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Summary

The effects of molecular structure of graft copolymer on the interfacial properties are
investigated using a Monte Carlo simulation. The interfacial activity is analyzed by
calculating the surface coverage and the concentration profile of graft copolymer at the
interface. At low interaction energy between two segments, the graft copolymer having
fewer grafting sites and longer grafting chains locates better at the interface than the gra
copolymer having more grafting sites and shorter grafting chain. At high interaction
energy, this situation is reversed: the graft copolymer with more grafting sites locates
better than the copolymer with fewer grafting sites.

Introduction

The method giving interfacial activity by adding block or graft copolymers to an
immiscible polymer pair has been well established (1). Generally, when an AB block or
graft copolymer is added to an AfBimiscible binary blend thus forming an A/B/AB
ternary blend, the following major effects are observed: reduced interfacial energy
between two phases, better dispersion of minor phase, better adhesion between tv
phases, and stabilization of dispersed phase against coalescence. It has been known t
the compatibilizing efficiency of apolymer strongly depends on its molecular
architecture: the simpler the architecture of copolymer, the easier the penetration o
copolymer segment into the corresponding homopolymer phase (2). Therefore, it is
expected that block copolymers are more efficient in comiiatibon than random or
graft copolymers, and that diblock copolymer is more efficient than triblock dti-mu
block copolymers. However, the block copolymers have been &amtations to use as
a compatibilizer, i.e., the production cost is relatively high and the variation of chemical
structure is rather limited. Grafopolymers are, however, easily produced in large-scale
and commonly used as compatibilizers in industrial processes (1). Although the use o
graft copolymer is now well established, there have been few fundamental studies tc
investigate the effect of comb architecture of graft copolymer on its coriizatilp
efficiency.

In this study, we investigate the effect of the molecular architecture of graft
copolymers, such as number and length of grafting chain, on the coiliggagbactivity
using a Monte Carlo computer simulation.
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Model and simulation method

The simulations are performed on a simple cubic lattice of 70 x 70 x 70 sites with
periodic boundary coriions in the X and Y directions. As schematically illustrated in
Figure 1, this cubic lattice is separated into two regions along the Z axis. The upper hal
of the box (Z = 0 ~ 34) represents homopolymer A region and the lower half (Z = 35 ~
69) represents homopolymer B region. There exists an interface at the center of the
axis in the cubic box (i.e., Z =34 and Z = 35).

In the simulation, we consider two types of graft copolymers denoted by Graft-1 and
Graft-2, where the numerals 1 and 2 represent the number of grafting site per chain. Th
backbone chain and grafting chain are composed of A and B segments, respectively. Tt
length of backbone chain is fixed at 10, and the length of grafting chain is varied from 2
to 10. The numerals following the name Graft-1 and Graft-2 denote the total length of
grafting chains. For example, the Graft-2-10 represents a graft copolymer having twc
grafting sites with the grafting chain length at each site being 5. Note that in a Monte
Carlo simulation one segment always represents one Kuhn's segment. Figure 2 shov
schematic structures of two graft copolymers. Thdialn configurations of graft
copolymers are randomly generated as follows. The first segment of the first chain is
placed at a randomly chosenttiee site in the cubic lattice, and chains are grown
simultaneously by adding bonds to the end of growing chains in a direction selectec
randomly from the bond set, with the segments avoiding each other. A total of 10 graf
copolymers are generated in the cubittida. After the chains are completely generated
in the cubic lattice, the structures are equilibrated by allowing the chains to move
randomly without interaction for iMonte Carlo steps (MCS). The interaction between
A and B segment is modeled by an energy egsif two segments are neighbors of each
other. Two segments are considered as a neighbor if they are separated by one of t
displacement vectors {(2,0,0), (2,1,0), (2,1,1)} (plus those obtained from symmetry
operations). The value of the interaction energy) (varies from +0.05 to +0.5, while
the interaction energies between the same segments are set to be zg[o-gg.~ 0.

We adopt in this study the bond fluctuation model to simulate the motion of the
polymer chains on the lattice (3-5). In this model, each segment occupies diigiat la
sites of a unit cell, and each site can be a part of only one segment (self-avoiding wall
condition). This condition is necessary to account for the excluded volume of the
polymer chains. For a given chain, the bond length between two successive segments ¢
have all possible length from 2 to*fOrestricted to a particular set of vectors (6). For a
cubic lattice, the possible vectors can be derived from the basic set {(2,0,0), (2,1,0)
(2,1,2), (2,2,1), (3,0,0), (3,1,0)}. This set of bond vectors guarantees that no two bond:
will cross each other during the course of their motion and thus entanglement is
automatically taken care of.
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Figure 1. Model of cubic lattice Figure 2. Schematic illustration of the molecular
used in the simulation. sérucf‘:ttuz:re1 (())f graft copolymers: (a) Graft-1-10; (b)
raft-2-10.
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The specific scheme for moving polymer chains proceeds as follows: First, a chain is
chosen at random and then a segment on the chain is also picked randomly. An attempt
made to move the segment in one of six possible directions. If no other segment i
present in the new location and if the bond length of the new bond satisfies the bon
length constraint, the move is accepted and the simulation proceeds by choosing anoth
chain and segment at random. If, however, the excluded volumétionadand the bond
length constraint are not fulfilled, the move is rejected and the segment is restored to it
original position.

The interaction energies exert an effect through the Metropolis algorithm (7). Here,
moves that reduce the energy of the system are accepted with unitilighiadit moves
that increase the energy of the system are accepted with the iptpbekp(-AE/KT),
where AE is the energy change associated with the move of the segment, k is the
Boltzmann constant, and T is temperature.

Results and discussion

Figure 3 shows the surface coverage of graft copolymers as a function of interactior
energy €,,. Here the surface coverage is defined as the ratio of the interfacial area
occupied by copolymer chains to the total interfacial aheaspective of the number of
grafting site, the surface coverage increases with increagingnd then levels off. At
lower value ofe,,, the grafting chain composed of B segments can still remain at the A
homopolymer region and the backbone chain of A segments can also stay at the |
homopolymer region. As the value ef, increases, the interaction between A and B
segments becomes energetically unfavorable. As a result, the grafting side chain is force
to move into the B homopolymer region while the backbone chain is segregated into the
A homopolymer region, thereby the surface coverage of graft copolymer becomes largel
Figure 3 also shows that the surface coverage of graft copolymers increases witl
increasing the length of grafting chain. This phenomenon is explained by enthalpic
effect, i.e., the longer the grafting chain, the stronger the repulsive energy. The stron
repulsive energy forces the copolymer chain to move to the interfacéjngsno higher
surface coverage. In Figure 3, the surface coverage of Graft-1-10, Graft-2-8 and Graft-2
6 shows a maximum as the interaction energy increases. This unexpected maximul
might come from poor statistics of simulation, because it seems not to be plausible a
present to explain thermodynamically this phenomenon.
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Figure 3. Surface coverage of graft copolymers having different grafting chain

length as a function of g4p: (a) Graft-1; (b) Graft-2. The numbers for symbols
in inset denote the total length of grafting chains.
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Figure 4. Normalized concentration profiles of Graft-1-8 for various interaction
energies: (a) backbone segment; (b) grafting segment.
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Figure 5. Normalized concentration profiles of backbone segments of Graft-1-6
and Graft-2-6 for various €ag: (a) eap = 0.05; (b) €ap = 0.20; (c) €ap = 0.30; (d)
€AB — 0.50.

Figure 4 shows the normalized concentration profiles of Graft-1-8 for various values
of €,,. For both backbone and grafting chain, the width of the profiles is relatively broad
at low value ofe,,. The width of the profiles decreases with increasifg indicating
that graft copolymers are more localized at the interface. This result is well consisten
with the result shown in Figure 3. Considering the fact that the interface exists betweer
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Z=34 and Z=35 in this simulation model, it is apparent that the backbone segments
localize near the region of Z<34 while the grafting segments localize near the region o
Z>35. The effect of the magnitude ef, on the normalized backbone concentration
profiles of Graft-1-6 and Graft-2-6 is shown in Figure 5. The profiles clearly show that
the peak height of Graft-1-6 is one and half times higher than that of Graft-2-6 at lower
interaction energy, e.ge,, = 0.20, whereas the peak height of Graft-2-6 becomes larger
than that of Graft-1-6 at higher interaction energy, eg.,= 0.5. This result indicates
that there exists an interaction energy at which Graft-2 localizes better at the interface
than Graft-1, so-called crossover interaction energy. In order to examine the crossove
phenomenon in more detail, we may return to the surface coverage data as a function
interaction energy as shown in Figure 6. At lower interaction energy, Graft-1s have highel
surface coverage than Graft-2s, but at higher interaction energy Graft-2s have highe
surface coverage energy than Graft-1s. These results can be explained by consideril
both enthalpic and entropic effects due to localization of block copolymer at the interface
If a A/B graft copolymer (or a block copolymer) locates at the interface between A and B
phases, the entropic term has an unfavorable effect while the enthalpic term has
favorable effect on the free energy of the system. Therefore, enthalpic and entropi
effects compete with each other. If the enthalpic effect becomes large enough tc
compensate the unfavorable entropy loss due to localization at the interface, the junctio
point of graft copolymer can locate at the interface between two phases. In this study
Graft-1 and Graft-2 have one and two junction points in their structure, respectively.
Thus, the entropy loss of Graft-2 is larger than Graft-1, when the graft copolymers are
located at the interface. On the other hand, the enthalpic term depends upon th
magnitude of the interaction energy between A and B segments. The enthalpic effec
becomes larger as the interaction energy increases. Therefore, the copolymer chain
forced to move to the interface as the interaction energy increases. Since the gra
copolymer having more junction points experiences larger entropy loss at the interface, i
may require larger enthalpic energy to drive the copolymer to the interface.
Consequently, Graft-2 requires more enthalpic energy than Graft-1 to locate the
copolymer at the interface, because Graft-2 undergoes larger entropy loss than Graft-:
At low interaction, the enthalpic energy is enough to move Graft-1 to the interface, but
Graft-2 needs more enthalpic interaction. As a result, Graft-1 shows higher surface
coverage than Graft-2 at low interaction energy. As the interaction energy increases
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Figure 6. Surface coverage of graft copolymers having the same total length of grafting
chain as a function of €ap.
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Graft-2 overcomes large entropy loss and locates at the interface. Thus Graft-2 show
higher surface coverage than Graft-1 at high interaction energy, because a single chain
Graft-2 has higher surface coverage than that of Graft-1 when they are located at th
interface. The enthalpic term also depends upon the total length of grafting chain, sinc
the length of backbone chain is fixed at 10.

The enthalpic effect becomes larger as the total length of grafting chain increases
When crossover interaction energy is plotted against the length of grafting chain in Figure
7, it shows that the crossover interaction energy decreases with increasing the total leng
of grafting chain. This is because the graft copolymer having longer grafting chain needs
less interaction energy to compensate the entropy loss due to localization at the interface.
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Conclusions

The surface coverage of graft copolymer increases with increasing the repulsive
interaction energy,, between A and B segment. The surface coverage of Graft-1 is
larger than Graft-2 at low interaction energy, but at high interaction energy Graft-2 has
higher surface coverage than Graft-1. This is explained by considering thetitimmpe
between enthalpic and entropic contribution when the graft copolymers are located at th
interface. The results obtained from this simulation may provide a guideline for
designing the molecular structure of graft copolymer to be used for an effective
compatibilizer.
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