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ABSTRACT: The interfacial properties of a three-component, two-phase A/B:C blend are investigated to
understand the effect of the A and B chain lengths on the interfacial excess of B, zg*, the interfacial
tension, yasc, and the interfacial width, wagc. The A/B:C components are polystyrene/poly(ds-styrene-
co-4-bromostyrene):poly(styrene-co-4-bromostyrene), where B and C have 4-bromostyrene mole fractions
of 0.154 and 0.177, respectively. Low-energy forward recoil spectrometry (LE-FRES) is used to measure
zg* as a function of the B volume fraction in the B:C blend, ¢s... The experimental zg*'s are found to be
in excellent agreement with those calculated using the self-consistent field (SCF) model of the A/B:C
interface. In addition, the SCF model is used to evaluate yagc and the widths for the A/B:C, A/B, and
AJC interfaces (i.e., Wasc, Wag, and Wac, respectively). Our results demonstrate that increasing the number
of B segments, Ng, greatly increases the magnitude of zg*, particularly at low ¢s.. On the other hand,
varying Na has only a minor effect on zg*. Concurrent with the segregation of B, yasc and wag rapidly
decrease and increase, respectively, as ¢g. initially increases. Upon calculation of the entanglement
length, we, for each component, wag is found to approach we when ¢g. ~ 0.30. As a result the mechanical
strength of the interface should greatly improve. The optimum amount of B to achieve good compati-
bilization correlates with the ¢g., at which zg* is a maximum.

1. Introduction

Blending has proven to be a convenient method to
improve and adjust the properties and processability of
polymeric materials.»2 Polymer blends usually contain
two or more components selected such that the principal
advantages of one polymer will compensate for deficien-
cies of the other polymer and vice versa. Because of
strong chemical incompatibility between most polymer
pairs (i.e., large positive interaction parameter, y),
simple blending usually results in macroscopically
phase-separated materials with little practical use. For
such a blend, the bulk properties are strongly influenced
by the interfacial properties between immiscible phases.
The interfacial tension and width are two critical
parameters that characterize the interface. For ex-
ample, the interfacial tension controls the phase mor-
phology. Due to strong incompatibility, the interfacial
tension is typically quite high,® resulting in morpholo-
gies with widely-separated, large phases. In addition,
narrow interfacial widths result in poor adhesion and
low fracture toughness because of the limited interpen-
etration across the interface.*

Compatibilizers added to these immiscible polymer
blends can overcome the above deficiencies in several
ways. First, they usually reduce the interfacial tension
which leads to a fine dispersion of the minority phase.
In addition, compatibilizers broaden the interfacial
width thereby providing improved interfacial stress
transfer and adhesion. Third, compatibilizers can sta-
bilize the minority phase by slowing down its growth
during processing. In practice, these effects will occur
to various degrees depending on the particular com-
patibilizer. Other properties, such as rheology, can also
be modified and controlled. Typical compatibilizers
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include block copolymers, graft copolymers, reactive/
functional copolymers, in-situ grafting agents, etc.1.25
In particular, block copolymers*® and graft copolymers’
can greatly improve the mechanical properties and
decrease the interfacial tension between immiscible
polymer pairs, A/C. For example, the fracture tough-
ness of a polystyrene (PS)/poly(methyl methacrylate)
(PMMA) interface was increased by a factor up to 50
upon adding a P(S-b-MMA) block copolymer to the
interface.® Recently, random copolymers (A-co-C) were
found to also improve the fracture toughness of A/C
systems.®

There are several limitations associated with using
block copolymers as compatibilizers. First, block co-
polymers are expensive compared to most commercial
polymers. Second, if not applied directly to the inter-
face, block copolymers have to diffuse to the interface
and therefore their effectiveness can be limited by
kinetics. Also, at concentrations greater than the
critical micelle concentration (cmc), block copolymers
form micelles. In many cases, the cmc can be as small
as 1%. The formation of micelles thus limits the
availability of block copolymers which can span the A/C
interface. In addition, copolymer micelles usually tend
to segregate at the A/C interface which reduces the
“effective space” for compatibilization. On the other
hand, homopolymers (or random copolymers) can be
very attractive compatibilizing agents because of their
lower cost. Indeed, recent theoreticall®~12 and experi-
mental314 studies have demonstrated that homopoly-
mers can be used as effective compatibilizing agents.
Recently, Helfand!! and Yoon and co-workers?!? calcu-
lated that the interfacial properties of an immiscible A/C
pair can be improved by the addition of component B,
which is miscible with C but not with A. Using the self-
consistent field (SCF) method, these studies demon-
strated that B segregates to the A/B:C interface, if yag
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< xac- As B adsorbs to the A/B:C interface, the
interfacial tension, yagc, was found to decrease whereas
the interfacial width, wagc, increased.

In these models,'112 the free energy density of the
system is governed solely by the enthalpy of mixing.
Therefore these models are only valid in the infinite
molecular weight limit where the entropy of mixing is
neglected. Moreover, these models are limited to sys-
tems having ysc < 0. The former simplification pre-
vents direct experimental testing of the model whereas
the latter greatly limits the number of polymer systems
to which these models can be applied. To overcome
these difficulties, we have modified the SCF model to
include the contribution of the entropy of mixing to the
free energy of the system.!® This model can then be
tested on finite molecular weight systems and B:C pairs
having y. > ysc > 0, where y. is the critical value of
xsc. An important result from this modified model is
that the A/B:C interfacial properties depend strongly
on the number of B segments, Ng, but rather weakly
on Na.

In an earlier study, low-energy forward recoil spec-
trometry (LE-FRES) was used to measure zg* as a
function of B volume fraction in the B:C mixture, ¢ge,
for the case where yas < yac.'® These measurements
provided the first experimental detection of segregation
at the homopolymer/binary polymer blend interface. In
subsequent experiments neutron reflectivity (NR) was
used to determine the shape of the polymer volume
fraction profiles.)” These NR measurements also pro-
vided a direct measure of the interfacial width between
the A and B:C phases. In the present study, we revisit
the issue of interfacial segregation using a slightly
different blend system designed to more rigorously test
the SCF model. One objective is to investigate the effect
of Na and N on the A/B:C interfacial properties. As
before, LE-FRES is used to measure zg*. In contrast
to previous studies, zg* is measured over a much
broader range of ¢g.. We find that an increase in Ng
leads to a dramatic increase in zg*, a smaller yagc, and
a larger wagc. However, an increase in Na by ca. 1.5
orders of magnitude does not measurably change the
interfacial properties. Qualitatively and quantitatively,
the behavior of zg* as a function of ¢g. is in excellent
agreement with SCF predictions.

2. Experiment

2.1. Materials and Sample Preparation. Similar to
previous experiments, the two-phase, three-component system
consists of polystyrene, PS, and blends of two miscible random
copolymers of poly(styrene-co-4-bromostyrene), dPBr«S and
PBr,S, having x = 0.154 (or x = 0.157) and y = 0.177 mole
fractions of 4-bromostyrene (4-BrS), respectively. The random
copolymers were prepared by brominating ds-PS and normal
PS, respectively, using the procedure of Kambour and co-
workers.’® The values x and y were chosen such that the PS/
dPBrS and PS/PBryS pairs were immiscible. One of the
drawbacks of the system studied in refs 16 and 17 was the
partial miscibility of the B component in the A phase. This
complicated the comparison of the experimental and calculated
volume fraction profiles of B. To minimize the solubility of B
and Cin A, the 4-BrS mole fraction in B and C was increased
relative to B and C in refs 16 and 17. By choosing x to be
slightly less than y, the interaction parameter between dPBr,S
and PS was tuned and designed to be smaller than that
between PBr,S and PS (i.e.,, yas < xac). In addition, the
difference between x and y was small enough to guarantee
complete miscibility between dPBrS and PBr,S at all compo-
sitions studied. The polymer characteristics are listed in Table
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1. To simplify the nomenclature, PS, dPBr,S, and PBr,S are
referred to as A, B, and C, respectively. Because the 4-BrS
mole fractions in B1 and B2 are nearly equal, the values of
xAB, XAc, and ysc are taken to be the same for the two systems.

Samples were prepared by spin-coating toluene solutions
of B:C mixtures on silicon wafers previously etched for 10 min
in a 7% v/v HF/water solution. The samples were then dried
in a vacuum oven for ca. 12 h at 90 °C. A top film was spin-
coated on a glass slide from a toluene solution of A, scored
around the edges, floated on a deionized water bath, and
picked up with a B:C/silicon sample. These bilayers were
again dried in a vacuum oven for 12 h at 90 °C. Film
thicknesses determined by ellipsometry were ca. 600—1000
and 2000—3000 A for the A and B:C films, respectively. The
samples were then annealed at 181 °C. The volume fractions
of the B component were determined in both the as-cast and
annealed samples using LE-FRES.

2.2. Low-Energy Forward Recoil Spectrometry (LE-
FRES). The LE-FRES measurements were carried out on a
Model 5SDH Pelletron tandem accelerator (National Electro-
static Corp., WI), interfaced with a custom-designed scattering
chamber at the ion beam facility of the Laboratory for Research
on the Structure of Matter at the University of Pennsylvania.
The technique has been described elsewhere.’® Briefly, in LE-
FRES, a monoenergetic beam of 2.0 MeV “He™ ions impinges
on a sample at an angle of 75° with respect to the sample
normal. As a result of the interactions of He ions with the
atoms in the sample, the light nuclei, such as H and D, recoil
from the sample and travel toward a detector which is placed
at an angle of 150° with respect to the incident beam. In
addition to the recoiling D and H nuclei, helium atoms are
forward scattered from the heavier carbon and silicon atoms
in the polymer film and substrate, respectively. To prevent
the helium signal from masking the hydrogen and deuterium
signals, a 7.5 um thick Mylar stopper foil is placed before the
detector. Multiple scattering of the incident and recoiled ions
with the sample nuclei is the main cause of resolution loss
below the surface.!® Using standards, the depth resolution was
ca. 500 A at a depth of 1000 A beneath the sample surface.
The resultant LE-FRES spectrum of recoiled yield versus
detected energy is then converted to a depth profile of the D
and H nuclei.

3. Results

3.1. Experiment. Previously, we observed that the
A/B:C interface was enriched with the B component if
xas < xac.t®Y As a result of B segregation, the
interfacial properties such as the interfacial tension and
width were modified. One result of our SCF calculations
was that the A/B:C interfacial properties were controlled
strongly by the number of polymer segments.’®> In this
paper we will investigate the effect of Na and Ng on zg*.
Figure 1 shows the B1 volume fraction profile in system
la before (open circles) and after (closed circles) anneal-
ing for 30 days at 181°C. In the as-cast sample, ¢gi1 iS
uniformly 0.392 throughout the B:C blend indicating
that B1 does not segregate appreciably during spin
coating. After the sample is annealed, a small excess
of B1 at the interface is detected, as depicted by the
shaded area in Figure 1. To conserve B1 in the thin
film, ¢g1. decreases to 0.326. Figure 1 also shows that
B1 is slightly miscible (ca. 0.07) in A1l. Thus, although
the B1—A1 enthalpic repulsion is strong, the entropy
of mixing term is large enough to favor partial miscibil-
ity. The underlying reason for this miscibility is partly
due to the low molecular weight of B1.

Figure 2 shows the B2 volume profile for system Ib
before (open circles) and after (closed circles) annealing
for 30 days at 181 °C. As in Figure 1, B2 is uniformly
distributed throughout the as-cast B2:C blend, having
a ¢pa. Of 0.400. After the sample is annealed, ¢go«
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Figure 1. Volume fraction profile of B1 determined by LE-
FRES for the A1/B1:C sample as-cast (open circles) and after
annealing for 30 days at 181 °C (closed circles). The bulk
volume fractions of B1 are 0.392 (as-cast) and 0.326 (annealed).
The interface between Al and B1:C defines the origin of the
depth scale. The shaded area represents the interfacial excess
of B1, zg1*.
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Figure 2. Volume fraction profile of B2 determined by LE-
FRES for the A1/B2:C sample as-cast (open circles) and after
annealing for 30 days at 181 °C (closed circles). The bulk
volume fractions of B2 are 0.400 (as-cast) and 0.310 (annealed).
The interface between Al and B2:C defines the origin of the
depth scale. The thick solid line is the volume fraction profile
calculated using SCF and corrected for the instrumental
resolution of LE-FRES. The shaded area represents the
interfacial excess of B2, zg,*.

decreases to 0.310 because of the large interfacial excess
of B2 (i.e., shaded area in Figure 2). Because Ng is now
6333 (almost two times larger than in B1), the B
component is no longer soluble in Al. More impor-
tantly, this increase in Ng results in nearly a factor of
3 increase in z*, where zg;* and zg,* are 65 and 172 A,
respectively. In Figure 2, the thick solid line represents
the B2 profile calculated from the SCF model. To
correct for instrumental resolution, the SCF profile was
convoluted with Gaussian functions having full width
at half maximums that increased linearly from 400 A
at the sample surface to 650 A at a depth of 2000 A.20

Using volume fraction profiles such as those shown
in Figures 1 and 2, zg* was measured for a wide range
of ¢s.. Figure 3 shows zgi* (open circles) and zgy*
(closed circles) as a function of ¢g. for systems la and
Ib, respectively. For both systems, the general behavior
of zg* Vs ¢ is similar. Namely, at small values of ¢g.,
zg* increases very rapidly, reaches a maximum at a
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Figure 3. Interfacial excess of B1 (open circles) and B2 (closed
circles), zg*, for systems la and Ib as a function of bulk volume
fraction, ¢s.. zg* is measured by LE-FRES and samples are
annealed for 30 days at 181 °C. The solid lines are the results
obtained from the SCF model using the numbers of segments
listed in Table 1 and the interaction parameters given in the
text.

Table 1. Polymer Characteristics®

symbol  polymer NP p.i. source
Al PS 3844 1.06 Pressure Chemical
A2 PS 192192¢ 1.20 Pressure Chemical

Bl dPBro.154S 3682 1.05
B2 dPBro.157S 6333 1.09
C PBI’Q,177S 3996 1.06

a2 N and p.i. are the number of segments and the polydispersity
index of the polymers, respectively. ? Calculated for a segmental
volume of dPS (Vo gps = 1.645 x 10722 cm3). ¢ Based on the nominal
molecular weight of a PS standard of 2 x 107 g/mol measured by
light scattering in benzene at 25 °C (as reported by vendor).
d Supplied as dPS. ¢ Supplied as PS.

Polymer Laboratories®
Polymer Laboratories®
Pressure Chemical®

Table 2. A/BC Systems?

system polymer A polymer B polymer C
la Al B1 Cc
Ib Al B2 C
lla A2 B1 C
I1b A2 B2 Cc

aFor the polymer characteristics see Table 1.

moderate ¢g. and decreases to 0 as ¢g. approaches
unity. In refs 16 and 17, this behavior could only be
surmised because of the limited range of ¢g.. Figure 3
also shows that the magnitude of zg* at intermediate
values of ¢ is significantly larger for system Ib.
Recalling that yag, yac, and ysc are essentially the same
for both systems, the larger Ng in system Ib is mainly
responsible for the higher values of zg,*.

In addition to the effect of Ng, we have also investi-
gated the effect of Na on the interfacial properties of
the A/B:C interface. These experiments were carried
out on systems lla and Ilb, whose characteristics are
givenin Tables 1 and 2. As for system I, LE-FRES was
used to determine the B component volume fraction
profiles for samples annealed for 30 days at 181 °C.
These profiles of B were then used to determine zg;*
and zg,* in systems lla and Ilb, respectively. Figure 4
shows zg1* (open circles) and z>* (closed circles) as a
function of ¢g.. For systems lla and llb, the general
behavior of zg* vs ¢« is the same as previously observed
for systems la and Ib. Namely, at small ¢g., zg*
increases very rapidly, reaches a maximum at a moder-
ate ¢s», and decreases to 0 as ¢g. approaches 1. The
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Figure 4. Interfacial excess of B1 (open circles) and B2 (closed
circles), zg*, for systems Ila and Ilb as a function of bulk
volume fraction, ¢g.. zg* is measured by LE-FRES and samples
are annealed for 30 days at 181 °C. The solid lines are the
results obtained from the SCF model using the numbers of
segments listed in Table 1 and the interaction parameters
given in the text.

main difference between zg,* and zg,* is the magnitude
of zg* at moderate values of ¢g.. As discussed earlier
this difference is mainly due to the different values of
Ng.

A brief comparison of Figures 3 and 4 reveals that
the values of zg* for systems la and lla are practically
equal. The same conclusion holds for the zg*'s in
systems Ib and Ilb. These observations show that Ng
has a strong effect on zg* whereas N does not greatly
influence interfacial segregation. These experimental
results are reinforced by SCF calculations which are
shown as solid lines in Figures 3 and 4.

3.2 SCF Model. The measured zg*'s are compared
with those predicted by a SCF model. In addition, this
model is used to calculate the A/B:C interfacial tension,
yasc, and width, wagc. Because the model determines
the volume fraction profiles for each component, the
interfacial overlap between the A/B, wag, and A/C, wac,
phases can be found. The details of the model are found
elsewhere.1> Briefly, the A/B:C system is described by
seven input parameters, including the number of seg-
ments for polymers A, B, and C (Na, Ng, and N¢), the
A—B, A—C, and B—C segment interaction parameters
(xaB, xac, and ysc), and the B volume fraction in B:C
(¢B). The values of Na, Ng, and N¢ are found in Table
1.21 The value of ygc = 3.88 x 1074 is determined from
the mutual diffusion coefficient (see Appendix Al). In
contrast to our previous approach,617 the values of yag
and yac are allowed to vary to produce the best fits to
the experimental zg*. It is important to note that only
one value of yag (=2.84 x 1078) and yac (=3.71 x 10739)
was used for all the SCF calculations. These values are
only slightly different from those previously reported
(i.e., ya = 2.94 x 1072 and yac = 3.61 x 1073 for x =
0.154 and y = 0.177, respectively).2223 Because of the
small difference in the 4-BrS mole fractions of B1 and
B2 (cf. Table 1), the same values of yag, xac, and yec
are used for systems la and Ib. Figure 2 shows that
the SCF volume fraction of B2 (thick solid line) is in
excellent agreement with the experimental data (solid
circles). Using the same interaction parameters, similar
agreement is found for all other profiles measured. It
is quite remarkable that the experimental (circles) and
calculated (lines) values of zg* for each system shown
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Figure 5. Dependence of the interfacial tension, yagc, on the
bulk volume fraction of B in the B:C mixture, ¢g., for systems
la (closed circles) and Ib (open circles) calculated using the
SCF model and the Gibbs adsorption equation (for details see
Appendix A2), respectively.

in Figures 3 and 4 are in such excellent agreement over
a wide range of ¢g.. Because z* is small and superim-
posed on a high background of ¢g., the z*'s measured
at high ¢g. have a higher experimental error than those
at low ¢s.. This may account for the poorer agreement
between experiment and SCF at high ¢ge.2*

The interfacial tension, yagc, is calculated for systems
la and Ib by two methods. For la, yagc is evaluated
from the SCF model by integrating the incompressibility
term, Aw, in the mean-field potentiall®

vasc = KeTpo [ AW(X) dx (1)

where kg is Boltzmann’s constant, T is absolute tem-
perature, and po is the lattice density. The incompress-
ibility term Aw(x) is given by'®

Aw(x) = Z[1 — Z P(¥)] (@)

where ¢ is a parameter proportional to the bulk com-
pressibility of the mixture.® Although egs 1 and 2
produce reasonable results for la (see discussion below),
the yasc values for Ib at intermediate ¢g. are unreal-
istically low (i.e., less than yac and yag!).2> To overcome
this problem, yagc for Ib is determined from the Gibbs
adsorption equation (GAE) following the procedure of
Norton et al.?6 The GAE method is described in Ap-
pendix A2. In addition, the GAE approach was used to
determine yagc for system la and found to be in
excellent agreement with the SCF results.

Figure 5 shows the calculated yasc as a function of
¢B. for systems la (closed circles) and Ib (open circles)
at 181 °C. For la, yasc monotonically decreases from
0.520 to 0.428 mJ/m? as the system progresses from a
“pure” Al/C to a “pure” Al/B1l interface. AS ¢po
increases from 0 to 0.3, yagc decreases relatively rapidly;
however, beyond ¢« ~ 0.3, yasc decreases more slowly.
Similar behavior is observed for system Ib although the
transition near ¢g.. ~ 0.3 is accentuated because yagc
tends to level off for ¢g. > 0.4. This plateau-like region
is due to the higher value of the pure A1/B2 interfacial
tension (0.454 mJ/m?) relative to A1/B1 in system la
(0.428 mJ/m?). For ¢p. < 0.3, the magnitude that yasc
decreases in both laand Ib is similar. Thus, at low ¢g«
the efficiency of lowering yagc is nearly equivalent for
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Figure 6. Dependence of the interfacial width, wagc, on the
bulk volume fraction of B in the B:C mixture, ¢z, for systems
la (closed circles) and Ib (open circles) calculated using the
SCF model.

both Ng's studied. The physical interpretation of the
dependence of yagc 0N ¢g. IS given in section 4.

The SCF interfacial width, wagc, is plotted in Figure
6 for systems la (closed circles) and Ib (open circles).
Comparison of Figure 6 with Figure 5 reveals that the
behavior of wagc With ¢g. mirrors that of yagc. Namely,
in la wagc increases gradually from 103.5 to 124.6 A as
the system moves from the A1/C interface to the A1/B1
interface, respectively. wagc increases quite rapidly as
¢Bo initially increases and then more gradually for ¢g.
> 0.3. In Ib, wagc qualitatively follows the same trend
as in la in the region ¢g. < 0.3. For ¢g. > 0.3, Wagc
increases more slowly, reaching a value of 119.6 A.

To further understand the behavior of wagc, the
interfacial widths of component A with B, wag, and of
A with C, wpc, are plotted in parts a and b of Figure 7,
respectively, for systems la (closed circles) and Ib (open
circles). For la, Figure 7a illustrates that wag rises
rapidly as ¢g. increases from 0 to ca. 0.3 and then more
slowly as ¢s. continues to increase. For Ib, wag initially
increases more rapidly than in la, but then reaches a
plateau between 0.3 and 0.6 before increasing again.
Note that the difference between wag in la and Ib is
significant at low ¢g. (<0.3). For example, at ¢p. ~ 0.2,
wag for Ib is about 24% greater than its corresponding
value for la. These observations indicate that at low
¢Bo the overlap between A and B will increase more
strongly for systems with higher Ng. Whereas wpg
increases with ¢g., Figure 7b demonstrates that wac
initially decreases strongly and then near ¢g. ~ 0.3
starts to decrease at a much slower rate as ¢g. ap-
proaches 1. Recall that wagc is nearly independent of
Ng for ¢ < 0.3 (cf. Figure 6). Therefore, the increase
in wag at large Ng must be compensated by the decrease
in Wac.

The SCF zg*'s for systems | and Il (Figures 3 and 4)
are found to be in excellent agreement with the mea-
sured values. Moreover, the SCF values of the inter-
facial tension and widths for system | are given in
Figures 5, 6, and 7. For completeness, the SCF calcula-
tions of yasc and wagc, along with zg* are presented in
Table 3 for system Il. Qualitatively, yasc and wagc have
the same functional dependence on ¢g. for both systems
I and Il. A quantitative comparison between la and lla
reveals that zg* and wagc are slightly smaller, and yagc
is slightly larger in the system which has the larger Na.
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Figure 7. Dependence of (a) the interfacial overlap between
Al and B1, wpg, in system la (closed circles) and Al and B2
in system Ib (open circles) and b) the interfacial overlap
between Al and C, wac, in system la (closed circles) and system
Ib (open circles) on the bulk volume fraction of B, ¢g.. The
interfacial widths were calculated from the SCF model. The
horizontal lines denote the average entanglement length in A
(solid line), B (dotted line), and C (dash-dotted line).

Table 3. Interfacial Properties Determined from the SCF

Model
system lla (A2/B1:C)2 system |1b (A2/B2:C)2
Zg1* YABC WaBC Zgo* yABC” WaBC
dso  (R) (mJ/m2) A A) (mJ/m2) A

0.0 0 0.579 96.0 0 0.579 96.0
0.1 22.2 0.556 101.0 37.8 0.557 101.1
0.2 44.8 0.538 104.7 105.6 0.541 104.6
0.3 62.4 0.525 1071 152.8 0.531 106.1
0.4 68.2 0.516 1085 137.9 0.526 106.5
0.5 60.8 0.509 109.5 88.7 0.522 106.7
0.6 45.3 0.503 110.1 49.8 0.519 106.9

0.7 28.8 0.499 110.8 25 0.516 107.3
0.8 15.2 0.494 111.4 11 0.513 107.8
0.9 5.4 0.489 112.2 3 0.511 108.4
1.0 0 0.484 112.9 0 0.508 109.2

a For the polymer characteristics see Table 1. P Calculated using
the GAE approach (see Appendix A2 for details).
A similar relationship is observed upon comparing Ib
with Ilb. Because increasing Na by a factor of ca. 50
has only a minor effect on the interfacial properties, we
will restrict the discussion section mainly to systems
la and Ib and focus on the influence of Ng.

4. Discussion

In this section we provide a physical interpretation
of the results presented in the previous part of this
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Figure 8. Dependence of the correlation length, &, on the bulk
volume fraction of B in the B:C mixture, ¢g., for systems la
(open circles) and Ib (closed circles). The values of & were
determined from the SCF volume fraction profiles using the
procedure outlined in Appendix A3.

paper. The thermodynamic driving forces governing the
origin of the interfacial excess of B have been discussed
previously.’®> Briefly, upon addition of B to a strongly
immiscible A/C system, the B component will segregate
to the A/B:C interface if yag < xac. Thus, the system
free energy is lowered by replacing the more unfavorable
A—C contacts with less unfavorable A—B ones. At low
PB, this rearrangement of polymers at the interface
results in a strong increase of zg* and decrease in yasc
as ¢p. initially increases. Upon further increase of ¢g.,
the B interfacial excess continues to increase until the
enthalpic gain associated with replacing the A—C
contacts by the A—B ones is outweighed by the energy
cost for removing B from the interfacial region where
the C concentration is quite low. The maximum zg*
corresponds to a ¢g. at which these two trends are
balanced. In Figures 3 and 4, zg1* and zgy* have
maxima at ¢pi. ~ 0.38 and ¢p2. ~ 0.32, respectively.
Thus, upon increasing Ng the maximum zg* not only
increases (i.e., zgo* ~ 2.5z51*) but the ¢ corresponding
to this maximum shifts to lower values. This shift can
be attributed to an increase in the entropic penalty
associated with removing a large molecule from the B:C
mixture and putting it at the interface.

As discussed in ref 15, zg* is expected to increase as
Ng increases for the following reason. For binary
polymer blends in contact with air, previous studies
(e.g., refs 26 and 27) have shown that the surface excess
of the segregating polymer scales with the blend cor-
relation length, £. Far from the two-phase region, & is
nearly equal to the radius of gyration of the segregating
polymer. However, as the phase boundary is ap-
proached, £ increases rapidly and eventually diverges.2:28
If air is replaced by polymer A (as in our case), the
previous argument can also describe the segregation of
B at the A/B:C interface. Thus, the behavior of zg* as
a function of ¢g. should mirror that of the B:C correla-
tion length. Figure 8 shows the variation of & with ¢g.
for systems la (open circles) and Ib (closed circles). The
values of £ were determined from the SCF volume
fraction profiles using the procedure in Appendix A3.
A comparison of Figures 3 and 8 reveals that both zg*
and & have the same functional dependence on ¢g«. In
addition, the ¢g.'s at which & and zg* reach their
maxima are nearly identical. However, because of its
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higher Ng, system Ib has higher values of £ than system
la.

In addition to the strong increase in zg*, the interfa-
cial tension yagc decreases rapidly as ¢g. initially
increases as demonstrated in Figure 5 and Table 3. This
behavior can be understood as follows. At low ¢g., the
segregation of B to the A/B:C interface is favored
because the system lowers its free energy by replacing
more unfavorable A—C contacts with less unfavorable
A—B ones. As aresult yagc decreases very rapidly. As
¢B~ CONtinues to increase, yasc decreases much more
slowly. This transition correlates with a reduction in
free energy gain upon further replacing A—C contacts
by A—B ones at high ¢g.’'s. This transition in yagc
occurs at nearly the same value of ¢g. at which zg* is a
maximum.

As mentioned earlier in this paper, in addition to
reducing the interfacial tension, polymeric compatibi-
lizers improve the mechanical properties of a blend by
increasing the interfacial strength. For strongly im-
miscible A/C blends, we now show that the addition of
a high molecular weight B component can accomplish
this task. In general, an interface between incompatible
phases can be strengthened if the interfacial width
becomes comparable to the entanglement distance given

by

Me’k)lIZ @)

W, = q
e,k k
(Mo,k

where ax, Mk and Mgk are the segment length, the
entanglement molecular weight, and the monomer
molecular weight of polymer k, respectively. Fetters
and co-workers2® showed that for a variety of polymers
Mek is given by

M = kaSPk (4)

where px and px are the packing length and density,
respectively. K is temperature dependent and has a
value of ca. 226 A= mol~1 at 413 K.2° Introduced by
Witten, Milner, and Wang,3° the packing length reflects
the number of individual chains per unit volume

Mok
Pk=—7% — (5)
a"oNa

where Np is Avogadro’s constant. The values of ax and
ok for polymers B and C were determined using the
relations found by Strobl and Urban.?231 The calculated
values of pk, ak, Pk, Me, and we for all polymers are
listed in Table 4. Note that the entanglement molecular
weight decreases as the mole fraction of 4-BrS increases.

A comparison of the entanglement distances with the
A/B:C interfacial width provides a good indication of
whether the addition of B will improve the mechanical
strength. For a homopolymer/homopolymer interface
reinforced with diblock copolymers, Creton and co-
workers3? reported that at least one average entangle-
ment per block is needed for good stress transfer at the
interface. The entanglement distances from Table 4 are
represented by the solid lines (we ), a dotted line (We g),
and a dash-dotted line (wec.) in Figure 7. At low ¢
(<0.2), Figure 7b shows that the A/C interpenetration
(shaded region) is sufficient to produce an A/B:C inter-
face with good mechanical strength. As ¢g. further
increases, the interface strength attributed to overlap
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Table 4. Entanglement Molecular Weight and Chain
Statistics at 413 K2

) a pd Mgt Rof
(gem®d) A A

symbol N X,y (g/mol)  (A)
Al 3844 0 1.053 6.7 3.66 11657 70.9
A2 192192 O 1.053 6.7 3.66 11657 70.9
Bl 3682 0.154 1.216° 7.4¢ 3.07 7966 59.5
B2 6333 0.157 1.217° 7.4 3.06 7902 59.5
C 3996 0.177 1.129° 7.5 3.01 7060 58.3

a N is the number of segments, p is the density, a is the segment
length, p is the packing length, Mg is the entanglement molecular
weight, and Ry is the square root end-to-end distance.  Calculated
using ps = pa—ps + 0.541x and p. = pps + 0.541y.22 ¢ Calculated
using ag?2 = aps?(l + 1.4964x) and ac? = aps?(1 + 1.4964y).3!
d Calculated using eq 5. ¢ Calculated using eq 4. f Calculated using
Roykz = akZNk.

between A and C chains is reduced because wac drops
below we A and we c. This reduced overlap results from
the replacement of polymer C by polymer B at the
interface. Whereas wac decreases, the A/B overlap
increases as the B volume fraction increases. As
discussed earlier, the A/B overlap increases much more
strongly for system Ib because of its higher Ng. Note
that at ¢g., = 0.2, the A/B overlap is about equal to we g
but less than we 4 for system la (Ng = 3682). However
at the same ¢, the A/B overlap for system Ib (Ng =
6333) is greater than both the B and A entanglement
lengths. Thus at ¢g. = 0.2, the interface should be
reinforced in Ib but not la. By increasing ¢s. to ca. 0.3,
system la should also exhibit good interfacial strength.
This observation shows that the optimum concentration
of B added to the system shifts to lower values as Ng
increases.

Previously we showed that yagc initially decreases
rapidly with ¢g. and then more slowly for ¢g. greater
than 0.30 (cf. Figure 5). This transition region occurs
very near the ¢g. at which the interfacial width becomes
comparable to the entanglement length. Thus, for the
particular A/B:C system investigated in this study, the
optimum compatibilizer volume fraction is ca. 0.30. Not
surprisingly, the zg* maxima also occur near ¢g. ~ 0.3
(cf. Figure 3). This observation suggests that knowledge
of the zg* vs ¢« behavior provides sufficient information
about the optimum compatibilizer concentration in
A/B:C systems. These results also demonstrate that
interfacial compatibilization “efficiency” improves as Ng
increases. Experiments testing the fracture toughness
of the A/B:C interfaces are necessary to support these
predictions. Moreover, such mechanical tests would
provide important guidelines for determining the inter-
facial width (i.e., wagc, Wag, and wac) which dictates
interfacial strength.

5. Conclusions

In this study, the interfacial excess of B, zg*, was
measured in a three-component, two-phase system, A/B:
C, where B and C were miscible with each other but
not with A. Because the A—B segmental interactions
were less unfavorable than A—C ones, B was preferen-
tially attracted to the A/B:C interface. LE-FRES was
used to measure zg*. AS ¢g. increases, zg* increases
initially, reaches a maximum, and then decreases. At
a given ¢g., the zg* was found to be larger for larger
values of Ng. However, zg* was relatively insensitive
to Na. The experimental zg*'s were compared with
those calculated using the SCF model and excellent
agreement was found. In addition, the SCF model was
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used to evaluate the interfacial tension, yagc, the
interfacial width, wagc, and the widths between the A
and B (C) phases, wag (Wac). Concurrent with the
increase of zg* at low ¢g., yasc and wag were found to
rapidly decrease and rapidly increase, respectively. The
optimum amount of B added to the interface was found
to correlate with the ¢g. producing the maximum zg*.
This optimum ¢g., also correlates with the B concentra-
tion that results in an A/B interfacial width greater than
the largest entanglement length in the A/B:C system.
One expects a commensurate improvement in mechan-
ical properties as the A/B interpenetration exceeds this
length. Our experimental results support the findings
reported in ref 15, namely, that a small amount of high
molecular weight B added to the immiscible pair of A/C
can greatly enhance the interfacial properties.
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Appendix

Al. The Flory—Huggins Interaction Parameter
in Poly(styrene-co-4-bromostyrene) Blends. The
segmental interaction parameters for the two polystyrene:
poly(styrene-co-4-bromostyrene) blends, yas and yac,
were obtained by interpolating values from the litera-
ture.?2283 However the interaction parameter for the
blends of poly(styrene-co-4-bromostyrene) having dif-
ferent mole fractions of bromine the interaction param-
eter ygc was not available. This interaction parameter
was determined from the rate at which the B interfacial
excess increased with time. This procedure is described
below.

For a binary B:C polymer blend, Jones and Kramer
showed that the rate of surface segregation is diffusion
limited.3® During the growth of the surface layer, the
volume fraction of the adsorbed component, B, is in local
equilibrium with its volume fraction in the depleted zone
adjacent to the surface, ¢g..’. The surface excess of B is
then

Z5* = (Pgo — P8 )/ DT (AL)

where Dy is the mutual diffusion coefficient and 7 is
time. By assuming that the B interfacial excess is also
diffusion controlled, we use eq Al to extract ygc. Figure
9 shows how zg1* and ¢g1. (inset) vary with 72 at 181
°C. These results indicate that zg;* increases linearly
with 742 whereas ¢g1. decreases linearly with 712, The
bulk concentration of B decreases as the interface
concentration of B increase because the total amount
of B in the B:C thin film must be conserved.

Using an average value of ¢gi. — ¢p1’ ~ 0.0025, the
slope from eq Al provides a measure of Dy = 3.13 x
10714 cm?/s. Using the fast theory of polymer diffusion3*
and known values of the polystyrene tracer diffusion
coefficients, D*,35 ygc was determined to be ca. 3.88 x
1074, One assumption in this calculation is that D* of
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Figure 9. Interfacial excess, zg:*, and bulk volume fraction
of Bl, ¢, (inset) as a function of the square root of the
annealing time for system la. For the as-cast sample, ¢gio =
0.330.

normal PS is a good estimate for poly(styrene-co-4-
bromostyrene) having low mole fractions of 4-BrS.

A2. The A/B:C Interfacial Tension Determined
from the Gibbs Adsorption Equation. Recently,
Norton and co-workers pointed out that the surface
energy difference between components in binary poly-
mer blends can be evaluated from the Gibbs adsorption
equation®

- gri du; (A2)

where y, T, and g; are the surface tension, molecular
surface excess, and chemical potential of component i,
respectively. This approach was used to determine the
A/B:C interfacial tension for some systems in this paper.

The interface between A and B:C phases is defined
to coincide with the Gibbs dividing interface for the A
component. Because I'a = 0 following this definition,
we can write

Ig=-T¢ (A3)

The molecular interfacial excess is related to the
interfacial excess, zi*, of species i by

[ = z*pi/N; (Ad4)

where p; and N; are the molar density and number of
segments of i, respectively. By combining eqs A2—A4,
we have

du duc
dy = —szB*[N—BB " Ne (A5)

The chemical potentials, derived from the Flory—Hug-
gins free energy,% are

Mg Ng
k T In ¢Boo+ 1 ¢Boo_N_C(l _¢Boo)+
Zec(l — $e)’Ng (A6)

He N¢

kBT =1In ¢Coo +1- ¢Coo - N_B(l - ¢Coo) +

Xsc(1 — ¢Coo)2Nc (A7)
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where kg is Boltzmann’s constant, T is the absolute
temperature, ygc is the B—C interaction parameter, and
N; and ¢ . are the number of segments and bulk volume
fraction of i, respectively. Differentiating eqgs A6 and
AT with respect to the bulk volume fractions of B and
C, respectively, we obtain:

s (10 Ne o N do (AB)
KeT | foe Ne XBC Beo) VB Beo
duc _ [ 2 N¢
T =5~ 1~ 2ee(l — ¢eNG| dee., (A9
kBT . Yec( $c.)Nc| A,  (A9)
Substituting egs A8 and A9 into eq A5 yields
dy = —kgTpgzg* 1 + 1 — 2xgc| ddg..
Ngdsw Nc(1 — ¢p.)
(A10)

After integrating eq A10, the A/B:C interfacial tension
relative to the A/C interfacial tension is found

¢Bm 1
ke T + —~
oTre Jo 2 B¢Bm Ne(l — ¢g.)

2XBc] dog, (All)

Yasc — Vac —

Equation All is then numerically solved using kgTpg
= 3.81 mJ/m%A, Ng, N¢, xac, and the dependence of the
experimental zg* 0N ¢p..

A3. The Correlation Length of the Segregated
Layer of B. Here, we describe the procedure used to
determine the correlation length, &, from the B volume
fraction profile at the A/B:C interface. First, the SCF
model is used to calculate the volume fraction profiles
of A, B, and C, namely, ¢a(x), ¢s(x), and ¢c(X), respec-
tively. The position of the Gibbs dividing interface for
A, Xo, is found from the condition

SOt = @Al dx + [Tpa() dx =0 (A12)

The value of xo defines the origin for a new depth scale.
A reduced volume fraction of B, ¢g red(X), is determined
from

#(X)
#(X) + ¢c(X)

Finally, the values of & are found by fitting ¢g req(X) to
the function

81~ PBw — hy )]

1- tanh(— 2—5

¢B,red (X - XO) = (A13)

for x > X,

¢B,red (X) =

P (Al4)

where ¢g1 and ¢g. are the volume fractions of B at the
surface (x = xg) and in the bulk, respectively, and hg is
the position of the inflection point of the tanh function
with respect to the origin.

References and Notes

(1) Paul, D. R., Newman, S., Eds. Polymer Blends; Academic
Press: San Diego, CA, 1978.

(2) Utracki, L. A. Polymer Alloys and Blends—Thermodynamics
and Rheology, Hanser Publishers: Miunchen, 1989.



878 Genzer and Composto

@)
(4)

(5)
(6)

@)

(8)
9

(10
(11)
(12)
(13

(14)
(15)

(16)
@an
(18)
(19)

(20
(21)

Helfand, E.; Tagami, Y. J. Polym. Sci. 1971, 9, 741; J. Chem.
Phys. 1971, 56, 3592; J. Chem. Phys. 1972, 57, 1812.
Brown, H. R. Annu. Rev. Mater. Sci. 1989, 21, 463.
Xanthos, M. Polym. Eng. Sci. 1988, 28, 1392.

Fayt, R.; Jerome, R.; Teyssie, P. J. Polym. Sci., Polym. Phys.
Ed. 1989, 27, 775. Creton, C.; Kramer, E. J.; Hadziioannou,
G. Macromolecules 1991, 24, 1846.

Gersappe, D.; Irvine, D.; Balazs, A. C.; Liu, Y.; Sokolov, J.;
Rafailovich, M.; Schwarz, S.; Peiffer, D. G. Science 1994, 265,
1072.

Brown, H. R. Macromolecules 1989, 22, 2859.

Dai, C.-A.; Dair, B. J.; Dai, K. H.; Ober, C. K.; Kramer, E. J.;
Hui, C.-Y.; Jelinski, L., W. Phys. Rev. Lett. 1994, 73, 2472.
Sikka, M.; Pellegrini, N. N.; Schmitt, E. A.; Winey, K. I.
Macromolecules 1997, 30, 445.

Noolandi, J. Macromol. Theory Simul. 1994, 3, 91. Yeung,
C.; Desai, R. C.; Noolandi, J. Macromolecules 1994, 27, 55.
Helfand, E. Macromolecules 1992, 25, 1676.

Yoon, K.-S.; Pak, H. Bull. Korean Chem. Soc. 1994, 15, 45.
Hobbs, S. Y.; Dekkers, M. E. J.; Watkins, V. H. Polymer 1988,
29, 1598.

Machado, J. M.; Lee, C. S. Polym. Eng. Sci. 1994, 34, 59.
Genzer, J.; Faldi, A.; Composto, R. J. J. Chem. Phys. 1996,
105, 10134.

Faldi, A.; Genzer, J.; Composto, R. J.; Dozier, W. D. Phys.
Rev. Lett. 1995, 74, 3388.

Genzer, J.; Faldi, A.; Composto, R. J. Submitted to Macro-
molecules.

Kambour, R. P.; Bendler, J. T.; Bopp, R. C. Macromolecules
1983, 16, 753.

Genzer, J.; Rothman, J. B.; Composto, R. J. Nucl. Instrum.
Methods 1994, B86, 345.

The fwhm values were determined from as-cast samples.
Due to the long computation times, the SCF calculations were
not performed for very long chain lengths, i.e., Na = 192 192,
and the following strategy was followed. Simulations were
carried out for Na's of 4000, 5000, 10 000, and 12 000. For
each N, the corresponding values of zg*, yasc and wagc were
plotted as a function of 1/Na. By extrapolation, zg*, yasc, and
Wagsc were found.

(22)
(23)
(24)

(25)

(26)

(27)
(28)

(29)
(30)

31
(32

(33)
(34)

(35)
(36)

Macromolecules, Vol. 31, No. 3, 1998

Strobl, G. R.; Urban, G. Colloid Polym. Sci. 1988, 266, 398.
Bruder, F.; Brenn, R. Macromolecules 1991, 24, 5552.

The error bars in Figures 3 and 4 were based only on the
counting statistics in the LE-FRES spectrum. The uncer-
tainty due to choosing the origin of the A/B:C interface was
not included. At high values of ¢g., this error is particularlx
important. For example, if the interface shifts by 150
toward the B:C phase, zg* can be reduced by ca. 20 A.

The failure of the SCF model to produce realistic values of
yasc for system Ib (and also 11b) is not known. The model
works well for all systems as ¢g. approaches 0 and 1. The
model fails at a very high Ng and moderate ¢g., thus in
the vicinity of the B:C binodal. We speculate that this close
proximity of the B:C mixture to the two-phase region causes
an instability in the SCF calculations.

Norton, L. J.; Kramer, E. J.; Bates, F. S.; Gehlsen, M. D.;
Jones, R. A. L.; Karim, A,; Felcher, G. P.; Kleb, R. Macro-
molecules 1995, 28, 8621.

Genzer, J.; Composto, R. J. Europhys. Lett. 1997, 38, 171.
de Gennes, P.-G. Scaling Concepts in Polymer Physics; Cornell
University Press: Ithaca, NY, 1979. Binder, K. J. Chem.
Phys. 1983, 79, 6387. Binder, K.; Frisch, H. L. Macromol-
ecules 1984, 17, 2928.

Fetters, L. J.; Lohse, D. J.; Richter, D.; Witten, T. A,; Zirkel,
A. Macromolecules 1994, 27, 4639.

Witten, T. A.; Milner, S. T.; Wang, Z.-G. In Multiphase
Macromolecular Systems; Culbertson, B. M., Ed.; Plenum
Press: New York, 1989.

Strobl, G. R.; Urban, G. J. Polym. Sci., Polym. Phys. 1990,
28, 343.

Creton, C.; Kramer, E. J.; Hui, C.-Y.; Brown, H. R. Macro-
molecules 1992, 25, 3075.

Jones, R. A. L.; Kramer, E. J. Philos. Mag. 1990, B62, 129.
Composto, R. J.; Mayer, J. W.; Kramer, E. J.; White, D. M.
Phys. Rev. Lett. 1986, 57, 1312.

Green, P. F.; Palmstrgm, C. J.; Mayer, J. W.; Kramer, E. J.
Macromolecules 1985, 18, 501.

Sanchez, I. C. Encycl. Phys. Sci. Technol. 1992, 13, 153.

MA970993U



