory-
Huggins free energy density augmented with square
gradient terms?0 was used as a starting point for simulations
using a numerical Langevin equation approach. In our
previous work4? on the static properties of the Flory-Hug-
gins lattice model, we have shown that the Flory-Huggins
free energy, which results from the lattice model only via
drastic approximations, is a rather inaccurate description
of the lattice model. In addition, this approach used in
ref 67 is applicable only in the long-wavelength limit; i.e.,
the wavevectors of interest are restricted to the range
q((Rgy®))1/2 < 1: as pointed out in ref 20, the square
gradient approximation even within the framework of
mean-field theory is valid only for this long-wavelength
limit. Since in our case q;(¢)({Rgy?))/2 2 1, (see Figure
8c), we are concerned with a parameter regime that could
not be treated by the approach of ref 67.

Our results can be summarized as follows: the collective
structure factor during the initial stages (Figures 4 and 9)
starts out with the single-chain structure factor, since our
starting condition is a completely random mixture of A
and B chains consistent with the chosen volume fraction,
and then develops a peak at a position gn(t), which is
practically independent of time for ¢t < 7, v being a
characteristic time for chain self-diffusion (Figure 8c). This
initial position is predicted correctly within about 50% by
the phenomenological theory of ref 20, which is an
extension of the Cahn—Hilliard-type theory!®1928 to larger
wavevectors by means of the “random-phase approx-
imation”.52 Note that this comparison of wavevectors
between theory and simulation does not involve any
adjustable parameter whatsoever, since wavevectors are
measured in units of the gyration radius ({Rgy,2))1/2, which
is also known in the simulation, see eq 19, and temperature
T is measured in units of T., which is also known,* and
we invoke the relation x./x = T/T. valid in Flory-
Huggins theory. This fact that the phenomenological
theory can predict successfully the correct wavelength scale
gm(t=0) where the phase separation starts is also true for
experiments,l:2410.1115 which typically refer to polymer
mixtures with much longer chain lengths and comparably
shallow quenches. Qur results suggest that for predicting
gm(t=0) in polymer mixtures the phenomenological theory
can still be used under rather extreme conditions, where
all other features of this theory is no longer true. This
becomes already evident from a consideration of the growth
of S(g,t) during the initial stages (Figure 5): rather than
the predicted exponential growth,820 which indeed is
observed experimentally for very long chains,’-1! we only
find a growth linear with time or even slower, as for
mixtures of small molecules? and corresponding simu-
lations.?%4% The corresponding “Cahn plot” of the growth
rate (Figure 6a) is therefore always distinctly nonlinear,
unlike some of the experiments.!! Itshould be emphasized,
however, that for deep quenches (x./x <« 1) where
gm(t=0)((Rgy?))/2> 1 apronounced curvature of the Cahn
plot already results from the phenomenological theory of
ref 20; see Figure 6b. Note that the comparison between
parts a and b of Figure 6 involves only a scale factor of the
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40 X 40 system with N = 32 and ¢/kgT = 0.6, at time ¢t = 0 (a)
and at time ¢t = 3000 MCS/site (b and c). Case b refers to
attractive interactions exa = egg = —¢ and exg = 0, while case ¢
refers to repulsive interactions, eaas = egp = 0 and eap = e
Monomers of kind A are represented by + and monomers of kind
B by 0; vacancies are not shown.

ordinate scale as an adjustable parameter; therefore, the
general similarity of these plots is interesting. Note,
however, that the simulation never yields a clear-cut value
of the critical wavevector, ¢, unlike the phenomenological
theory (Figure 6b). This discrepancy must be expected,
of course, since the linearization approximation on which
ref 20 is based clearly does not hold well, since otherwise
we would observe the exponential growth of S(g,t) with
times.?0

In our model, the case of repulsive interactions between
unlike monomers (¢ = esp and eas = egg = 0) and the case
between attractive interactions between monomers of the
same kind (eag = 0 and ess = egp = 0) behave rather
differently: In the former case, the vacancies stay dis-
tributed rather randomly throughout the quench, as shown
by the “flat” behavior of the structure factor S,(g,t) as a
function of g (Figure 7). In the latter case, for shallow
quenches the structure factor S,(q,t) probably develops
toward an Ornstein-Zernike function (Figure 10a), where
the correlation length, £ (eq 27), probably is of the same
order as the gyration radius: this means that there does
occur a significant “expelling” of vacancies from the chains.
This feature also shows up in a significant chain contraction
(Figure 11a), while in the repulsive interaction case (eap
= ¢), only a small contraction of chain results, even for
very deep quenches. The deep quench for attractive
interactions between monomers, on the other hand, is
characterized by simultaneous polymer—polymer unmix-
ing (Figure 9b) and polymer-vacancy unmixing (Figure
10b). For a strongly off-critical case, where the volume
fraction of B is nearly dilute (¢g = 0.08), the polymer-
vacancy separation (Figure 10c) is a particularly pro-
nounced phenomenon. This polymer-vacancysegregation
also is evident from a direct inspection of “snapshot
pictures” of the configurations (Figure 15).
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Figure 16. Metastable branches of a polymer mixture with ¢v
= (.2 and three choices of chain length N and temperature as
indicated. The broken curve shows the corresponding Flory—-
Huggins mean-field equation of state for N = 16, ending in a
spinodal singularity.

The “collapse” of the polymer chain for the case of deep
quenches with attractive interactions (Figure 11a,b) leads
also to a pronounced decrease in the number of A-B
nearest-neighbor contacts between monomers (Figure 12b)
and a pronounced increase in the number of A-A (B-B)
self-contacts (Figure 13). It would be very interesting to
look for such effects.in experimental studies on the phase
separation: of polymer mixtures in ‘the presence of a
common sclvent. Such studies would be a rather clear
proof of whether the effective interaction is predominantly
attractive (as modeled by €AA = €BB = —¢ here) or repulswe
(¢ = eap). Itis also mterestmg ‘that this change in chain
conformation leads to a pronounced decrease in the self-
diffusion constant of chains (Figure 14). For the off-critical
quench, the decrease of the radius is much more pro-
nounced for the minority component (Figure 11b) than
for the majority component, and then the self-diffusion
constant for chains of the minority component is about a
factor of -2 smaller than for chains of the majority
component (Figure 14), although in the absence of
interactions our model is pexfeetly.symmetric, and both
types of chains have the same self-diffusion constant, In
a real polymer mixture, where there:is already some
asymmetry arising from the different chemical structure
of the two constituents, the asymmetry due to-eff-critical
concentration and resulting different chain conformation
superimposes of the “natural” (chemically based) asym-
metry, and then the proper interpretation of data may be
quite difficult.

Since our model throws out hydrodynamic interactions
and the resulting unmixing mechanisms based on hydro-
dynamic viscous flow by construction, it makes little
sense todttempt a study of thescaling behavier occurring!
at late stages {gm(t) < gm(0)] of phase separation. But it
is intéresting to focus on the onset of coarsening, where
gm(t)/qm(0) 2 1/5, where in the relation gs va.t or g; vs ¢,
an analysis in terms of effective power laws gy(¢) ~ tis
quite common.510.24,28,39,40.61 We-do -not abtain any clear
evidence:for the result a = 1/4 from the cluster-diffusion-
coagulation mechanism,?461:but rather the effective ex-
ponent a seems to depend on quench depth, as found in
simulations.on Ising models.26:3940 In the repulsive case,
weseeanincrease of this effective exponentwith increasing
quench depth (Figure 8a), qualitatively similar as a recent
experiment:!! however, the latter obtains similar values
for a.for much smaller quench depths than studied in the
simulation. We feel that the behavior seen in Figure 8a
is a gradual crossover toward the universal Lifshitz~
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Slyosov® coarsening law qi(t) ~ t71/3 valid in the late
stages of all solid mixtures. Due to our choice of local
motions on the lattice, corresponding to a Rouse-like
motion of single chains, the model corresponds to un-
mixing of a solid mixture rather than a fluid mixture,
during the latestages. Duetothe high viscosity of polymer
melts, their finite (rather than infinite) viscosity plays no
role during the early and intermediate stages of phase
separation.

While for our model a spinodal « curve can be constructed
by extrapolation (Figure 3), it does not play any special
role for phase separation: the results in Figure 9¢ are for
an off-critical quench, where g, now should be significantly
reduced in comparison with Figure 9a,b due to the
proximity of the spinodal curve (which occurs for ¢4/(1
- ¢v) = 0.96 at ¢/kpT = 0.6 in the attractive energy case
where ¢/ kpT, = 0.09254). However, gn(t<7) in Figure 9¢
is roughly at the same position as in the symmetric quench
case (cf. also Figure la of ref 48). Similarly, when
homogeneous metastable one-phase states are studied (cf.
Figure. 16 and the Appendix), no sign of the singularity at
the spinodal curve is detected either. While the regime
over which the spinodal singularity is rounded off should
become small (of order N-1/3 for large N%), our chains
clearly are too short to see this. Clearly, an extension of
the present simulations to much larger chain length would
be very desirable, as well as systematic studies for various
vacancy concentrations. All these studies would require
substantial efforts of computing time and hence are not
easily feasible at the moment. We dohope that the present
simulations will stimulate corresponding experimental
work in the regime of strong incompatibility, x/xcit > 1,
which has not been investigated systematically so far.
Unlike the opposite case, where x/xcrit —1 < 1 and hence
m(t)( (Rgn?))1/2 <1 from the beginning and the behavior
is qualxtatlvely the same as for mixtures of small molecules
since the wavelengths of interest are larger than the size
of a coil, in the regime x/Xcrit > 1 where ¢ (0)((Rgne?))1/2
> 1, a rather different behavior occurs even on the
s1mphf'red level of the linearized theory (Figure 6b).
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Appendix: Simulation of Homogeneous
Metastable States for Polymer Mixtures

In Figures 1 and 3, the miscibility gap has been divided
into two parts by the spinodal curve, namely the metastable
region and the unstable region. While it is known that in
general this distinction is not sharp and the singular
behavior associated with the spinodal curve is an artifact
of mean-field approximations,26 in polymer mixtures it
is known that a spinodal curve does become well-defined
in the limit chain length N — «,20.21 and for long chains
the lifetime of metastable states becomes extremely large
since the prefactor of the free energy barrier against
homogeneous nueleation diverges as N'/2 for N — « (in
d = 3 space dimensions).20:2

Now it is not easy to distinguish this behavior from a
study of the collective structure function S(g,z)—even in
the metastable regime we expect a behavior in the early
stages rather similar to that in Figures 4 and 9—only for
late stages the growth of S{g,t) stops at an “envelope
functien” S(g,») = S(0)/[1 + g%wms?], where £ms is the
correlation length for concentration fluctuations in the
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metastable state (see Binder et al.83 for an explicit
calculation that shows this fact).

Thus from the computational point of view it is much
more convenient tostudy the hypothetical metastable one-
phase states in the two-phase coexistence region by adirect
calculation in the grand-canonical ensemble of the polymer
mixture. In this ensemble, thermal equilibrium is con-
sidered at fixed temperature T and fixed chemical potential
difference Au = ua — up between the monomers. That is,
the simulation takes place in contact with a reservoir of
chains such that an A chain is removed from the lattice
toward the reservoir and replaced by a B chain from the
reservoir (in an identical configuration), and vice versa.
These A < Binterchanges occur in addition to the standard
motions (shown in Figure 2) to relax the chain configu-
rations. This technique has been used extensively for an
analysis of the static thermodynamic properties of our
model polymer mixtures.45 The concentrations ¢, and
cp are then simply obtained from sampling the numbers
na and ng of A chains (B chains) in the system during the
simulation.

Metastable states now are studied with this technique
as follows: we first equilibrate the system at the two-
phase coexistence curve (for Ap = 0), starting the simu-
lation in a state where all chains are A chains. Then the
system relaxes rather quickly to the A-rich branch of the
coexistence curve. In principle, in a finite box there is
also a nonzero probability that the system jumps over to
the B-rich branch, since in finite systems there is no
spontaneously broken symmetry.8 In practice, this jump-
ing between the two branches of the coexistence curve for
Au = 0 occurs for T << T, only after extremely long runs
and hence does not need to be taken into account.

Nowsuch an equilibrated A-richstate at the coexistence
curve is suddenly exposed to a negative value of Au: now
the stable equilibrium state is a B-rich state beyond the
other branch of the coexistence curve. However, in order
toreach this state from the initial A-rich state, a nucleation
event where a B-rich droplet is formed is required, and if
the nucleation barriers are high enough, this nucleation
will not occur during the simulation time, and rather one
will observe the relaxation into a metastable A-rich state
in which the system persists throughout the simulation.

This technique has first been used for Ising models,85:6¢
and Figure 16 shows that it works for our model of polymer
mixtures, too: for three chain lengths the concentration
of the metastable state is shown as a function of the
chemical potential difference, Ax. The temperatures have
been adjusted such that for Ax = 0 we had ¢4/ (1 - ¢v) =
0.88 for N = 8 and 16 while for N = 32 the choice of
temperature rather yielded ¢a/(1 - ¢v) = 0.89. Box sizes
used ranged from 163 to 243, with the smaller size being
used only for N = 8 and N = 16. These metastable
branches shown in Figure 16 typically end without any
visible singularity of the derivative d(¢4)/3(Au), because
then nucleation barriers are already low enough so that
nucleation toward the stable phase already would occur
during the course of the simulation, if we either go
somewhat deeper into the metastable region or run the
simulation significantly longer at the last point shown. In
this sense, the apparent limit of metastability encountered
in the simulation is not completely sharply defined but
depends on the observation time of the simulation! We
have chosen our simulation times just large enough in order
that the statistical error of the results shown in Figure 16
is about as large as the size of the symbols shown; if we
would use much shorter runs we could go a little bit deeper
into the metastable region but at the expense of larger
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statistical errors, and hence no well-defined metastable
states would result.

This heuristic procedure to define metastable states is
compared to mean-field predictions as follows: in terms
of the “order parameter” m of the transition, related to
the volume fraction ¢, as m = 2[¢a/(1 - ¢v)] - 1, the
Flory-Huggins equation of state for a symmetric polymer
mixture can be written ag%5!

Nap_\ 1+m_
—kBT In 1om MNX o (32)

where x.s is an effective enthalpy parameter responsible
for phase separation. Of course, it is a big problem to give
this parameter a precise meaning in the context of our
simulations: there is no straightforward relation between
Xeft and ¢/kpT.4950 In the present context, we avoid this
problem, adjusting x.s such that for Ap = 0 the actual
value of m (as observed by our simulation) is reproduced.
This value of xesr, namely Nyesr = 2.6216 for ¢a/(1 — ¢v)
= (.88, is used to evaluate Ay as function of m from eq Al
and this yields the broken line included in eq 15. The
concentration at the singular end point (spinodal) of this
curve can be obtained directly20
My = (1= T/ TV = (1 = X/ Xo)/* ~ 0.4869
®A"

1 - ¢V
where we have used the standard result Nx. = 2 for
symmetric polymer mixtures.?152 It is seen that although
the value of Au at the actual limit of metastability observed
in the simulation (Ap/(2kgT) =~ —0.006 for N = 16) is not
much smaller (in absolute magnitude) than the mean-
field value at the spinodal (Aut?/(2kgT) =~ -0.00664), the
associate concentration difference relative to the coex-
istence curve (¢a®** - @)/ (1 — ¢v) ~ 0.065 is much smaller
than the mean-field result, (¢a%°%* - ¢a%) /(1 - ¢v) = 0.137:
in the (¢a,T) space Flory—Huggins theory overestimates
the stability regime of metastable states by a factor of 2,
although in (Au,T) space it overestimates the extent of
the metastable region only by about 10%. A similar
behavior has also been established for the Ising model.5¢
Again the conclusion is that much longer chains are needed
to see the predicted validity of the Flory-Huggins spin-
odal singularity.0

= (1+m,)/2~0.743 (33)
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