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and a Flexible Polymer
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The structure of the interface between a liquid crystalline polymer (LCP) and a flexible polymer was
studied using the three-dimensional bond fluctuation model in Monte Carlo simulations. Orientation in
both phases in the neighborhood of the interface is sensitive to the far-field nematic orientation. The
more diffuse interface caused by a homeotropic far-field orientation in the LCP results in a substantial
reduction in the calculated interfacial tension relative to that for a planar far-field orientation.
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The structure of a polymer/polymer interface can have
a pronounced effect on macroscopic properties. While
the interfacial properties of mixtures of flexible polymers
have been extensively studied [1-5], the interface between
an amorphous polymer and a liquid crystalline polymer
(LCP), in which there is an additional length scale asso-
ciated with nematic order, is unexplored. Interfacial ef-
fects resulting from the interplay of the multiple length
scales can be important in polymer blends in which a small
amount of an LCP is dispersed in a flexible thermoplastic
polymer matrix; such blends are of considerable techno-
logical interest, because the LCP inclusions can form a
fibrillar morphology during processing, leading to a “self-
reinforced” composite with outstanding mechanical prop-
erties [6,7], and the LCP phase acts as a “flow modifier”
during melt extrusion, causing a marked decrease in pres-
sure drop [8].

Optical microscopy of thermotropic LCPs in the qui-
escent melt shows a “domain” structure, in which the
correlation length for nematic order is typically a few mi-
crometers [9]. Blends with a dispersed LCP phase in a
flexible polymer matrix exhibit unusual droplet size depen-
dence in the melt. The linear viscoelastic behavior of the
blend seems to be unaffected by the interfacial tension of
droplets smaller in size than the nematic correlation length,
whereas larger droplets contribute to the linear viscoelas-
ticity in the expected manner [10]. Similarly, LCP droplet
relaxation following a step strain does not exhibit the size
scaling observed in flexible polymer droplets in the same
matrix [11].

We focus here on the effect of bulk nematic order
on the structure of the interface between a LCP and a
flexible polymer. We use the three-dimensional bond fluc-
tuation model (BFM) [12] in Monte Carlo calculations,
from which both the equilibrium chain conformation and
the interfacial tension can be extracted. The BFM has
been used to study the interfacial region between blends of
flexible polymers [2—4], the dynamics of a LCP [13,14],
and, of most relevance to this work, the interfacial region
between polymers of different degrees of stiffness [15]. In
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the framework of the model, each monomer occupies eight
sites of a unit cell in a simple cubic lattice. Monomers
along a chain are connected via one of 108 bond vectors,
with bond lengths ranging from 2 to \/E

The amorphous polymers and LCPs are characterized
in our simulations as random coils and semirigid chains,
respectively, with a repulsive short-range square-well po-
tential between unlike chain segments equal to 2.5kT,
where kp is the Boltzmann constant and T is the tempera-
ture. The far-field orientation of the LCP is set by impos-
ing a molecular orientation field. Two far-field orientations
are considered here, motivated by equilibrium states in a
spherical droplet of a rigid nematic [16]: a “hedgehog”
structure, with a point disclination at the center, hence a
homeotropic orientation in which the LCP is normal to
the mean interface, and a dipolar (or “boojum”) structure,
with point disclinations at the poles, hence an orientation
in which the LCP is parallel to the mean interface.

Only the excluded volume effect is considered for the
amorphous phase, whereas two energetic interactions are
also considered for the LCP phase: (i) the intrachain bend-
ing energy, equal to E (1 + cosd;)?, where 6; is the
angle between successive bonds, and (ii) the orientational
energy between LCP segments and the orientation field,
equal to Epg sin’¢;, where ¢; is the angle between the
segment and the field direction. The energetic parameters
are fixed at Egg = Erg = 2.5kgT in the simulations re-
ported here. The lattice dimensions are L, X L, X L, =
32 X 32 X 96, with periodic boundaries in the x-y plane
and hard walls in the z direction. The sample volume
contains 800 chains with N = 10 monomers each, cor-
responding to a fraction of occupied lattice sites of 0.65.
The amorphous and LCP phases occupy % and % of the
sample volume, respectively. The chains are too short to
describe entanglement dynamics in flow, but they should
reflect equilibrium interfacial behavior adequately [5].

The simulation starts from an initial configuration in
which the chains in both phases are random coils, cor-
responding to a system at infinite temperature. Following
relaxation under an orientation field, the LCPs form an
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organized liquid phase in which the chains tend to pack
parallel to one another. Because of the extremely slow
dynamics of the interfacial fluctuations, 10® Monte Carlo
steps were required to reach equilibrium; samples were
taken thereafter at every 5000th configuration in the run,
and 10* equilibrium configurations were used in the statis-
tics. Figures 1(a) and 1(b) show typical equilibrium con-
figurations of the binary blend for molecular fields that
orient parallel (¢ = 0) and orthogonal (¢ = 7 /2) to the
interface, respectively. The LCP bulk order parameter S,
defined as (3 cos>¢; — 1)/2 and calculated excluding the
ten lattice sites nearest the wall and the interface (located
on average at the lattice position denoted 0), was 0.76 for
both orientations. The calculated mass fraction profiles of
the LCP along the direction normal to the interface are
shown in Fig. 2. The interface is considerably broader for
the homeotropic far-field orientation, where interpenetra-
tion of chain ends is less costly; for this case the interfacial
region is comparable to the radius of gyration R, of the
flexible chain, which equals 3.7 in lattice units.

The orientations of chains of both types in the neigh-
borhood of the interface are important in determining in-
terfacial behavior. One useful measure is the asymmetry
parameter, which indicates average orientation relative to
a reference direction; the reference direction for the LCP
is taken as the direction of the molecular field, in which
case A, , and A, ;, the asymmetry parameters of the LCP
under parallel and homeotropic orientation fields, respec-
tively, are defined as follows [4]:
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FIG. 1. Typical equilibrium configurations under (a) parallel
(¢ = 0) and (b) homeotropic (¢ = 7r/2) orientation fields.

The amorphous and LCP phases occupy % and % of the lat-
tice, respectively.

(R?), (s = x,,z) denotes the s component of the mean-
square end-to-end distance of a chain at position z. The
reference direction for the flexible polymer is taken to be
normal to the interface, so the asymmetry parameter Ay is
defined in the same way as A, ;. As shown in Fig. 3, there
are regions of induced parallel orientation near the impene-
trable walls, but they are separated from the interface by
a region of bulk behavior in each phase. The semirigid
chains in the bulk align along the direction of the orienta-
tion field, with A, , and A, close to 0.9. The dramatic
decrease in A, ; to negative values within one half-chain
length of the mean interface indicates a tendency of seg-
ments with a far-field homeotropic orientation to move out
of plane and orient parallel to the interface; a value of
—0.5 would indicate perfect orientation orthogonal to the
field. There is a smaller loss of order for the chains with a
far-field orientation parallel to the interface. Ay vanishes in
the bulk, reflecting the isotropy of the flexible chains, but
becomes negative within about 2R, of the mean interface,
indicating that the flexible chains tend to orient parallel to
the interface; this orientation of flexible chains is induced
by the LCP phase and is greater for the planar far-field
LCP orientation than for the homeotropic. The result
is similar to that of Miiller and Werner, who observed
increasing orientation near the interface with increasing
chain stiffness [15].

The interfacial tension can be obtained from the simula-
tion using capillary wave theory [17]. The capillary fluc-
tuation Hamiltonian [18], which reflects the free energy
cost for deviations from a planar interface, is written

H = ”%[Vh(x)]2 + %[Ah(x)]z}dx dy, ()

where o is the apparent interfacial tension and « is the
bending rigidity. The local interfacial position A(x) is
sampled on a lattice and can be Fourier decomposed as

Mass Fraction of LCP

Lattice Position

FIG. 2. Mass fraction profiles of the LCP normal to the
interface.
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FIG. 3. Orientational asymmetry parameters for the LCP and
amorphous phases for parallel and homeotropic orientations.
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h(x) = % + Z Z a(qQ)expiq - x (3

l,=—L,/2 l,=—L,/2

with complex Fourier components a(q) and wave vectors
gx = 2wl /Ly, g, = 2ml,/L,. It then follows from the
equipartition theorem that

2kgT
LyLy(a(q)*)

where (a(g)?) is the mean-square value of the Fourier
coefficients. The Gaussian distribution required by the
quadratic Hamiltonian is shown for the first three compo-
nents in Fig. 4. The data are plotted in Fig. 5 according
to Eq. (4) for the two far-field orientations. The data are
linear in g2 only for the first three wave vectors; the fact
that the line does not pass through the origin is probably a
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FIG. 4. Probability distribution of Fourier components of the
local interfacial profiles for the three smallest wave vectors g.
The solid line represents a Gaussian distribution.
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FIG. 5. Determination of the interfacial tension from the low
wave vector regime of the interface profile spectrum.

reflection of the cutoff in accessible wave vectors inherent
in this lattice calculation. The data in Fig. 5 show no
region of positive curvature, hence no contribution from
bending stiffness, which probably reflects the fact that
any small curvature elasticity effect is overwhelmed by
thermal fluctuations for the parameters used in this calcu-
lation. What is notable about the calculation is the large
difference in slopes for the two far-field orientations.
Using a value of kgT of 4.14 X 107 '* erg at room
temperature and a physical lattice spacing of 2 A [19], the
calculated interfacial tensions are 3.8 and 2.3 mN/m for
parallel and homeotropic orientations, respectively.

Our major conclusion is that the interface structure of
incompatible blends containing a LCP and a flexible poly-
mer is very sensitive to the far-field orientation of nematic
chains. In all cases, LCP chain segments in the interfa-
cial region tend to orient parallel to the interface and to
induce a parallel orientation in the flexible chains, but this
effect is greater for a parallel far-field orientation than for
a homeotropic orientation; the latter is more conducive to
interpenetration of chain ends. The nematic order in the far
field can have a profound effect on the interfacial tension;
the more diffuse interface caused by the homeotropic far
field results in a calculated interfacial tension for the pa-
rameters used in these simulations that is only 60% that of
the planar orientation.
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