
224 Macromolecules 1990,23, 224-228 

polymers'9120 and whether assignment to the amorphous 
fraction is appropriate. The mechanical studies were not 
able to address this since the introduction of the epoxy 
groups had only a minor effect on the measured charac- 
teristics of the process. However, in the dielectric case, 
which responds specifically to the introduction of polar 
groups, the effect is pronounced. A subglass process that 
can be well characterized is now observed. In view of 
the fact that the epoxidation only alters the chemical 
structure of the surface and not its organization, at the 
very least it may be said that the amorphous overlayer 
in single-crystal lamellas is the location of a well-devel- 
oped subglass relaxation process. This has not been an 
easy phenomenon to demonstrate experimentally, and the 
epoxidized specimens constitute an ideal system for accom- 
plishing this. 

Solution crystallization of the surface reacted lamellas 
under the conditions used in this work yields multilamel- 
lar structures with cores of a-TPI and noncrystalline 
traverses containing blocks of TPI and epoxidized TPI, 
as described above. The lengths of the noncrystalline 
traverses are distributed about two or more different val- 
ues due to the exclusion of complete blocks of TPI or 
epoxidized TPI units from the crystal core. The change 
in morphology upon copolymer crystallization is accom- 
panied by a shift of the primary dielectric process to lower 
temperatures without a significant change in the activa- 
tion energy, suggesting some relaxation of restraints on 
the chain sections involved with little change in the energy 
barriers to motion. The secondary process for the seg- 
mented block copolymer appears to be less sensitive to 
the change in morphology which again suggests that a 
localized motion is involved for both  preparation^.'^ 
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Monte Carlo Studies of the Interface between Two Polymer Melts 
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ABSTRACT By use of pseudokinetic rearrangements, the interface between two polymer melts that are 
mutually repulsive but otherwise identical is simulated on a five-way cubic lattice a t  a total volume frac- 
tion of unity. The position of the interface, which has been deliberately located a t  z = 0, remains stable if 
the repulsion energy is large enough and if it  is ensured in the algorithm that the ratio of the volume frac- 
tions of the two polymers is distributed sharply about unity. Conventional periodic boundary conditions 
were used in the x and y direction, while antiperiodic boundary conditions were introduced a t  z = -1, f 2 
and z = +1,/2 (1,  being the lattice dimension in the z direction). At such an antiperiodic boundary one 
kind of chain is continued as the other kind if the chain stretches across that boundary and nearest neigh- 
bors are counted as the same if they are different (and as different if they are the same), thus avoiding the 
need for a hard boundary. The interface appears to be thicker and local energies are lower than predicted 
by mean field theories. At the interface it is seen that chain ends and, in case of polydisperse polymers, 
smaller chains migrate preferentially into the opposite melt while chain dimensions perpendicular to the 
interface are decreased. 

1. Introduction a few Monte Carlo studies on bulk polymers near inter- 
faces. These investigations have recently been summa- 
rized by Madden' who simulated the melt-vapor inter- 
face of a polymer with a combination of pseudokinetic 

Although there is considerable interest in the behav- 
ior of macromolecules a t  interfaces there have been only 
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Figure 1. Cross section (parallel to the x / z  or y / z  plane) of a 
rectangular portion of the five-way cubic lattice with dimen- 
sions ( l z ,  l,, l J .  The positions of segments are indicated by 0. 

rearrangements and microrelaxations at a volume frac- 
tion less than unity. Here we want to study the inter- 
face between two immiscible bulk polymers, subjecting 
them to pseudokinetic rearrangements at a volume frac- 
tion of unity. 

2. Model and Simulation Method 
The subject of our study is a polymer system consist- 

ing of linear chains of (average) length ( N )  = 100 cover- 
ing a rectangular section of a five-way cubic lattice with 
the dimensions (l,, l,, 1,) = (25, 25, 48) at  a polymer vol- 
ume fraction of unity. x and y range from 0 to 1, and 
from 0 to l,,, respectively, while z goes from - 4 1 2  to + l J  
2, the segments occupying points with coordinates of inte- 
ger f0.5. The situation is schematically depicted in Fig- 
ure 1. 

General Outline of the Procedure. Initially the sys- 
tem is equilibrated; all the chains are treated as being of 
the same kind and periodic boundary conditions are used 
in all three dimensions. Then all polymers with a nega- 
tive z component of their center of mass position are taken 
to be kind A and the others (with a positive z compo- 
nent) to be kind B. Now E A ,  = tAB/kT, the reduced 
interaction energy between a segment of the one kind 
and a nearest-neighbor segment of the other kind, is set 
to its final (nonzero and positive) value, which is more 
repulsive than the decomposition energy. Simulta- 
neously, we convert the periodic boundary conditions at 
z = - 4 / 2  and z = + 4 / 2  to antiperiodic boundary condi- 
tions: Due to the symmetry of the system, A chains left 
of the interface are formally indistinguishable from B 
chains right of the interface and vice versa. As a conse- 
quence, (a) A chains can be continued as B chains and 
vice versa if they cross the antiperiodic boundary and 
(b) nearest neighbor segments are counted as the same 
if they are different (and as different if they are the same) 
if the interaction is across that boundary. Finally, the 
simulation is continued with the interface located at  z = 
0, using the pseudokinetic rearrangements introduced by 
Olaj et al.293 and Man~field.~ These are schematically 
represented in Figure 2. They comprise for intermolec- 
ular rearrangements3 dimerization with successive cleav- 
age (a), substitution (b), and the metathesis (bond flip) 
reaction (c) and, in addition, for intramolecular reac- 
tions the backbite reaction4 (d) and cyclization with suc- 
cessive cleavage' (e). Unfortunately, the intermolecular 
reactions may change the distribution of chain lengths 
and alter the ratio of A segments to B segments. As for 
the former, we allow only reactions that either yield chain 
lengths within the interval INT((N)[ l  f 0.51) (con- 
straint I, where ( N )  is the number average chain length) 
or are bound to yield a narrow distribution about ( N ) ,  
the width of which is controlled by a distribution- 
narrowing parameter f ,  as praposed by Olaj and 
Lantschbauer3 (constraint 11). As for the latter, if the 
two reacting chains are of different kind, we randomly 

? ? 

9 P 
I3 6 

Figure 2. Schematic representation of the (rearrangement) pro- 
cesses used for chain Dimerization with succes- 
sive cleavage (a); substitution reaction (b); metathesis (bond 
flip) reaction (c); backbite reaction (d); cyclization with succes- 
sive cleavage (e). 

assign one as type A and one as type B. The volume 
fraction of A (or B) segments then is forced to be Gaus- 
sian about 0.5 (with a standard deviation of 0.01) to pre- 
vent a migration of the interface. The same constraint 
is imposed if chains are changed from one kind to the 
other in order to allow a fast equilibration of the minor- 
ity component.' After having passed the tests for chain 
length and volume fraction ratio, the energy of the new 
state is compared to the energy of the old state and a 
Metropolis test is done.6 If one of the three tests is not 
passed, the old state is retained. Although we have not 
explicitly established whether these rearrangements yield 
the correct ensemble averages, previous simulations have 
been encouraging in this re~pect . ' .~ .~ Actually, the inter- 
face proved to be stable a t  z = 0 under the conditions 
chosen (sufficiently repulsive E A B ) .  Therefore it was not 
necessary to attach the chains of kind A to the wall a t  z 
= -1J2 and the B chains to the wall a t  z = +1,/2. With 
this arrangement, accordingly, we have only the inter- 
face region and a continuous melt region. As a test, we 
carried out some simulations using ordinary periodic 
boundary conditions in the z direction, simulating a sys- 
tem with interfaces a t  z = 0 and z = 4 / 2 .  If 1, is cho- 
sen twice as large as in the previous arrangement, this 
arrangement is like simulating two systems that are peri- 
odically connected. The results are identical (not shown). 

Calculational Details. For each lattice position the 
chain and segment number of the occupying chain seg- 
ment and a code are stored. The code specifies how the 
next segment of the chain can be found and if the seg- 
ment is an inner or an end segment. For each chain the 
end positions and its length are stored. For an end group 
reaction, an end segment and one of its neighboring lat- 
tice positions other than that occupied by the segment 
covalently bound to the end segment are chosen ran- 
domly and the rearrangement is attempted. For the met- 
athesis a neighboring pair of segments is chosen ran- 
domly and the reaction is performed if possible. The 
ratio of selected end segments to the total number of 
selected segments is chosen such that metathesis reac- 
tions occur about as often as intermolecular rearrange- 
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Figure 3. Chain length distribution, P(N), of the majority com- 
ponent in the bulk region for E A B  = 0.02. (0) Constraint I, 
chains are constrained to fall into the interval 50 5 N I: 150. 
(0) Constraint 11, the chain length distribution narrowing tech- 
nique by Olaj and Lantschbauer3 is used with f = 0.015. 

ments involving end segments. We equilibrated the sys- 
tem with more than 100 successful intermolecular rear- 
rangements per segment and afterward measured chain 
properties every 0.02-0.2 attempted rearrangements per 
segment. More than 6000 such different data points were 
collected and averaged. 

3. Results and Discussion 
A critical point for all further investigations is the proper 

choice of the reduced interaction energy E A B .  With the 
quasichemical method7 the critical decomposition energy 
is estimated to be roughly 0.005. A similar result is 
obtained with the Flory-Huggins theory;' i.e., x, = 2/N, 
where x = ZqE, is the Flory-Huggins parameter and 
Zq is the effective coordination number of a polymer seg- 
ment. We have not attempted to determine the decom- 
position energy accurately since in this work we are inter- 
ested in the structure of the interface at a repulsive energy 
sufficiently larger than the critical decomposition energy. 
Accordingly, we carried out our calculations with E A ,  = 
0.02, and in some cases also with E A ,  = 0.01, both val- 
ues clearly being in excess to E A ?  = 0.005. 

In Figure 3 we show the chain length distribution 
obtained with the two different constraints on chain lengths 
for E A ,  = 0.02. The symmetric constraint (I) yields an 
almost rectangular distribution, as already noted by 
Madden.' The ratio of weight average to number aver- 
age ( p ) / ( N ) 2  is 1.086 with a fraction of accepted rear- 
rangements of about 0.1. On the other hand, with the 
Olaj-Lantschbauer constraint3 (11) a quite narrow distri- 
bution of chain lengths is obtained, using a distribution- 
narrowing parameter of f = 0.015. In this case (p)/ 
( N ) 2  = 1.006 and the fraction of accepted rearrange- 
ments is about 0.05. 

In Figure 4 the volume fraction profiles for the two 
different interaction energies of E A ,  = 0.01 and E A ,  = 
0.02 are given for constraint 11. The connected line is a 
best fit of the data a t  E A ,  = 0.02 to the mean field 
profile' xA = 0.5 - (0.5 - xA0) tanh ( z / D ) ,  where xA is the 
volume fraction of A at  a given z position, xAo is the vol- 
ume fraction of A at  minus infinity, and D is the thick- 
ness of the interface in lattice spacing units. The fitted 
data are xA0 = 0.9970 f 0.0004 and D = 3.16 f 0.006. 
Actually, the shape of the volume fraction profile a t  the 
interface is rather well described by the mean field solu- 

-20 -10  0 10 20 
z 

Figure 4. Volume fraction profile of A polymers at different z 
positions. Simulated data for Em = 0.01 (A) and Em = 0.02 
(O), using constraint 11. The connected line is a best fit of the 
data-calculated using E, = 0.02-according to the mean field 
t h e ~ r y . ~  

tion that has been given by Cahn and Hilliard' for small 
molecules and by Helfand et al.'O*l' and by Leiblerl' for 
macromolecules. The broader distribution obtained under 
constraint I yields very similar profiles. The mutual mis- 
cibility of the two polymers, however, is slightly better 
and the interface is broader, Le., D = 3.28 at  E A ,  = 0.02 
(not shown). Experimentally found profiled3 also agree 
very well with the shape of the mean field solution. As 
mentioned before, the thickness of the interface when 
fitted to our profile corresponds to 3.16 in lattice spac- 
ing units. With the formulas for the thickness given by 
Leibler, D = 1/(9/2(x - 2/N))'/2, and Helfand et al., D 
= 1 / ( 6 ~ ) l / ~ ,  as quoted by Bates et al.,13 who also discuss 
the two solutions, we calculate D = 1.92 and D = 1.44, 
respectively, where we assumed our mixture to be mon- 
odisperse and used again x = Z q E A B .  These mean field 
solutions underestimate the thickness of the interface con- 
siderably. Admittedly, an exact comparison is some- 
what difficult. Thus, Sariban and Binder14 have shown 
that the number of interactions is smaller than expected 
from mean field arguments. From a comparison of sim- 
ulation results and mean field expressions, an "effec- 
tive" interaction parameter Xeff was calculated, which 
turned out to depend on compo~ition.'~ As the mean 
field theories do not take into account the variation of 
the interaction parameter with composition, for this rea- 
son alone, a definite quantitative comparability of sim- 
ulation results and mean field predictions is not war- 
ranted. 

I t  might be also argued that the greater thickness 
obtained here is caused by the fact that we allow the 
ratio of A to B segments to fluctuate slightly about unity. 
This moderate fluctuation not only is necessary with our 
simulation method but also is even advantageous5 because 
local equilibrium is reached faster. However, as further 
decrease of the standard deviation of these fluctuations 
does not change the thickness of the interface, these small 
fluctuations in A and B cannot be responsible for the 
deviation from mean field predictions. 

In Figure 5 we show the number of nearest-neighbor 
heterocontacts per segment (NN) for Em = 0.02 and con- 
straint 11. This quantity is a measure of the local energy. 
I t  assumes its maximum at  the interface. For compari- 
son we have calculated this number also with the mean 

(=6) is the coordination number of the lattice and ZqA 
field t h e ~ r y : ~  NN = x A x B z q A q B / ( q A x A  + QB~B). Here 
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Figure 5. Average number of nearest-neighbor heterocontacts 
per segment, NN, for E,  = 0.02, using constraint I1 Simu- 
lated data (0) and mean feld approximation by Guggenheim' 
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Figure 6. Profile of the number-average chain length, ( N ) ,  
for E A ,  = 0.02, using constraint I (0) or constraint I1 (0). The 
average was determined from all A chains with their center of 
mass at a given z position and from B chains at the -z posi- 
tion. Thus, left of interface the majority component is shown 
and on the right the minority component. 

= 2 - 2 + 2 / ( N A )  is the effective coordination number 
of a polymer segment (slightly larger than 4). The vol- 
ume fractions of A and B segments, xA and xB, and the 
number-average chain lengths, (NA) and (NB), are cal- 
culated from the simulated data for every z position. The 
mean field solution is calculated only for the discrete val- 
ues of z for which lattice data are available and these 
points are simply connected. It emerges that the mean 
field theory clearly overestimates the number of hetero- 
contacts. The broad distribution (constraint I) yields very 
similar results but the number of heterocontacts is slightly 
larger (not shown). 

It cannot be overlooked that-due to the more or less 
pronounced polydispersity of our system-a certain extent 
of "fractionation" occurs. The fraction of small chains 
is larger in the interface and in that phase where they 
form the minority component compared to the phase where 
they constitute the majority component, Figure 6. This 
effect is dramatic for the broad distribution (constraint 
I) but only small with the narrow distribution (con- 
straint 11). The polydisperse mixture therefore shows bet- 
ter miscibility. Similarly, we observe a large increase in 
the density of chain ends near the interface for the hinor- 
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Figure 7. Relative amount of end segments for E = 0.02, 
using constraint I (0) or constraint II (0). XgND is tE volume 
fraction of chain ends, xA is the volume fraction of A segments 
as shown in Figure 4, and ( N )  is the (position dependent) number- 
average chain length as shown in Figure 6. (For randomly dis- 
tributed chain ends the plotted expression would be unity 
throughout.) 
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Figure 8. Density profiles-E,, = 0.02, constraint 11-of chain 
segments xA (-0-), end segments (N)%END/2 (V), and centers 
of mass (N)xcoM (A), where xA is the volume fraction of A 
segments as shown in Figure 4 and xEND and xCOM are the vol- 
ume fractions of end groups and centers of mass of A chains, 
respectively. 

ity component, Figure 7. Necessarily, the opposite behav- 
ior is exhibited by the density of the centers of mass of 
the chains. Because of their higher number of degrees 
of freedom, the chain ends invade the other phase more 
readily than inner segments. This effect is particularly 
prominent with the narrow distribution (constraint 11). 

As a consequence, the density profiles of end seg- 
ments and centers of mass should be different from the 
average segment density profile as shown in Figure 4. 
This is demonstrated in Figure 8 where all three profiles 
are superimposed for E,, = 0.02 and constraint 11. The 
slope at the interface is steepest for the centers of mass, 
while it is markedly smaller for the end groups. The over- 
all segment profile shows an intermediate behavior. 
Accordingly, the evaluation of the thickness of the inter- 
face will yield different results depending on which pro- 
file actually is considered. 

In Figure 9 we show the gyration radii in the x (or y )  
and z directions for the majority component chains under 
the same conditions. (The gyration radii of the minor- 
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Figure 9. Profile of gyration radii for chains with a chain length 
of 100 taken from the narrow distribution (constraint 11) for 
E,, = 0.02: (A) component parallel to the interface, [O.5(sz2 + 
s , , ~ ) ] ' / ~ ;  (0) component perpendicular to the interface ( s ~ ~ ) ' ' ~ .  

ity component are statistically too uncertain and are there- 
fore omitted.) They are given for one chain length ( N  = 
100) in order to avoid the problem of different average 
chain lengths a t  different z positions (we ignore those 
differences that occur because the chains are in a differ- 
ent environment with respect to average chain length and 
their distribution). At the interface the chains are com- 
pressed in the z direction while their dimensions in the 
x and y directions hardly change. Similar behavior is 
observed for the end-bend distances and the scaling expo- 
nents (not shown). The same overall characteristics are 
exhibited also by chains taken from the broad distribu- 
tion of chain length (constraint I). 

4. Conclusions 
The simulation of the interface region between two repul- 

sive polymer melts is possible a t  a density of unity with 
pseudokinetic rearrangements if the ratio of A segments 
to B segments is forced to be narrowly distributed about 
unity. The interface or even several interfaces remain 
stable as chosen initially a t  any position (if EqB is repul- 
sive enough). However, with the constraint with respect 
to the position of the interface, we strongly believe that 

the interface and the melt take on an equilibrium con- 
figuration with meaningful local energies. With antipe- 
riodic boundary conditions in the z direction we were 
able to avoid the need for a hard wall or a second inter- 
face. 

I t  is very interesting to see how the system tries to 
take advantage of every inherent "degree of freedom" in 
order to lower the free energy at  the interface. Thus, 
where shorter chains are available due to a broader chain 
length distribution, they are used to improve the misci- 
bility and accordingly raise the entropy. If shorter chains 
are not present to an appreciable extent (as for con- 
straint 11), their role is mainly taken over by the chain 
ends. On the other hand, the coils apparently play their 
part by making the interface as smooth as possible, thus 
decreasing the energy at  the interface. This is demon- 
strated by the behavior of those majority chains that are 
close to the interface, which exhibit a decrease of their 
dimensions perpendicular to the interface, which to some 
extent behaves like a repulsive wall. Of course, all these 
features are not independent of each other and partly 
may represent different aspects of the same basic pro- 
cesses. 
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