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ABSTRACT: A balanced A-C diblock copolymer surfactant was used to organize mixtures of immiscible A
and B homopolymers. The C block of the copolymer exhibits repulsive and attractive interactions with the A and
B homopolymers, respectively, leading to rich phase behavior. Experimental results indicate the existence of a
microphase-separated state at low temperatures, a homogeneous phase at intermediate temperatures, and macrophase
separation at high temperatures. It is unusual for a microphase-separated blend to exhibit a homogeneous phase
prior to macrophase separation. In this study, component A was saturated polybutadiene with 89% 1,2-addition,
component B was polyisobutylene, block A of the diblock copolymer was chemically equivalent to component
A, and block C of the diblock copolymer was saturated polybutadiene with 63% 1,2-addition. We use a combination
of Flory-Huggins theory (FHT), self-consistent field theory (SCFT) and the random-phase approximation (RPA)
to understand the origin of our observations. All of the parameters needed for the SCFT, FHT, and RPA calculations
were obtained from independent measurements. The measured length scale of the periodic concentration fluctuations
in the homogeneous state and the domain spacing of the microphase-separated blends were in close agreement
with RPA and SCFT, respectively. The transition temperatures between phases predicted with theory were in
reasonable agreement with the experimental measurements.

Introduction

Block and graft copolymers are often used to stabilize
interfaces between immiscible polymers. Numerous fundamental
studies have focused on the use of A-B diblock copolymers
for organizing (or “compatibilizing”) mixtures of A and B
homopolymers.1-31 In this case, there is no “affinity” or
attractive interactions between the surfactant and the homopoly-
mers; the A and B blocks exhibit athermal interactions with
the A and B homopolymers, respectively. Interfacial activity is
driven entirely by the repulsion between A and B chains. (We
use A block to refer to an A chain that is part of a block
copolymer and A to refer to an A homopolymer chain.) This
approach has had limited success. Both experiments and theory
show that symmetric A-B surfactants are effective at organizing
critical blends of weakly segregated homopolymers, i.e., when
the productøABN is slightly greater than 2 (øAB is the Flory-
Huggins interaction parameter for the A and B chains, andN is
the number of repeat units per homopolymer chain).1-3 There
are, however, large regions of parameter space where A-B
copolymers are not effective surfactants. For example, the
addition of A-B diblock copolymers to blends for whichøABN
is significantly greater than 2 leads to the formation of a third
copolymer-rich phase, rather than adsorption of the block

copolymer at the interface between the homopolymers.4,21There
is thus a clear need for devising alternative strategies for
designing polymeric surfactants.

One strategy is to use block copolymer surfactants that exhibit
attractive interactions with one or both of the immiscible
homopolymers.32-41 In this article, we use an A-C diblock
copolymer to organize A and B homopolymers. The C block is
designed to have attractive interactions with the B homopolymer
and repulsive interactions with the A homopolymer. This is
analogous to surfactants for oil/water systems42-47 wherein the
hydrophilic portion of the surfactant exhibits attractive interac-
tions with water and repulsive interactions with oil. In A/B/
A-C mixtures, surfactant behavior is governed by both
attractive and repulsive interactions. In polymeric systems, these
interactions are quantified by three Flory-Huggins interaction
parameters: øAB, øBC, and øAC. The availability of many
parameters is not necessarily an advantage. A trial-and-error
approach toward surfactant design, which has been reasonably
effective in the case of A-B surfactants, is likely to fail in the
A/B/A-C systems because of the vastness of the parameter
space. It is therefore imperative that we understand the role of
these parameters before they can be exploited in surfactant
design strategies.

The random-phase approximation (RPA) has previously been
used to describe the concentration fluctuations in homogeneous
multicomponent polymer blends.10,18,48,49These fluctuations are
described by a matrix of partial structure factorsS(q) (q is the
scattering vector) that describe correlations between different
components in the system. Homogeneous systems have det[S(q)]
> 0 for all values ofq. The limit of stability of the homogeneous
phase occurs when det[S(q)] ) 0 at a particular value ofq )
q*. The transition to macrophase separation is anticipated when
q* ) 0, and the formation of periodic microphases is anticipated
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when q* > 0. The phase behavior of mixtures beyond the
stability limit can be obtained using Flory-Huggins theory
(FHT) in the case of macrophase-separated systems or self-
consistent field theory (SCFT) in the case of microphase-
separated systems.

In this article, we have used small-angle neutron scattering
(SANS) and light scattering to study the structure and phase
behavior of A/B/A-C blends. The A and B homopolymers are
weakly segregated (øABN ≈ 2), and the molecular weight of
the diblock copolymer, which is nearly symmetric, is roughly
6 times larger than that of the homopolymers. The weak
segregation of the homopolymers is necessary in order to access
the homogeneous phase. We study the properties of two
multicomponent A/B/A-C blends that are microphase-separated
at low temperatures, homogeneous at intermediate temperatures,
and macrophase-separated at high temperatures. This nonmono-
tonic temperature dependence is due to the interplay between
the attractive and repulsive interactions between the chains that
comprise our system. We use SCFT to interpret the scattering
profiles obtained in microphase-separated states and RPA to
interpret the scattering profiles obtained in homogeneous states.
To our knowledge, this combination of RPA and SCFT has not
previously been used to study phase transitions in multicom-
ponent polymer blends with both attractive and repulsive
interactions. All of the SCFT and RPA calculations were
completed with no adjustable parameters; the only inputs
necessary wereø parameters and statistical segment lengths (l)
determined from SANS experiments on homogeneous binary
homopolymer mixtures. Thus, the agreement between theory
and experiment is a reflection of a fundamental understanding
of the phase behavior of these blends.

Experimental Methods

In the A/B/A-C polymer blends, component A was saturated
polybutadiene with 89% 1,2-addition (sPB89), component B was
polyisobutylene (PIB), and component C was saturated polybuta-
diene with 63% 1,2-addition (sPB63) (the prefix s stands for
saturated and is replaced by h or d when we wish to specify whether
the polymer is hydrogenated or deuterated, respectively). Our
synthesis and characterization procedures are described in ref 34.
Polybutadiene was synthesized via anionic polymerization. A
diblock copolymer of polybutadiene, with a different percent 1,2-
addition for each of the blocks (89% and 63%), was synthesized
by sequential anionic polymerization. The CdC double bonds in
the polybutadienes were saturated under high pressure using
hydrogen or deuterium gas. Polyisobutylene was synthesized via
cationic polymerization, also described in ref 34. The characteristics
of the polymers used in this study are summarized in Table 1. The

composition labels for our samples are based on our targets.
Samples wherein the percentage of 1,2-addition deviated by more
than 2% from the targets were discarded.

Binary and multicomponent blends were created via methods
described in ref 34. The samples were pressed between two quartz
disks and then annealed at 90°C (unless otherwise specified) for
10 min to erase the effects of the shearing force applied to the
sample during pressing. Our thermodynamic studies are focused
on three blend systems labeled M00, M40, and M50. In each of
the multicomponent blends, the volume fraction ratio of homopoly-
mers A and B is held fixed atφA ) 0.493, which is the critical
composition of the binary blend, according to Flory-Huggins
theory. The volume fraction of the A-C block copolymer thus
completely defines the blend composition. We refer to our blends
as Mxy, wherexy is the volume fraction of the block copolymer.

Small-angle neutron scattering (SANS) experiments were con-
ducted on the NG7 beamline at the National Institute of Standards
and Technology in Gaithersburg, MD. Raw data were converted
to absolute coherent scattering intensity,I, as a function ofq [q )
4πsin(θ/2)/λ, whereθ is the scattering angle andλ is the wavelength
of the incident beam), after corrections for detector sensitivity,
background, empty cell, and incoherent scattering were made, using
standard procedures.50 For the deuterated components, corrections
for the nonuniformity of deuterium labeling were made.51 The upper
limit of the SANS sample holder was 250°C.

Small-angle light scattering (SALS) experiments were conducted
with a 10-mW HeNe laser, with wavelengthλlight ) 633 nm,
directed through samples placed in a temperature-controlled heating
unit. Scattered light was focused on a detector in the range of 4.33
× 10-4 nm-1< q < 1.85 × 10-3 nm-1 using a beam stop and a
focusing lens. (The definition ofq given above holds for both light
and neutron scattering.) Instrumental details are given in ref 52.
The intensity was monitored as a function of time after the sample
had been heated in a stepwise manner from one predetermined
temperature to another. The upper temperature limit of the SALS
sample holder was 250°C.

Definitions. When discussing A/B/A-C ternary blends, the
subscripts Ah and Bh refer to the A and B homopolymers, Ab and
Cb refer to the A and C blocks of the copolymer, ACb refers to
the entire block copolymer, and the subscripts A, B, and C refer to
monomers of types A, B, and C, respectively. When discussing
A/B, A/C, and B/C binary blends, we use the subscripts A, B, and
C to refer to the both the homopolymers and the monomer types
(leaving out the h for notational simplicity). We use a reference
volumeV ) 100 Å3, which is roughly the volume of a C4 repeat
unit of our components, as the basis for defining the following
parameters: the Flory-Huggins interaction parametersømn (m, n
) A, B, C), the number of reference volume units per chain of
each component (Nj), and the statistical segment lengths of the
components (lm), which describe the dependencies of the radius of
gyration,Rg,m, onNm (Rg,m ) Nmlm2/6). Because the polymer density
is temperature-dependent,Nj is also temperature-dependent.Nj of
deuterated components are equal to that of their hydrogenated
counterparts. All definitions and equations are described fully in
ref 34.

Theory. We make extensive use of three well-known theoretical
frameworks to analyze our data: the random-phase approximation
(RPA), which applies to homogeneous blends; Flory-Huggins
theory (FHT), which is appropriate for studying systems that
undergo macrophase separation; and self-consistent field theory
(SCFT), which is particularly well-suited for studying microphase-
separated systems. The procedure that we adopt in this article is
identical to that used in our previous publication.34 We therefore
present a very brief summary of our methodology here.

Random-Phase Approximation for Homogeneous Blends.The
coherent scattering profile from an A/B/A-C multicomponent blend
is given by53-55

whereB is a column-vector describing the contrast andS(q) is the

Table 1. Characterization of Polymersa

name
Mw

(kg/mol) PDI
F

(g/mL)
percent

1,2-addition nD

hPB89(10) 10.1 1.01 0.8625 89.1 NA
dPB89(10) 1.01 0.9020 89.1 2.54
hPB89(24) 24.1 1.01 0.8636 90.4 NA
dPB89(24) 1.01 0.9070 90.4 2.79
hPB63(10) 9.9 1.02 0.8593 61.6 NA
dPB63(10) 1.02 0.9125 61.6 3.44
PIB(13) 12.5 1.04 0.9134 NA NA
PIB(24) 24.0 1.05 0.9131 NA NA
PIB(45) 44.6 1.04 0.9140 NA NA
hPBPB(79-66) 78.5-65.4 1.01 0.8639 89.7-63.9 NA
dPBPB(79-66) 1.01 0.9122 89.7-63.9 3.10

a Mw is the weight-averaged molecular weight (the number of repeat
units for deuterated polymers are equivalent to that of their hydrogenated
counterparts), PDI is the polydispersity index, PDI) Mw/Mn, whereMn is
the number-averaged molecular weight;F is the average density, andnD is
the number of deuterium atoms per C4 repeat unit.

I(q) ) BTS(q)B (1)
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3 × 3 structure factor matrix. The elements ofB are related to the
scattering length density of each componentj [Bj ) (bj - bBh)/V,
wherej)Ah, Ab, Cb andbj is the scattering length of a reference
volume unit]. Because of incompressibility, the correlations with
the background component are eliminated, as long as the back-
ground component is not connected to any of the other components
(in our case, the background component is chosen to be the B
homopolymer). The elements of the structure factor matrix are a
function of Nj, φj, νj, and l j for each component, as well as the
three binary interaction parameters (ømn, wherem, n ) A, B, C) in
this system and the scattering vector,q. The details of the RPA for
homogeneous multicomponent blends are given in Appendix A of
ref 34. For binary homopolymer blends, eq 1 reduces to the well-
known result

where the Debye function,Pm(q), is, by definition

with xm ) q2Rg,m
2 ) q2Nmlm2/6.

Flory-Huggins Theory and Self-Consistent Field Theory.The
Flory-Huggins expression for the Helmholtz free energy per unit
volume,f, of a structureless homogeneous A/B/A-C mixture is

where i ) (Ah, Bh, ACb); φAh, φBh, and φACb are the average
volume fractions of the A homopolymer, B homopolymer, and A-C
diblock copolymer, respectively; andNAh, NBh, andNACb are the
number of reference volume units in the three species. The
subscriptsm andn represent the set (A, B, C), whereφA, φB, and
φC are the average volume fractions of monomers of type A, B,
and C, respectively, andøAB, øAC, andøBC are the three interaction
parameters. The notationφi,m is used to represent the volume fraction
of monomer of typem from species of typei, wherem ) (A, B,
C) and i ) (Ah, Bh, ACb), i.e.,φA ) φAh,A + φBh,A + φACb,A )
φAh + φAb. The reference state, implicit in this expression for the
free energy, is that of each species forming a pure structureless
phase.

Periodic structures are described using self-consistent field theory
(Appendix B of ref 34).56-58 In these phases, the volume fractions
of the components,φi,m, are periodic functions of position. We use
φi,m(z) to describe these functions and the termφi,m to refer to the
average value ofφi,m(z). The parameterz is a Cartesian one-
dimensional coordinate made dimensionless usingV1/3. By assuming
that our concentration profiles vary only in one linear dimension,
we restrict ourselves to lamellar periodic structures. Self-consistent
field theory substitutes interactions between the polymers with
equivalent external fields. Given these external fields, the volume
fraction profiles,φi,m(z), are found that minimize the free energy.
Self-consistency then requires that the external fields, produced by
the volume fraction profiles, must be consistent with the external
fields originally proposed. In this work, SCFT is used to calculate
the volume fraction profiles,φi,m(z), and free energy densities,f,
of ordered structures. A detailed description of the method is given
in refs 56-58. The procedure employed in this work is described
in Appendix B of ref 34. Other authors have conducted SCFT

calculations for multicomponent blends of immiscible A and B
homopolymers and an A-B diblock copolymer.59,60

Our SCFT calculations are limited in scope because they are
restricted to one dimension, and we neglect the effect of concentra-
tion fluctuations. Our calculations thus do not distinguish between
complex periodic phases such as spherical or bicontinuous micro-
emulsion and lamellar phases (other authors have used a Monte
Carlo approach to study the transition from a lamellar phase to a
bicontinuous microemulsion61).

Results and Discussion

Binary ø Parameters and Statistical Segment Lengths.The
SANS profiles were measured for three binary blends, A/B, A/C,
and B/C (blends B1, B2, and B3, respectively, described in
Table 2), at a variety of temperatures. The values ofømn andlm
in the RPA (eq 2) were fit simultaneously to the three sets of
data at these temperatures, thereby ensuring that the statistical
segment lengths for each polymer obtained from different blends
were identical (i.e., thelA values for polymer A in the A/B blend
and in the A/C blend are constrained to be the same). We can
define a parameterlmon,m ) lmxVmon,m/V, whereVmon,m is the
monomer volume based on a C4 repeat unit. This parameter
(lmon,m) is the statistical segment length based on the C4 repeat-
unit volume. The two statistical segment lengths are related as
follows: Nmlm2 ) Nmon,mlmon,m

2 (whereNmon,m is the number of
C4 repeat units per chain.) It was determined that the values of
lmon,m for these polymers are temperature-independent:lmon,A

) 0.60 nm,lmon,B ) 0.55 nm, andlmon,C) 0.71 nm. The theory
was refit to the data using the predetermined values oflmon,m,
and thus, the only adjustable parameters were theømn values.
The binary blends used to obtainø in this study are identical to
those used in ref 34 except for the fact that the temperature
range covered in this study is larger. The currentø parameters
and those determined previously34 are shown in Figure 1. A
least-squares quadratic fit through each data set (including the
data from ref 34 and the most recent data) is used to determine
the temperature dependence of theø parameters. We thus obtain

Table 2. Compositions of Binary Blends Used to Measureø

component

blend A B C φA φB φC

B1 dPB89(10) PIB(45) - 0.673 0.327 -
B2 hPB89(10) - dPB63(10) 0.493 - 0.507
B3 - PIB(13) dPB63(10) - 0.477 0.523

I(q) )
(bA - bB)2

V [ 1
NAφAPA(q)

+ 1
NBφBPB(q)

- 2øAB]-1
(2)

Pm(q) ) 2

xm
2
[exp(-xm) + xm - 1] (m) A, B, C)

fV

kT
) ∑

i

φi

Ni

ln φi +
1

2
∑
m,n

ømnφmφn -
1

2
∑
i,m,n

ømnφi,mφi,n

φi

(3)

Figure 1. ø parameters obtained for the three binary blends A/B (4),
A/C (0), and B/C (]) from RPA fits. Typical values of the error on
measuringø parameters are 5-10%.

øAB ) 0.00034+ 3.94
1
T

- 817
1

T2
(4)
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Furthermore, the values oflmon,m are taken as the averages of
the present fits and those given in ref 34:lmon,A ) 0.55 nm,
lmon,B ) 0.58 nm, andlmon,C ) 0.75 nm. We will use these
averageø and lmon,m values from this point forward.

Phase Behavior of an A/B Binary Blend (M00).The A/B
binary blend that forms the basis of our work on multicomponent
A/B/A-C blends is labeled M00 in Table 3. It is a blend of
dPB89(24) and PIB(24) withφA ) 0.493, which is the critical
composition for the blend calculated using Flory-Huggins
theory. The A/B blend was prepared at 35°C, transported to
NIST at room temperature, and examined by SANS. The SANS
results from M00 are summarized in Figure 2. The blend was
initially cooled to-9 °C and studied as a function of increasing
temperature. The SANS profile expected from a homogeneous
blend is well-established.55 At high q, I(q) ∼ q-2, and the slope
dI/dq decreases monotonically with decreasingq, reaching a
plateau asq approaches 0{I(q f 0) ∼ [1/(NAφA) + 1/(NBφB)
- 2øAB]-1}. The SANS profile from our A/B blend at-9 °C
is not consistent with this expectation. At highq, the -9 °C
scattering profile does not follow the scalingI(q) ∼ q-2.
Furthermore, dI/dq increases monotonically with decreasingq.
The scattering profile at lowq (q < 0.025 nm-1) exhibits Porod
scattering (I ∼ q-4) instead of a plateau, indicating the presence
of highly phase-separated domains with narrow interfaces. As
the temperature was increased, the high-q scattering intensity
increased significantly, and the low-q scattering decreased. The
scattering profile obtained at 25°C, which shows the standard
signatures of scattering from homogeneous blends including a
low-q plateau andI(q) ∼ q-2 at high q, dramatically differs
from that obtained at the lower temperatures (Figure 2). The
RPA (eq 2) was used to fit this profile withøAB as the only
adjustable parameter (the values oflA and lB were previously
determined from homogeneous binary blends). The solid curve
in the inset of Figure 2 is the result of this fitting, which gives
øAB ) 0.0044. This value is identical to that obtained from the
blend B1 (eq 4). It is thus clear that our A/B blend is
homogeneous at 25°C. Increasing the sample temperature to
27 °C leads to a SANS profile with a peak atq ) 0.0173 nm-1.
The presence of a scattering peak, which is not consistent with
the RPA-basedI(q) profile for homogeneous binary blends,
indicates that our blend is undergoing spinodal decomposition.62

The scattering peak is seen up to 35°C (Figure 2). Increasing
the sample temperature further to 40°C leads to a macrophase-
separated sample, i.e., a SANS profile that is qualitatively similar
to that obtained at-9 °C.

The above discussion establishes that the M00 blend is near
the critical point at room temperature. Although we have clearly
established that this blend is phase-separated at temperatures
>25 °C and homogeneous at 25°C, the state of the blend at
temperatures<25 °C remains to be established. The data in
Figure 1 indicate thatøAB decreases with decreasing temperature
in the 20-40 °C window. This implies that the blend should
become increasingly homogeneous with decreasing temperature.
Our inability to homogenize M00 at 20°C might be due to
nonequilibrium effects; it is thus conceivable that very long
equilibration times at 20°C might have led to observations of
a homogeneous sample. We were unable to perform such
experiments because of limited access to the SANS instrument.

Additionally, we conducted neutron scattering experiments on
blend B1 at low temperatures (down to-9 °C). We did not see
an upturn inøAB at low temperatures as would be suggested by
the phase separation observed in blend M00 at-9 °C. However,
a small change inøAB would be more difficult to detect in a
blend that is far from the critical point, such as in blend B1.
Blend M00 is much closer to the critical point at-9 °C. Our
limited understanding of the A/B blend does not affect the
present study because the multicomponent A/B/A-C blends
were studied at temperatures between 30 and 199°C. It is clear
that the A/B blend is phase-separated in this temperature
window. In a symmetric blend (N ) NA ) NB), øABN ) 2 at
the critical point. In an asymmetric blend,øABNavg ) 2 at the
critical point, whereNavg is defined by

For blend M00, the calculated value oføABNavg, based on eqs
4 and 7, ranges from 2 to 2.6 in the 30-199 °C temperature
window. The SANS data from samples B1 and M00 are entirely
consistent in this temperature window. We also conducted light
scattering experiments on sample M00 but were unable to
distinguish between critical opalescence and phase separation.
The sample had a cloudy appearance at all temperatures.

It is worth noting that designing and characterizing a weakly
segregated A/B blend was nontrivial because the interaction
parameter is nearly independent of temperature (Figure 1). It
is, however, a convenient model system for studying surfactancy
because the temperature-dependent effects that we observe in
the multicomponent A/B/A-C blends can be attributed entirely
to changes in the interactions between the surfactant and the
coexisting phases.

Scattering from Multicomponent Blends.Multicomponent
RPA calculations provide a glimpse of the rich phase behavior

øAC ) 0.00209- 1.18
1
T

+ 747
1

T2
(5)

øBC ) - 0.00085+ 6.87
1
T

- 2480
1

T2
(6)

Figure 2. SANS data obtained from blend M00.I vs q is plotted at
selected temperatures:-9 (O), 10 (0), 20 (]), 25 ([), 27 (+), 29
(4), 31 (×), 35 (right triangle pointing left), and 40 (right triangle
pointing right)°C. Inset: SANS data obtained from blend M00 at 25
°C. The solid curve is the result of fitting the RPA, as described in the
text.

Table 3. Compositions of Blends Used in Surfactancy Study

component

blend A B A-C φA φB φA-C

M00 dPB89(24) PIB(24) - 0.493 0.508 0.000
M40 dPB89(24) PIB(24) hPBPB(79-66) 0.296 0.305 0.400
M50 dPB89(24) PIB(24) hPBPB(79-66) 0.246 0.254 0.500
M50b hPB89(24) PIB(24) dPBPB(79-66) 0.246 0.254 0.500

øc ) 2[ 1

2(NA)1/2
+ 1

2(NB)1/2]2
) 2

Navg
(7)
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expected in A/B/A-C blends, because of the presence of both
attractive and repulsive interactions in our system. RPA-based
scattering profiles reflect the nature of concentration fluctuations
in homogeneous blends, which, in turn, are announcements of
impending phase transitions. In Figure 3a, we show the
scattering intensity profile of blend M40 in the 170-190 °C
range calculated using RPA. The scattering profiles of blends
M40 and M50 are dominated by the contrast between the
deuterium-labeled dPB89 chains and the other components,
which are hydrogenated polyolefins. Whereas the contrast
between the blocks of the hPBPB(79-66) diblock copolymer
is negligible, there is substantial contrast between PIB and the
hPBPB(79-66) diblock copolymer because of density differ-
ences (Table 1). All of these scattering length density differences
are taken into account in our multicomponent RPA calculations.
The RPA calculations indicate the presence of a sharp peak in
I(q) atq ≈ 0.11 nm-1 that decreases in intensity as temperature
increases (Figure 3a). The RPA profile of M40 at 150°C, shown
in the inset of Figure 3a, contains two poles. This is a standard
signature of microphase separation. The RPA thus predicts the
formation of periodic microphases at temperaturese150 °C.
In Figure 3b, we show the RPA predictions forI(q) at
temperatures between 200 and 240°C. In this temperature range,
the low-q scattering intensity (q < 0.03) increases with
increasing temperature. The pronounced scattering peak seen

at lower temperatures (below 200°C) is reduced to a weak
shoulder at 240°C. The scattering profile computed at 250°C
contains a single singularity, as shown in the inset of Figure
3b. This is a standard signature of a macrophase separation
transition.

In Figure 4, we showI(q) calculated using eq 1 for blend
M50 at temperatures between 150 and 400°C (the upper
temperatures are not experimentally accessible). We find a sharp
peak inI(q) at q ≈ 0.10-0.13 nm-1 that decreases in intensity
as temperature increases. At temperaturese131 °C, RPA
predicts the formation of periodic microphases (same signature
as the inset of Figure 3a; not shown for brevity). The
low-temperature behaviors obtained from M50 and M40 are
similar except for the difference in the numerical value of the
microphase separation transition temperature. At high temper-
atures, however, the RPA predictions for M40 and M50 are
qualitatively different (compare Figures 3b and 4). As temper-
ature increases, the scattering intensity from M50 decreases
monotonically at allq values (Figure 4). Sample M50 is thus
predicted by RPA to be single-phase at all temperatures above
131 °C.

The measured SANS data obtained from blend M40 at
selected temperatures are shown in Figure 5. The scattering
intensities have been multiplied by factors of 10 to delineate
the data sets. The sample exhibits a well-defined scattering peak
at temperaturese169 °C that decreases in intensity as the
temperature is increased. At 189°C, a large increase in low-q
scattering indicates the onset of macrophase separation. The
measured SANS profiles obtained from sample M50, shown in
Figure 6, are qualitatively similar to those obtained from M40.
(The scattering intensities have been multiplied by factors of
10 to delineate the data sets.) Well-defined scattering peaks were
obtained between 30 and 189°C, and clear signatures of
macrophase separation were observed at temperaturesg199°C.

It is clear from the SANS experiments that both M40 and
M50 exhibit macrophase separation at elevated temperatures:
g189°C in the case of M40 andg199°C in the case of M50.
This is in partial agreement with the RPA predictions wherein
macrophase separation at elevated temperatures is predicted only
in the case of M40. In addition, the RPA prediction of the
macrophase separation temperature of 245°C is well above that
seen experimentally for blend M40. Of course, the RPA
calculations indicate only the limit of stability of the homoge-
neous phase. A more complete analysis is required to determine

Figure 3. RPA predictions for the SANS profiles,I vs q, in the
homogeneous phase for blend M40 at (a) 170-190 and (b) 200-240
°C. The inset in part a is the RPA prediction for blend M40 at 150°C
showing the signature of microphase separation, and the inset in part
b is the RPA prediction for blend M40 at 250°C showing the signature
of macrophase separation.

Figure 4. RPA predictions for the SANS profiles,I vs q, in the
homogeneous phase for blend M50 at 150, 170, 190, 230, 300, and
400 °C (in order of decreasing peak intensity).
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the limit of metastability of the homogeneous phase in our A/B/
A-C mixtures. This analysis will be presented shortly.

Our detailed thermodynamic analysis begins with an exami-
nation of the scattering peaks that are obtained in M40 and M50
over a wide temperature window. These peaks could, in
principle, indicate the formation of ordered microphases such
as lamellae, disordered microphases such as microemulsions,
or homogeneous phases such as those described by RPA
(Figures 3 and 4). We have added a nearly symmetric A-C
block copolymer to a 50/50 blend of A and B homopolymers.
We thus expect the ordered phase to have a lamellar morphol-
ogy. In previous work, we have relied on the Teubner-Strey
analysis to distinguish between lamellar phases and microemul-
sions.34 The scattering profile from microemulsions, according
to the Teubner-Strey (T-S) analysis, is given by

where a, b, and c are fitting parameters. We useIbgd(q) to
account for the fact the T-S equation was developed for oil/

water microemulsions and, thus, does not account for scattering
contributions due to the connectivity of polymer chains.Ibgd(q)
is assumed to be of the formIbgd(q) ) (eq2 + f)-1, wheree and
f are fitting constants. We do not have rigorous justification for
the proposed splitting ofI(q). The solid curves in Figures 5
and 6 are the least-squares fits of eq 8 through the data witha,
b, c, e, andf as adjustable constants. The values of the constants
thus obtained are given in Table 4 for all data sets. They enable
determination of the domain spacing,d, and correlation length,
ê, given by

The values ofê andd thus obtained are also included in Table
4.

For sample M40, the T-S analysis was applicable at
temperatures between 90 and 169°C. At temperatures below
90 °C (e.g.,T ) 70 °C in Figure 5), the scattering peak was
much narrower than predicted by the T-S analysis, regardless
of the values ofa, b, and c. Following previous work,34 we
conclude that we have a lamellar phase in M40 at temperatures
below 90°C.

At temperatures between 90 and 169°C, the T-S parameters
are qualitatively similar (Table 4). In particular, the fitting
parameterb is negative in this temperature window. In the case
of oil/water/surfactant mixtures, a negative value ofb is taken
as an indication of the presence of interfaces, whereas a positive
value ofb indicates the formation of a homogeneous phase with
periodic concentration fluctuations. Whether this conclusion is
applicable to polymer-in-polymer microemulsions will be ad-
dressed shortly.

The T-S analysis for sample M50 gives results that are very
similar to those described above for M40, as can be seen in
Table 4. We conclude that M50 forms a lamellar phase at
temperatures below 90°C, and the T-S analysis, which is valid
at temperatures between 90 and 189°C, gives negative values
of b throughout our temperature window.

The periodic length scaled obtained from the T-S analysis
is a weak function of temperature for both M40 and M50. As
shown in Table 4,d varies between 45 and 54 nm, regardless
of blend composition and temperature. However, the correlation
length, ê, increases rapidly with decreasing temperature. As
shown in Table 4,ê of M50 increases from 18 to 93 nm when
the temperature decreases from 189 to 90°C, andê of M40
increases from 19 to 84 nm when the temperature decreases
from 169 to 90°C. This rapid increase in correlation length
appears to be a signature of the transition from a microemulsion
to a lamellar phase in the A/B/A-C mixtures.

Figure 5. SANS profiles,I vs q, obtained from blend M40 at selected
temperatures: 30 (O), 70 (0), 112 (]), 150 (×), and 199 (+) °C. The
scattering intensities have been multiplied by the following factors to
delineate the data sets: 10 (70°C), 102 (112 °C), 103 (150 °C), and
104 (199 °C). The solid curves at 112 and 150°C are the Teubner-
Strey scattering profile fits to the data.

Figure 6. SANS profiles,I vs q, obtained from blend M50 at selected
temperatures: 30 (O), 70 (0), 112 (]), 150 (×), and 199 (+) °C. The
scattering intensities have been multiplied by the following factors to
delineate the data sets: 10 (70°C), 102 (112 °C), 103 (150 °C), and
104 (199 °C). The solid curves at 112 and 150°C are the Teubner-
Strey scattering profile fits to the data.

I(q) ) 1

a + bq2 + cq4
+ Ibgd(q) (8)

Table 4. Teubner-Strey Fitting Parameters

blend
T

(°C)
a

(cm)
b

(cm nm2)
c

(cm nm4)
d

(nm)
ê

(nm)

M40 90 0.1501 -21.13 775.35 53.54 83.77
M40 112 0.0571 -7.02 239.88 51.26 49.97
M40 131 0.0715 -7.74 261.03 50.17 34.05
M40 150 0.0843 -8.06 281.42 49.97 25.89
M40 169 0.0831 -6.36 246.03 50.22 19.15
M50 90 0.3075 -40.38 1367.50 51.51 93.22
M50 112 0.0994 -11.36 352.77 49.00 53.97
M50 131 0.1364 -13.83 413.56 47.57 37.29
M50 150 0.1671 -14.04 407.02 45.88 25.75
M50 169 0.1974 -14.82 440.92 45.60 21.45
M50 189 0.2704 -18.07 596.22 46.55 18.04

ê ) [12(ac)1/2
+ 1

4
b
c]-1/2

(9)

d ) 2π[12(ac)1/2
- 1

4
b
c]-1/2

(10)
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In our previous work,34 we were able to substantiate our
conclusion regarding the presence of lamellar phases by
performing experiments on A/B/A-C blends in which the A-C
block copolymer was labeled with deuterium (instead of the A
homopolymer). We conducted similar experiments on M50b (see
Table 3 for composition) but were unable to find the same
signatures reported in ref 34.63 This is entirely due to differences
in the self-assembly characteristics of the present samples and
those studied in ref 34.

We now return to an interpretation of the scattering peaks
observed from disordered M40 and M50 samples. Figure 7
shows the RPA prediction (solid curves) and SANS data (open
symbols) for blend M50 at temperatures between 150 and 189
°C. The RPA theory accurately captures the low-q plateau ofI
) 10 cm-1, the location of the scattering peak atq ≈ 0.12 nm-1,
and theI ∼ q-2 tail at highq for all three temperatures. The
theory also captures the peak intensity at 169 and 189°C, but
overpredicts the peak intensity at 150°C. The agreement
between theory and experiment in Figure 7 is remarkable
considering that all of the 10 parameters needed for the RPA
calculations (threeø parameters, three statistical segment lengths,
and four chain lengths) were obtained from independent
experiments. There are slight differences between theory and
experiment at 150°C. If we hold two of the threeø parameters
constant and change the third, the theory exactly overlaps the
SANS data. For example, if we holdøAC andøBC constant, the
value of øAB required to fit the data is 0.0049. The result of
this fit is shown as the dotted line in Figure 7. Similarly, if we
hold øAB andøBC constant, the value oføAC required to fit the
data is 0.0032, and if we holdøAB andøAC constant, the value
of øBC required to fit the data is 0.0020. The curves resulting
from the second two fits are not shown in Figure 7, as they are
almost identical to the dotted line shown for the first fit. The
values of theø parameters determined from binary homogeneous
blends at 150°C were 0.0051, 0.0035, and 0.0015 forøAB, øAC,
andøBC, respectively. Thus, the results of changing one of the
ø parameters to fit the data at 150°C is within the error of
measuringø from binary homogeneous blends. We take the
quantitative agreement between RPA and the measured SANS
profiles as an indication that M50 is homogeneous at temper-
atures between 150 and 189°C. A similar analysis conducted
on sample M40 indicated that this blend was homogeneous at
169°C. The results were very similar to those shown in Figure
7 and are thus omitted for brevity.

The windows of microphase separation for samples M40 and
M50 are thus 30-160 and 30-140 °C, respectively. We use
SCFT to analyze the SANS data in this regime. The SCFT
prediction for the domain spacing of blend M50 at 30°C was
59 nm (based on an examination of the minimum free energy
as a function of domain spacing). Typical equilibrium concen-
tration profiles obtained from these calculations are given in
Figure 8 where thez dependence of the periodic component
volume fractionsφi,m(z) for M50 at 30°C are shown for ad
spacing of 60 nm, which is slightly different from the predicted
equilibrium spacing of 59 nm because of discretization limita-
tions. As expected, the homopolymer volume fraction profiles
are periodic, and the A block penetrates the A-homopolymer-
rich phase while the C block penetrates the B-homopolymer-
rich phase. The A block is drawn toward the interface, resulting
in peaks inφAB(z) at z ) 9 and 51 nm. No such peak is seen in
φCb(z) because the C block stretches away from the interface
due to the attractive interactions between the B homopolymer
and the C block. Similar SCFT calculations enabled determi-
nation ofdSCFT of M50 at temperatures up to 130°C. Above
this temperature, we found that the SCFT calculations did not
converge on profiles that were consistent with the imposed
constraints.

In Figure 9, we compare the experimentally determined values
of the periodicity,dexpt, for M50 (dexpt ) 2π/qSANS peak, where
qSANS peak is the location of the SANS peak) with theoretical
predictions. Thedexptvalues exhibit a nonmonotonic temperature
dependence, first decreasing with increasing temperature and
then increasing with increasing temperature. The dashed curve
representsdSCFT, and the solid curve represents the RPA-based
predictions (dRPA ) 2π/qRPA peak, whereqRPA peakis the location
of the RPA peak). We find excellent agreement between theory
and experiment over the entire temperature window. The
difference between the theoretical and experimentald values is
less than 1 nm at most temperatures. The maximum deviation
between theory and experiment is seen at 190°C, where we
see a difference of 3.4 nm. The vertical lines in Figure 9 show
the location of the phase boundaries (the line for the lamellar-
to-microemulsion transition was based on SANS and T-S, the
line for the microphase-separated-to-homogeneous transition was
based on agreement between SANS and RPA, and the line for
the homogeneous-to-macrophase-separated transition was based
on SANS). It is evident that all aspects of microphase separation
and the homogeneous state in M50 in the 30-190 °C temper-

Figure 7. RPA predictions (solid curves) and SANS profiles (open
circles) for blend M50 at 150 (0), 169 (]), and 189 (O) °C. The dotted
curve corresponds to adjusting aø parameter such that the theory
matches the data (see text).

Figure 8. Equilibrium volume fraction profiles for blend M50 at 30
°C (d ) 60 nm) predicted by SCFT. The volume fraction of each
component is plotted vs distance: homopolymer A (O), homopolymer
B (0), block A of the A-C diblock copolymer (]), and block C of
the A-C diblock copolymer (×).
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ature window are accurately captured by the combination of
SCFT and RPA. Our simple SCFT analysis correctly predicts
the experimentald spacing obtained from lamellar and micro-
emulsion phases but does not distinguish between these two
possibilities. In principle, the SCFT calculations should be able
to predict phase behavior at all locations where the RPA is not
valid. This is because both theories are mean-field approxima-
tions. In contrast, we see a small but finite gap between our
SCFT and RPA calculations in Figure 9. Whether this is due to
the limited dimensionality of the phases that have been studied
by SCFT or limitations arising from the numerical nature of
the calculations (finite box size, discretization, etc.) remains to
be established. It is also conceivable that the microphase-to-
homogeneous phase transition is a second-order phase transition.
In this case, numerical mean-field techniques would break down
because of the increasing importance of fluctuation correc-
tions.64-66 Despite these limitations, the quantitative cor-
respondence between experiment, SCFT predictions, and RPA
calculations shown in Figure 9 has, to our knowledge, not been
demonstrated in prior work.

The SCFT/RPA analysis was repeated for sample M40, and
the temperature dependence of thed spacing obtained by theory
and experiment is shown in Figure 10. Again, we see quantita-
tive agreement between theory and experiment in the entire
temperature window.

Finally, we discuss the macrophase separation transition seen
in both M40 and M50 as a function of increasing temperature.
Our SANS measurements indicate that this transition occurs at
179( 10°C in M40 and 194( 5 °C in M50. These conclusions
were confirmed by SALS. In Figure 11, we show the temper-
ature dependence of the SALS signal for blend M50. A sharp
increase in the scattered light is observed at 192.0( 2.5°C for
M50 (Figure 11). The data for blend M40 are similar to the
data for blend M50 and are not shown. The transition temper-
ature determined by SALS for M40 was 180.0( 2.5 °C. For
both samples, the onset of macrophase separation determined
by SALS is in quantitative agreement with that determined by
SANS.

In Figure 12, we show the calculated normalized free energy
densities of a lamellar phase, a homogeneous phase, and two
coexisting macrophases for M50 as a function of temperature.
The lamellar-phase free energy is obtained by SCFT, whereas
that of the coexisting macrophases is obtained by using Flory-

Huggins theory (eq 3) for each of the coexisting phases. For
the macrophase-separated state, the total free energyf (f ) f1θ1

+ f2θ2, whereθ1 andθ2 are the fractions of the system that are
in phases 1 and 2, respectively, andf1 andf2 are the free energies
of phases 1 and 2, respectively) was minimized by changing
the values ofθ1, φA1, andφB1 (where the latter are the volume
fractions of components A and B in phase 1, respectively). The
free energy of the homogeneous phase is given directly by eq
3. At low temperatures (30-120 °C), the one-dimensional
microphase-separated phase clearly has the lowest free energy.
As the temperature approaches 130°C, the homogeneous
macrophase-separated and microphase-separated states have very
similar free energies. This might have caused the numerical
convergence problems described above. It is clear from the inset,
however, that, in the 130-200 °C temperature range, the
homogeneous phase has a lower free energy than the mac-
rophase-separated state, whereas at temperaturesg210°C, the
macrophase-separated state has the lower free energy. The
theoretical prediction for the homogeneous-to-macrophase
separation transition is thus 205( 5 °C.

In Table 5, we summarize our findings by reporting the
temperatures of the different phase transitions that we have
identified. The first entry in that table compares the theoretically

Figure 9. Domain spacing as a function of temperature for blend M50
as determined by SANS (O) and predicted by SCFT (dotted curve) or
RPA (solid line). The solid vertical lines indicate phase transitions (L
is a lamellar phase, M is a microemulsion, H is a homogeneous phase,
and P is macrophase-separated phase).

Figure 10. Domain spacing as a function of temperature for blend
M40 as determined by SANS (O) and predicted by SCFT (dotted curve)
or RPA (solid line). The solid vertical lines indicate phase transitions
(L is a lamellear phase, M is a microemulsion, H is a homogeneous
phase, and P is a macrophase-separated phase).

Figure 11. Average SALS intensity (normalized by the sample
thickness) as a function of temperature for blend M50. The solid lines
in the figure represent a least-squares fit to the data, and the transition
temperature is taken to be the intersection of these two lines.
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predicted homogeneous-to-macrophase separation transition with
experimental measurements for M50. The agreement is almost
within experimental uncertainty. The value of the microphase-
separated-to-homogeneous transition temperature reported in
Table 5 is assumed to be the low-temperature limit of ap-
plicability of the RPA. Although the quantitative agreement
between RPA predictions and the experimental results give us
some confidence in this estimate, we were unable to find any
obvious experimental signatures of a discontinuous phase
transition from a fluctuating homogeneous phase to a mi-
crophase-separated phase. This appears to be a weakly first-
order or second-order phase transition. The last M50 entry in
Table 5 shows the experimentally determined lamellar-to-
microemulsion phase transition. Our theoretical framework does
not distinguish between these phases.

We repeated the above analysis for M40 and obtained similar
results: microphase separation at low temperatures, a homo-
geneous phase at intermediate temperatures, and macrophase
separation at high temperatures. The numerical values for the
transition temperatures are given in Table 5. It is clear that the
theoretically computed RPA scattering profiles at high temper-
atures (g170 °C in Figure 3 andg210 °C in Figure 4)
correspond to metastable homogeneous systems. It is interesting
to note that M40 has an underlying spinodal (Figure 3), whereas
M50 does not (Figure 4).

Conclusions

The thermodynamics and phase behavior of A/B/A-C
polymer blends with repulsive A/B and A/C interactions and
attractive B/C interactions were studied by a combination of

theory and experiment. All of the theoretical predictions were
made using independently determined binary Flory-Huggins
interaction parameters and statistical segment lengths. Both
experiments and theory indicated a series of phase transitions
from microphase separation to a homogeneous phase and from
a homogeneous phase to a macrophase-separated state with
increasing temperature. There is reasonable agreement between
the phase transition temperatures obtained by theory and
experiment. The sizes of the microphases measured experimen-
tally were in excellent agreement with SCFT-based predictions
over the entire temperature window. The scattering profiles
measured in the homogeneous state were in quantitative
agreement with RPA-based theoretical predictions. It is unusual
for microphase-separated polymer blends to become homoge-
neous prior to macrophase separation. The fact that such
complex behavior can be captured by SCFT, FHT, and RPA is
an indication of the power of these theoretical constructs.
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Table 5. Phase Transition Temperatures (°C) in Multicomponent
Blendsa

homogeneousf
macrophase-separated

microphase-
separatedf
homogeneous

lamellarf
microemulsion

blend FHT SALS RPA/SANS SANS

M50 205( 5 192( 2.5 141( 10 80( 10
M40 165( 5 180( 2.5 160( 10 80( 10

a FHT is Flory-Huggins theory, RPA is the random-phase approxima-
tion, SANS is small-angle neutron scattering, and SALS is small-angle light
scattering.
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