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ABSTRACT: To understand the unusual composition and wave vector, q, dependent Flory interaction
parameters, y, obtained from small angle neutron scattering (SANS), we have calculated the three partial
structure factors for symmetric binary polymer blends with relatively strong interactions between
dissimilar monomers using molecular dynamics simulations. In agreement with past work we find that
the radii of gyration of the chains are altered on blending. The following new results emerged from our
simulations. The single-chain form factors in the blends follow Gaussian statistics at all distances larger
than a monomer diameter, confirming the Flory—de Gennes conjecture that correlations in condensed
polymer phases are screened over short length scales. The Ry's deduced from these form factors are in
agreement with simulation-determined values and illustrate conclusively that the single chain term in
the incompressible random-phase approximation (i-RPA) is altered on blending. The three partial
structure factors obtained from the simulations, each of which follows an Ornstein—Zernike behavior,
have different q dependences and extrapolate to different values in the thermodynamic limit. The different
g dependences can be explained qualitatively by a compressible RPA formalism proposed by Tang and
Freed. We then show that any form chosen to combine these partial structure factors into a single total
scattering function will, in general, not have a q dependence that is describable by the incompressible
RPA. This explains the experimentally observed g dependence of the y parameter derived from the i-RPA.
Finally, a thermodynamic analysis on the zero wave-vector limit of the partial structure factors shows
that their absolute values are different from each other due to the effects of density fluctuations, as well
as the different partial molar volumes of the two species in the blend. These results serve to emphasize
the important role played by compressibility on the scattering obtained from simple polymer mixtures

with large excess volumes on mixing.

1. Introduction

There is considerable interest in polymeric materials
due to their importance in industrial and everyday
applications. It is often advantageous to blend two or
more polymers! since this can result in materials with
highly controllable physical properties. One major
challenge in this approach is the incompatibility which
can arise from mixing two polymers. In this context a
widely used theory for describing the phase behavior of
polymer blends is the incompressible lattice-based
Flory—Huggins model.2 This theory predicts that the
free energy of mixing for a binary polymer blend is

AG _ $ b2

where AG is the free energy of mixing per lattice site,
kg is Boltzmann’s constant, T is the temperature, N; is
the degree of polymerization of component i, and ¢; is
the corresponding volume fraction. If the system fol-
lowed the assumptions built into Flory theory, then the
interchange energy parameter, y, could be determined
from small-angle neutron scattering (SANS) experi-
ments using the incompressible random-phase ap-
proximation (i-RPA),3 which is the scattering analog of
Flory theory:
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Here S(q) is the static structure factor of the blend,
Pi(QRgi) and Ry; are the form factor and the radius of
gyration, respectively, of component i, and q is the wave
vector. Consistent with Flory theory, in the i-RPA
model, chains assume their unperturbed Gaussian
dimensions in the pure state and in the blend. Further,
the y parameter is assumed to be a system-specific
constant that only depends on temperature.

In contrast to these theoretical ideas, recent
experiments*~7 have found that the SANS-determined
x parameters for a number of polymer blends are
composition dependent, and in some cases molecular
weight and wave-vector dependent. While a large
amount of theoretical and experimental research®-1° has
been devoted to this subject, the molecular origin of
these effects remains unresolved at this time. From a
theoretical viewpoint it has been suggested that one of
the following factors, which have been ignored in the
incompressible Flory—Huggins model, must be the
underlying cause of the observed composition, molecular
weight, and wave-vector dependence of the y parameter:

1. Muthukumar® and Olvera et al.® have suggested
that concentration fluctuation effects, which are present
in any polymer mixture but are not accounted for in a
mean-field model, such as Flory’s, can help to rationalize
the observed experimental trends.

2. Freed,1% Sanchez,'* and Taylor et al.’> have argued
that the finite but nonzero compressibility of a polymeric
system has to be incorporated to properly capture the
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observed dependences of the SANS-determined interac-
tion parameter.

3. Schweizer and his co-workers!! have suggested
that liquid-state-like packing effects, which are ignored
in any model that assumes the random mixing of chain
segments, must play a vital role in determining the
composition and wave-vector dependence of the SANS-
derived y parameter.

While it is unclear which of these different factors is
critical to understanding the scattering from polymer
mixtures, we stress that computer simulations are
particularly relevant since they can delineate the vari-
ous molecular factors which underlie experimental
behavior. To our knowledge, there are two different sets
of simulation data which have attempted to address the
scattering that is obtained from a polymer blend system
and hence the dependences of the SANS-derived inter-
action parameter. Below we summarize these findings:

1. Binder and his co-workers!’~19 have calculated the
collective structure factors for binary blends of short
chains (N = 16 and 32, respectively). They found some
evidence for the composition dependence of the SANS-
derived y parameter. However, this work employed
several simplifications which could affect the results
obtained. First, the chain lengths employed are rela-
tively short. Second, the quantity which is calculated
in these simulations is a collective structure factor.'®
In contrast, the experimentally determined structure
factor is a measure of the three relevant partial struc-
ture factors weighted by the appropriate scattering
lengths. Consequently, material-specific constants (such
as the neutron contrast factor) explicitly affect the
measured value of the blend structure factor. While all
of these structure factors have the same information
content in the limit of an incompressible system, the
same is not true in the case of a system with finite
compressibility. The relationship of the structure fac-
tors determined from the simulations of Binder and the
experimentally measured quantities is therefore un-
clear. Due to these factors there is a need to reexamine
the calculation of blend scattering in the context of a
computer simulation.

2. Kumar®® has utilized computer simulations to
derive the chemical potentials of the two components
of a binary polymer blend. The partial structure factors
of the blends can then be deduced from this information
through the use of standard relationships.®> While this
work is able to shed some light on the observed variation
of the y parameter with state variables, it is clear that
the calculation of structure factors from simulation-
derived chemical potentials is indirect. Further, this
work cannot comment on the observed wave-vector
dependences since it has only focused on the zero wave-
vector, or thermodynamic, limit.

While there has, therefore, been considerable simula-
tion work present in the literature, these do not
explicitly address the various factors controlling the
observed complicated behavior of the SANS-derived yx
parameters. To resolve some of these issues, here, we
have carried out simulations using essentially the same
polymer mixture model as Kumar's but have also
considered higher densities and longer chains. We have
compared results obtained at three different composi-
tions at each density and have considered three separate
densities in a series of simulations. The simulations
were performed on the massively parallel Intel Paragon
supercomputers located at the Oak Ridge National
Laboratory. A domain decomposition technique for
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chain systems was used for this simulation as discussed
elsewhere.2 While the simulation of polymer blends
is an extremely popular research topic today, we have
focused explicitly on understanding the scattering ob-
tained from a model mixture. The following novel
features, which were obtained from our simulations, will
be stressed in this paper:

1. We explicitly calculate the three partial structure
factors of the polymer blend. This permits us to
comment directly on the scattering obtained from a
polymer blend. To obtain a detailed understanding of
the various factors which cause the state dependence
of the SANS-determined y parameter, we shall examine
all of the assumptions made in deriving the i-RPA.

2. We begin by considering the single-chain structure
(or form) factors of the two components in the blend,
Pi(gRgi) (see eq 2). We found that these quantities in
the blends were describable over a relatively large q
range by Gaussian statistic, but with the simulation-
derived values of the radii of gyration at that state
condition. This verifies the commonly accepted result
that correlations in a melt are screened over relatively
short distances. However, we found, in agreement with
experiment?® and past simulations,>7-20 that the Ry's
for the two components were altered on blending.

3. Since we have a direct knowledge of the various
form factors, we proceeded to calculate the three partial
structure factors. We found that each followed Orn-
stein—Zernike behavior, but with different g-depend-
ences and zero wave-vector limits. Since this behavior
is not caused by inaccuracies in modeling the form
factors, consequently, we conjecture that the different
g-dependences are a consequence of compressibility
effects, which can be captured qualitatively by a com-
pressible RPA formalism.1® When these partial struc-
ture factors are combined into a single structure factor,
in general, the g-dependence of the resulting function
cannot be described by the incompressible RPA formal-
ism. Consequently, the y parameter resulting from the
i-RPA after one uses eq 2 has a linear dependence on
g?, in qualitative agreement with experiment.

4. Finally, we employed a thermodynamic analysis
to understand the role played by compressibility in the
zero wave-vector limit. On the basis of our findings,
we conclude that it is inappropriate to model SANS data
from polymer blends through the use of the i-RPA
formula and that the Flory description of blend ther-
modynamics might be oversimplified even in the context
of these highly idealized mixtures.

These issues will be discussed below in more detail.

2. Model and Simulation Method

We studied two binary symmetric polymer blends
comprised of chain lengths 25 and 50 monomers,
respectively. The systems consisted of 13 500 monomers
in all cases. This relatively large system is required
since the structure factors need to be determined at
small wave vector, g, so as to facilitate the extrapolation
to the thermodynamic limit, g = 0. The monomersin a
chain are connected by a finite extensible nonelastic
spring potential

rij = Ro

0, = { —0.5kR,2 In[1 — (r;{Ro)?], a)

00, rj = Ry

where rj; is the distance between two neighboring
monomers, and the parameters k and Ry are 50¢ and
1.40, respectively. These values are close to those used
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by Kremer and Grest?! (i.e., k = 30¢, Rp = 1.50). We
have chosen slightly different parameters to ensure that
the chains do not cross each other at the higher
temperatures employed in this work. In addition, all
monomers interact with a shifted force Lennard-Jones
potential with a cutoff distance r, = 2.50. The form of
the potential ensures that the potential and its deriva-
tive, the negative of the force, continuously approach
zero at r;24

brr y —
VgF(rij) =
dv®(r.)
b b ij
Ve (ry) — Ve = ( ar. (rj—r) rj=sr
ij ri=re
0, r.>r

v3(ry;) is the Lennard-Jones potential between particles
of species a and b,

) ~ O 12 Ogp 6
vO(ry) = 4€ab[(r_ij) ) (r_") ] )

€ap and oy, are the energy and length parameters,
respectively, rj; is the distance between monomers i and
j, and v¢ is the value of the Lennard-Jones potential at
the cutoff distance. In this work we have studied
symmetric blends where both chains are of identical
length, N, and identical monomer sizes, 0. The Len-
nard-Jones energy parameters for similar pairs of beads
were identical, i.e., €aa = epp = ¢, but the energy of
interaction between dissimilar pairs is different. Two
different classes of blends were studied in this work.
One is an attractive blend, in which €5, = 1.2¢, T* =
kgT/e = 2.0, and N = 25. The system was studied at
three reduced monomer densities, p* = po® = 0.70, 0.80,
and 0.85, respectively. Three different compositions, ¢
= 0.1, 0.25, and 0.50, were considered at each density.
The lowest density case was that studied by Kumar.®
The other system we studied was a repulsive blend, in
which €z, = 0.99¢, T* = 1.5, and N = 50. The density
for this system was p* = 0.70, and the compositions are
¢ = 0.1, 0.25, and 0.50, respectively. Note that in the
case of the repulsive system we do not consider smaller
values of €5, since blends comprised of chains of length
N = 50 tend to phase separate under these conditions.
However, the repulsive blend considered in this work
is miscible under the conditions examined.

The initial configurations of the systems were gener-
ated using a continuum configurational bias?? (CCB)
Monte Carlo scheme, which efficiently generated a
spatially uniform total monomer density distribution.
For N = 25, chains in this initial state had essentially
their equilibrium radius of gyration. However, for N =
50, the average initial radius of gyration of the polymer
molecules was different from its equilibrium value. For
N = 25 and p* = 0.70, a constant-temperature molecular
dynamics simulation was run for a time of 2.5 x 103t
for equilibration, where 7 = (mo?/€)2, and m is the
monomer mass. Each time step was 0.005z. For N =
25 and p* = 0.80 and 0.85, the equilibration time was 5
x 108z. For the longer chain (N = 50), we equilibrated
the system for 1.5 x 10%. According to the Rouse
model,2® the longest relaxation time 7y for a chain is
given by

. _ RA(N)O
N 32D

(6)
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Table 1. State Points and Production Run Lengths

Ttot (103‘[)

o* T* N $=0.10 $=0.25 $=0.50
0.70 2.0 25 22.3 25.5 25.6
0.80 2.0 25 235 25.0 23.6
0.85 2.0 25 351 275 21.7
0.70 15 50 42.4 40.9 63.3

where D is the diffusion constant and R2(N)Ois the
mean squared end-to-end distance of the polymer chain
consisting of N monomers. Based on the values of D
and [R2(N)O calculated in previous work,?l ty was
estimated to be 5807 for N = 25 and 3.5 x 103t for N =
50, respectively, at p* = 0.85. At all densities our
equilibration times are larger than these estimates.

During the equilibration step, we have used Kremer
and Grest’s equations of motion?! to update the position
and velocity. The integration scheme for the equilibra-
tion was standard Brownian dynamics.?* A reduced
time step size of 0.0057 was used. After equilibration,
the thermostat was turned off, and the system was
allowed to evolve following Newton’s equations of motion
in a constant energy simulation. Since the system had
been sufficiently equilibrated, the average temperature
of the system in the constant energy simulation was
within 1.5% of the preset temperature. The production
run length for each state condition is tabulated in Table
1.

3. Results and Discussion

3.1. Single Chain Properties. We begin by exam-
ining the single-chain form factors, P(gRg), which are
related to single-chain conformations and play a central
role in the i-RPA (eq 2). To our knowledge, no one has
examined this issue, and, consequently, our findings
should shed considerable light on the use of this
quantity in eq 2. P(q) is defined as

N

1
P(q) = — Ty exp(iq-r))|"0 W)
N® =

which is equivalent to the single-chain structure factor
apart from a factor of 1/N, and r; is the position of
monomer i in a chain molecule. Since our model chains
are fully flexible, we expect them to obey Gaussian chain
statistics to a reasonable approximation. Thus, P(q)
should be describable, apart from a factor N, by the
Debye function.?> The form factors from the simulation
are shown in parts a and b of Figure 1 at a density p*
= 0.70 for N = 25 and N = 50 and ¢ = 0.5. To obtain
the theoretically predicted form factors, we need to know
the radii of gyration, [Rg2(¥2, of the chains. To obtain
this quantity, we replot the form factors as 1/P(q) vs g2
This yields a near straight line as can be observed in
Figure 2. The data are best fit by a quadratic, and the
coefficient of the linear term is equal to (Ry2[8. The Ry
values (in this paper, we use o as the units for the radius
of gyration unless otherwise noted) obtained from this
procedure are compared to the radius of gyration
obtained directly from the simulations in Table 2.
Several issues are clear here. First, the radii of gyration
obtained by both methods are in excellent agreement,
suggesting that the single-chain structure in these
blends is described well, at low g, by a Gaussian form.
This point is illustrated clearly in Figure 1, where the
Debye functions, using the radii of gyration in Table 2,
are superposed on the form factors. The theoretical
predictions accurately determine the single-chain struc-
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Figure 1. (a) Form factor of a N = 25 chain of component 1
(the minority component) at composition ¢ = 0.50 and p* =
0.70. The solid line is the simulation result and the dashed
line is the Debye function using the radius of gyration [Rq?(3?
= 2.570 calculated from the simulation. (b) Form factor of a N
= 50 chain of component 1 at composition ¢ = 0.50 and p* =
0.70. The symbols are the same as in part a. [R,?(¥? = 3.630
was used in calculating the Debye function.

ture factor, especially at low wave vector. At large wave
vector (Q* = qo > 3.0), the Debye function strongly
deviates from the simulation result. Since this occurs
at distances [i.e., r* ~ 7/q* = n/qo] smaller than 1, this
verifies the Flory—de Gennes?® conjecture that correla-
tions in the melt are screened at distances comparable
to the monomer size. Essentially the same behavior was
observed under all conditions simulated. Itis, therefore,
clear that the i-RPA assumption of Gaussian chain
statistics is valid at the level of the form factors.
Consequently, the state dependence of the SANS-
derived interaction parameter is not caused by discrep-
ancies in this quantity.

A second fact that emerges from Figure 2 is that the
minority component in the blend undergoes an expan-
sion or contraction. This result appears to be well-
known from experiment, simulation, and theory. The
radius of gyration of the minority chains increases by
about 5% at the extreme composition for the attractive
mixture. For the repulsive mixture, as the composition
of component 1 decreases, its radius of gyration de-
creases about 1%. Here we note that the difference in
the interaction strength (the Lennard-Jones energy
parameter) between the different species in the repul-
sive mixture is 1%, while it is 20% in the case of the
attractive mixture. This suggests that, for real polymer
systems where the differences are likely to be on the
order of 1%, the chain expansion (or contraction) effect
should be small. This result is in agreement with
experiments.16

3.2. Structure Factor and the y Parameter. We
shall now proceed to examine the behavior of the partial
structure factors, S;j(0), and hence the total structure
factor. As noted above, the experimental combination
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Figure 2. (a) Zimm plot of the single-chain form factor for
component 1 with chain length N = 25 at p* = 0.70, at three
different compositions, ¢ = 0.1, 0.25, and 0.50. The data for
each composition were fitted to a quadratic function. The
radius of gyration can be obtained from the coefficient of the
linear term in g2, a, from the relation R¢28 = . (b) Similar

to part a, but for chain length N = 50. The blend is a repulsive
mixture.

Table 2. Radii of Gyration for Chains of Component 1 in
the Blends at Various State Conditions?

R 202 b

o* T* N $=010 $=025 ¢=050

070 20 25 2.70 (2) 2.65 (1) 2.57 (1)
2.73 2.67 2.58

080 20 25 2.72 (1) 2.64 (1) 2.55 (1)

08 20 25 2.72 (1) 2.63 (1) 2.53 (1)

070 15 50 3.59 (1) 3.63 (1) 3.63 (1)
3.60 3.64 3.64

a The numbers in the parentheses represent statistical uncer-
tainty. Consequently 2.70 (2) implies 2.70 + 0.02. The first three
sets of data refer to the attractive N = 25 system, while the last
set of data corresponds to the repulsive N = 50 blend.  The first
row in the radius of gyration at the number density p* = 0.70 was
obtained from direct calculation, the second row was obtained from
fitting the single-chain structure factor to a quadratic function of
g2. Note that although it is difficult to estimate the uncertainties
in [(Rg2(¥2 obtained from curve fitting, the goodness of the curve
fitting suggests that the errors are small.

of the three partial structure factors into a total
structure factor has to incorporate material-specific
guantities such as scattering lengths. To avoid the use
of arbitrary constants and also to draw more general
conclusions, we shall follow a method suggested earlier
by Schweizer.'* However, it is important to stress that
our conclusions are robust and are not affected by this
approximation. To illustrate our methodology for the
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Figure 3. Calculated y parameter as a function of g? for the
ideal blend, where q is the wave vector.

calculation of y from the three partial structure factors
obtained from the simulations, we begin by studying an
idealized system comprised of chains of length N = 25
where all monomers interact with the same potential.
We artificially divide the system into two components
with equimolar composition and calculate the partial
structure factors. For computational efficiency, the
Lennard-Jones interaction between monomers is re-
placed by a WCA (Weeks—Chandler—Andersen) poten-

tial,?* i.e.
12 6
46[(2) - (2) + l], ry < 106,
Fij rg/ 4 ®)

0, ry> 2Y%g

1/wca(rij) =

In this case the system will, by construction, satisfy the
criterion S11(q) = S22(q) = —Si12(g). We now need a
method for combining the three partial structure factors
into a single total structure factor for the blend. We
follow the recent suggestion by Schweizer!! and use

4 _ 1 n 1 2
S(@  Su(@  Sp@ S

The y parameter is then derived from S(q) utilizing the
i-RPA (eq 2), with a knowledge of the single-chain form
factors. In Figure 3, we plot the y parameter at p* =
0.70 and T* = 2 as a function of g? for this idealized
system. As expected, y ~ 0 independent of q as shown
in the figure. We, therefore, conclude that this meth-
odology for the calculation of interaction parameters
from partial structure factors through the device of the
incompressible RPA model provides reasonable results.

The yx values for the attractive N = 25 system
calculated in the same fashion are presented in parts
a—c of Figure 4, where we plot y(q) as a function of g2
at p* = 0.70, 0.80, and 0.85, respectively. Note that we
have employed the form factors obtained from the blend
simulations to define the ideal chain scattering in eq 2.
These figures clearly show that y varies linearly with
g2 even at low g, apparently in good agreement with
experimental results obtained on polyolefin blends.® The
results at different compositions are almost parallel to
each other and shift upward with increasing composi-
tion asymmetry. Similar findings were obtained at the
three different monomer densities considered. To our
knowledge, this is the first simulation evidence of a
g-dependent value of the SANS-derived interaction
parameter. The results at N = 50 had much smaller

9)
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Figure 4. (a) Calculated y parameter as a function of g2 for
the attractive blend at total monomer density p* = 0.70 and
three different compositions. The chain lengths for both
components are N = 25. (b) The same as in part a, except that
p* = 0.80. (c) The same as in part a, except that p* = 0.85.

magnitudes for y(q) as expected and, consequently,
much larger relative errors.

Figure 5 shows the zero wave-vector y parameter
determined from the above procedure plotted as a
function of the volume fraction of component 1. From
the figure it is clear that the y parameter for the N =
25 system shows a parabolic dependence on composition.
This trend has been reported before from computer
simulations.1’~19 It was suggested in previous work!®
that, while simulations conducted at constant pressure
yield composition-independent y parameters, the y
parameters obtained from simulations at constant
density showed a parabolic composition dependence.
This result has been attributed to equation of state



3380 Cui et al.

0.10 [
0.00 _ o = B @ ]
-0.10 — o N=25,p=07042
: © N=25p=080
-0.20 F a N=25p=085
E O N=50,p=070
X -0.30 F
S $
-0.40 — % 3 3 2
-0.50 F 3 4 ;
F z
-0.60
: 5
070 e L 1 1 )
0 0.2 0.4 0.6 0.8 1
o

Figure 5. Variation of the zero wave-vector y parameter as
a function of composition for the attractive and repulsive
blends. The error bars are obtained from linear regression
analysis based on the x(q) values in Figure 4.

Table 3. Equation of State Data for the Attractive
Systems Studied at Various Total Monomer Densities
and Compositions?

pressure (P* = Poe)

o* T N $=010 ¢=025  ¢=050
070 20 25 049(11) 0.39(11)  0.35(8)

080 20 25  160(12)  1.47(13)  1.43(13)
085 2.0 25 259(13) 2.44(14)  2.33(13)

aThe numbers in the parentheses represent the statistical
uncertainty. Therefore, 0.49 (11) implies 0.49 + 0.11.

effects since the pressure changes with composition
under these conditions. Since our simulations are
conducted at constant density, we have calculated the
pressure in our simulation (using atomic viral for the
pressure??), to verify these ideas (see Table 3). As can
be seen, the pressure increases systematically as the
composition becomes more asymmetric, but the trend
is at the limit of our statistical significance. This
indicates that at least some of the composition depen-
dence of the y parameter observed in Figure 5 may be
attributable to equation of state effects. Further work
needs to be performed at more state conditions to test
this idea more fully.

Returning now to Figure 5, we see that for the
attractive system, as the total monomer density of the
system increases, the calculated y parameter becomes
more negative. This may be understood intuitively as
a result of the increase in the number of interactions
per unit volume. Also plotted in the figure is the zero
wave-vector limit of the y parameter for the repulsive
N = 50 system. Because the y is small in magnitude,
these simulation results cannot distinguish whether or
not there is composition dependence in the y parameter,
which is small and positive.

3.3. Discussion. There are two separate issues that
need to be discussed in some more detail. First, as
observed in Figure 4, the calculated y values for the
attractive system show a linear dependence on g2. The
origins of this behavior need to be understood. Second,
we would like to systematically evaluate the role of
compressibility on the partial structure factors, as well
as the total structure factors of these systems.

In Figure 6 we plot the three different partial struc-
ture factors in the form 1/S;j(q) vs g2 for the N = 25
system at T* = 2 and ¢ = 0.1 for two different densities.
Itis clear that all three structure factors plotted in this
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Figure 6. (a) Inverse of the three partial structure factors vs
g? at p* = 0.70 and composition ¢ = 0.10 of component 1. (b)
Same as part a, except for p* = 0.85.

form display linear dependences, showing that they
follow an Ornstein—Zernicke form, i.e.

1 _1 2

where A is a constant. However, the slopes of the three
different lines are not identical. This is a somewhat
surprising result, since the i-RPA would suggest that
S11(9) = S22(q) = —S12(q) for an incompressible system.3
Consequently, it would appear that a consequence of
finite compressibility is that, in general, each partial
structure factor possesses a different wave-vector de-
pendence.* One means to verify this conclusion is to
check our results against the prediction of compressible
RPA theories, such as the one proposed recently by Tang
and Freed,'° which shows that the three different partial
structure factors must have different g-dependences.
However, it is difficult to make a quantitative compari-
son of our off-lattice results to their lattice theory since
several quantities, such as the hole fraction, are not easy
to identify from our simulations. Consequently, we are
forced to conclude that, in a qualitative manner, the
presence of compressibility causes the three structure
factors to have different g-dependences. At this time,
we cannot decide if all of the observed difference in
behavior observed in Figure 6 can be explained by this
compressibility effect.

An important implication of the results shown in
Figure 6, as well as the compressible RPA,1 is that the
combination of the three partial structure factors with
different g-dependences into a total structure factor,
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Table 4. Estimated Partial Volume per Monomer, v{= vilg°, and Isothermal Compressibility, pkgTkT, at Various
Compositions for the Attractive Systems of Chain Length N =25 at T* =2

pkeTicr ¢ =0.10 ¢ =025 ¢ =050
p* T ¢ =0.10 ¢=0.25 ¢ =050 vi* vo* v* Vo> i* vo*
0.70 2.0 0.31 0.25 0.28 1.20 1.44 1.27 1.48 1.43 1.43
0.80 2.0 0.07 0.14 0.12 1.16 1.25 1.17 1.27 1.25 1.25
0.85 2.0 0.10 0.07 0.09 1.14 1.19 1.14 1.18 1.18 1.18

a1t is difficult to determine the statistical uncertainties in these quantities.

such as in eq 9, will result in a function with a
g-dependence that will not, in general, be described by
the i-RPA. Consequently, the y parameter that is
obtained by applying the incompressible eq 2 to results
from a compressible system will vary linearly with g2,
especially at low q. This result can potentially explain
the observed g-dependence of the interaction parameters
in Figure 5 as well as in published experimental
results.*

Having outlined the role of compressibility on the
g-dependence of the interaction parameter, we now
study its consequences on the g = 0 limit through a
thermodynamic procedure. Through this approach we
shall show below that the partial molar volume of the
majority component changes very little with the com-
position and is approximately equal to the molar volume
of the mixture. In contrast, the partial molar volume
of the minority component in the attractive blend
decreases with composition. Consequently, the reason
the g = 0 limits of the three partial structure factors
are different is primarily because the partial molar
volumes for the two components are quite different, thus
reasserting the importance of compressibility effects in
this context. Fluctuation theory shows that the partial
structure factors at g = 0 follow the thermodynamic
identities,1527.28

A(Buy/Ny)| 2
Su(0) = PkBTKT¢12 + ¢1¢2(PV2)2 — (11a)
dlng; |1p
d(Buy/N,)| 2
S12(0) = pkgTrr1, + ¢1¢2PZV1V2 W (11b)
2 TP
d(BuaIN) |t
S,,(0) = PkBTKT¢22 + ¢1¢2(PV1)2 —= = (11c)
3Ine, [rp

with the additional relation that S12(0) = S»1(0). Here
p is the monomer density, kg is Boltzmann'’s constant,
T and P are the temperature and pressure, «7 is the
isothermal compressibility of the system, and ¢i, vi, ui,
and N; are the composition, partial volume per mono-
mer, segmental chemical potential, and chain length of
component i in the binary polymer blend, respectively.
Note that the derivatives are taken under the constant
temperature and pressure conditions. The first term
in each of these equations is the contribution from
density fluctuations, while the second term arises from
composition fluctuations. Following the Gibbs—Duhem
relation, the derivatives in the second term of egs 11a
and 11c are equal and are negative that of the second
term of eq 11b. From egs 11, it is relatively straight-
forward to show that!4

kgTrr

; = ZViVjSij(O) (12)
]

For the equal composition case, by definition, v; = v, =

1/p. Using the extrapolated zero wave-vector values of
the partial structure factors, S;1(0) = 1.0, Sx,(0) = 1.0,
and S;2(0) = —0.86 at p* = 0.70 for the attractive N =
25 system at T* = 2, eq 12 yields pkgTxt ~ 0.28.
Similarly, we obtain pkgTkt ~ 0.09 at p* = 0.85. Using
S11(0) ~ 1.0 and 0.80, at the two densities respectively,
we estimate that the contributions to the scattering due
to density fluctuations are about 7% and 3%, respec-
tively, at the two densities.

For the unequal composition, the molar volumes of
the two components are, in general, not the same, and
a rigorous determination of the isothermal compress-
ibility is more difficult. For the composition ¢ = 0.10
at p* = 0.70, 1/S11(0) = 1.0, 1/S,5(0) = 1.0, and 1/S1,(0)
= —1.2. We assume that the first term in eqs 11a and
11b can be safely neglected due to the presence of the
term ¢;. This immediately yields vo/vy = S11(0)/S12(0)
= 1.0/1.2 ~ 0.83. Solving this equation together with
the identity ¢1v1 + ¢ov2 = 1/p, we obtain v; = 1.20 and
vy = 1.44. These values of v1 and v, can be substituted
in eq 12 to yield pkg T« = 0.31. This value is very close
to the value obtained at ¢ = 0.50. On the basis of this
estimate, we now compute that the ratio of the first term
to the second term of eq 11a is 0.3% and that in eq 11b
is 0.31/11.1 ~ 3%, thus justifying our initial neglect of
the density fluctuation term. In a similar manner, we
estimated the partial volume per monomer and com-
pressibility for the attractive systems of chain length
N = 25 at various overall monomer densities and
compositions; the results are tabulated in Table 4. It
is seen from Table 4 that when the composition of the
two components becomes more asymmetric, the overall
trend is that the partial volume of the majority compo-
nent stays constant, while that of the minority compo-
nent decreases. The variation is much weaker at high
overall monomer density. Further note that the com-
pressibility decreases with an increase of the overall
monomer density.

Conclusions

By carrying out molecular dynamics simulations for
model polymer blend systems consisting of a relatively
large number of chains, we computed the three partial
structure factors of the blends in the small g limit. At
the level of a single chain we found that the polymer
molecules assume Gaussian shapes for length scales
larger than the monomer size. These results are in good
agreement with theoretical expectations. However,
chain dimensions of the minority component in the
blend change quite significantly on blending, a result
that is in good agreement with past simulations. It is
found that the three partial structure factors in the
blend followed Ornstein—Zernike behavior, but with
different slopes and q = O intercepts. These results are
shown to be a consequence of system compressibility,
thus illustrating that compressibility effects play a
critical role in the small-angle scattering data that is
obtained even from these simplest possible classes of
polymer mixtures.
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