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’ INTRODUCTION

This paper deals with experimental observations of the phase
behavior of binary blends of two model polyolefins: polysiobu-
tylene (PIB) and deuterated polybutadiene (dPBD). The fact
that the phase behavior of mixtures of two polymers labeled 1 and
2 depends on the chain lengths of the components, N1 and N2,
respectively, has been known since the development of the
Flory�Huggins theory.1,2 Previous studies in this area,3�13

however, are restricted to narrow ranges for N1 and N2. In fact,
most of the studies are restricted to a single pair of homopoly-
mers with nearly equal chain lengths (N1/N2 ≈ 1).

In principle, the Flory�Huggins interaction parameter, χ,
accounts for enthalpic interactions between different polymer
species. This leads to a χ parameter that only depends on temp-
erature (we ignore pressure effects in this paper). Small-angle
neutron scattering (SANS) from homogeneous blends has
emerged as a powerful method for determining the χ parameter.14

In many studies, however, the χ obtained from SANS depends on
composition (φ1)

3�13 or chain length (N1 and N2)
5,15,16 due to

other effects such as specific interactions, local packing, thermal
properties, etc.

In a previous paper,17 we reported χ parameters obtained from
a series of homogeneous PIB/dPBD blends. The distinguishing
feature of this study was that it covered a wide range of blend
compositions and chain lengths. We used the random phase

approximation14 to obtain χ from SANS data measured from
homogeneous blends. The average chain length,NAVE, defined as
NAVE � 4[1/N1

1/2 þ 1/N2
1/2]�2, is useful for organizing the

data obtained from these blends. Blends with NAVE e 580 (we
use a reference volume = 0.1 nm3) were homogeneous across the
entire experimental temperature window (303�473 K). In
contrast, blends with NAVE g 950 exhibited a homogeneous-
to-two-phase transition as they were heated. In this paper, we
report on the phase behavior of PIB/dPBD blends with NAVE g
950. We compare the experimentally determined phase diagram
with predictions based on the χ parameters reported previously
in ref 17 that were consistent with data obtained across the entire
NAVE range.

’THEORY

The Gibbs free energy of mixing per volume, ΔG, is given by
the Flory�Huggins equation:1,2

ΔGv0
kT

¼ φ1 ln φ1

N1
þ ð1� φ1Þ lnð1� φ1Þ

N2
þ χφ1φ2 ð1Þ
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ABSTRACT: Phase diagrams of four binary blends of polyisobuty-
lene (component 1) and deuterated polybutadiene (component 2)
were determined using small-angle neutron scattering (SANS). Our
study coversN1/N2 values ranging from 0.23 to 0.92 and Ni ranging
from about 800 to 3600 (Ni is the number of monomers per chain of
component i based on a reference volume = 0.1 nm3). The
experimentally determined binodal curves were in good agreement
with the predictions based on the Flory�Huggins theory using a
previously determined composition- and chain-length-dependent
Flory�Huggins interaction parameter presented in Nedoma et al.
et al. Macromolecules 2008, 41, 5773�5779. The experimentally determined spinodal curves, which were surprisingly close to the
experimental binodal curves, deviated significantly from predictions, an observation for which we offer no quantitative explanation.
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where v0 is a reference volume which we fix at 0.1 nm3, φi is the
volume fraction of species i in the blend, Ni is the temperature-
dependent number of repeat units of volume v0 on a single chain
of species i, and χ is the Flory�Huggins interaction parameter.

The coexisting compositions at a given temperature are given
by the common tangent construction:

dΔG
dφ1

�����
φI
1

¼ dΔG
dφ1

�����
φII1

¼ ΔGφI
1
�ΔGφII1

φI
1 � φII

1

ð2Þ

where φ1
I and φ1

II are the volume fractions of polymer 1 in the
coexisting phases I and II, respectively.

The limit of thermodynamic stability, the spinodal curve, is
given by

D2ΔG
Dφ1

2 ¼ 0 ð3Þ

and the critical point is given by the simultaneous solution of
eqs 3 and 4:

D3ΔG
Dφ1

3 ¼ 0 ð4Þ

Flory�Huggins theory (eqs 1, 3, and 4) gives the volume
fraction of species 1 at the critical point:

φ1;crit;FHT ¼ 1

1þ ðN1=N2Þ1=2
ð5Þ

The measurement of a thermodynamically robust χ enables
computation of the complete phase diagram for a binary polymer
blend. SANS is commonly used to measure χ for polymer pairs
because the coherent scattering intensity can be related to
thermodynamically relevant quantities. Thermal fluctuations in
the local composition of the blend are characterized by an
effective interaction between homopolymer species, χsc. The
structure factor for the blend, S(q), which arises due to these
fluctuations, is usually described by the mean-field random phase
approximation (RPA):14

SðqÞ ¼ v0
1

N1φ1P1ðqÞ
þ 1
N2φ2P2ðqÞ

� 2χsc

" #�1

ð6Þ

where φ2 = 1 � φ1, q is the magnitude of the scattering vector,
and the single chain form factor for each homopolymer is given
by the Debye function

PiðqÞ ¼ 2
xi2

ðexpð � xiÞ þ xi � 1Þ ð7Þ

with xi = q
2Rg,i

2 and Rg,i
2 =Nili

2/6. Rg,i is the radius of gyration for
a chain of species i, and li is the statistical segment length.

The static structure factor given by eq 6 can be obtained from
the measured coherent scattering intensity and the calculated
scattering contrast:

IðqÞ ¼ ΔF2SðqÞ ð8Þ
where ΔF2 = (b1/v1 � b2/v2)

2 is the scattering contrast per
volume. The scattering length per monomer of species i, bi, is
computed from the atomic composition of a monomer unit, and
vi is the monomer volume of species i. When these quantities are
known, the measured SANS intensity profile can be fitted by the
RPA (eqs 6�8) to obtain χsc.

The structure factor at zero scattering angle, S(0), is related to
the second derivative of free energy:

Sð0Þ�1 ¼ d2ðΔG=kTÞ
dφ1

2 ð9Þ

Differentiating the Flory�Huggins free energy from eq 1 yields

1
Sð0Þ ¼ 1

v0

1
N1φ1

þ 1
N2φ2

� 2χsc

� �
ð10Þ

At the spinodal temperature, S(0)�1 vanishes, and the value of
χsc at the spinodal temperature is given by

χsc;s ¼
1
2

1
N1φ1

þ 1
N2φ2

� �
ð11Þ

so that eq 10 may be rewritten as

1
Sð0Þ ¼ 2

v0
ðχsc;s � χscÞ ð12Þ

χsc is usually presumed to be independent of composition and
molecular weight with an empirical temperature dependence
given by χsc = Aþ B/T. For this simple case, the measured value
of χsc is identical to the thermodynamic parameter, χ, in eq 1, and
S(0)�1 ∼ |Ts

�1 � T�1|. However, when χsc is a function of
composition, it is no longer identical to χ. Following Sanchez,18

we obtain χ from χsc by solving the following differential
equation with appropriate boundary conditions

χsc ¼ � 1
2
D2½φ1ð1� φ1Þχ�

Dφ1
2 ð13Þ

In our previous studies on PIB/dPBD blends,17,19 we showed
χsc to be of the form

χsc ¼ AscðTÞ þ BscðTÞ2φ1 � 1
NAVE

ð14Þ

whereNAVE� 4[1/N1
1/2þ 1/N2

1/2]�2 is defined at 296 K, and
Asc and Bsc have the temperature-dependent form a þ b/T þ
c/T2. The empirical expression for χsc is

χscðφ1,NAVE,TÞ ¼ ½ � 0:00622þ 10:6=T � 3040=T2�
( 11:3%þ ð2φ1 � 1Þ=NAVE½ � 2:17þ 1910=T

� 687000=T2� ( 26:2% ð15Þ
The uncertainty in χsc is estimated as described in ref 10 and
attributed to two main factors that are assumed to be indepen-
dent: (1) the uncertainty in the determination of N1 and N2

which we take to be 5% and (2) the uncertainty of the linear
regression of χsc vs (2φ1 � 1)/NAVE data presented in ref 17,
which we estimate using a Student-T distribution and a 95%
confidence interval. A variety of expressions for χsc were exam-
ined in ref 17, and eq 15 was found to be the best empirical fit to
χsc parameters measured from nine different polymer pairs
prepared at several different compositions.

The solution of eq 13, obtained by Sanchez,18 is

χ ¼ 2
1� φ1

Z 1 � φ1

0
ð1� φ

0
1Þχscðφ

0
1Þ dð1�φ

0
1Þ þ

2
φ1

Z φ1

0

ðφ0
1Þχscðφ

0
1Þ dφ

0
1 ð16Þ

It is straightforward to show that if χsc is a linear function of φ1,
then χ is also a linear function of φ1. We obtain an expression for
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the composition dependence of the measured interaction para-
meter:

χ ¼ AscðTÞ þ 1
3
BscðTÞ2φ1 � 1

NAVE
ð17Þ

From comparison of eqs 14 and 17, it is apparent that the sole
difference between the measured χsc and the thermodynamic χ is
a factor of 1/3 multiplying the composition-dependent term in
eq 17. The corresponding expression for χ is

χðφ1,NAVE,TÞ ¼ ½ � 0:00622þ 10:6=T � 3040=T2�
( 11:3%þ ð2φ1 � 1Þ=NAVE½ � 0:722þ 638=T

� 229000=T2� ( 26:2% ð18Þ
Equations 1, 2, 3, and 18 are used to predict the binodal and
spinodal curves of the blends studied in this paper with no
adjustable parameters.

’EXPERIMENTAL METHODS

Component 1, polyisobutylene (PIB), was synthesized cationically.
Component 2, deuterated polybutadiene (dPBD) with 63% 1,2 addition
of the 1,3-butadiene monomers, was synthesized anionically and satu-
rated under high pressure. Details of the synthesis and characterization
have been published previously.20,21 Characteristics of the homopoly-
mers are listed in Table 1. The minor difference in the extent of
deuteration of the two dPBD samples is not expected to have a
significant effect on blend thermodynamics.22,23

Four series of blends were created, representing all possible combina-
tions of the PIB and dPBD homopolymers listed in Table 1. The series
were named S[XX], where XX was the value N1/N2. Within each series,
four compositions were selected for study including: φ1,crit,FHT (eq 5),
φ1,crit,pred, the critical composition predicted using the empirical χ
parameter of the form of eq 18, and two off-critical compositions as
noted in Table 2. Additional compositions were studied for the S[0.29]
series (see Table 2).
Blends were homogenized by dissolving the two components together

into hexane.The sampleswere precipitated into a 1:1 solution ofmethanol

and acetone, placed atop a quartz window inside an annular aluminum
spacer with inner diameter 17mm, and dried under vacuum at 363 K for 2
days. The sample was enclosed within a second quartz window, and the
perimeter was sealed with heat-resistant epoxy except for a small gap on
one side to allow thermal expansion of the polymers. Samples were heated
under vacuum at 363 K for an additional hour to erase shearing effects
caused during preparation. This protocol ensured isotropic scattering.

SANS measurements were carried out on the NG7 and NG3
beamlines at the National Institute of Standards and Technology
Neutron Research Center in Gaithersburg, MD. Samples were heated
in the beamline from 303 to 463 K in 20 K increments with a 10 min
anneal after each temperatures step. Previous work with this
system17,19,20 has shown that this protocol is sufficient to ensure thermal
equilibrium. At 463 K all samples were opaque, indicating macrophase
separation. The samples were removed from the SANS instrument and
slowly cooled to room temperature, becoming clear after several hours.
A second heating runwas performed in the vicinity of the observed phase
transition with 2 K heating increments and a 5 min anneal after each
temperature step, also shown to be sufficient to attain thermal equilib-
rium. SANS data were corrected for background, empty cell, transmis-
sion, incoherence due to nonuniform deuteration, and the form factor of
the deuterated species, and the data were integrated azimuthally to
render I vs q profiles (q = 4π sin(θ/2)/λ in which θ is the scattering
angle and λ is the wavelength of incident neutrons).25

’RESULTS AND DISCUSSION

SANS profiles weremeasured for each blend as the sample was
heated from the one phase to the macrophase separated region.
Profiles within the homogeneous phase window exhibited a
plateau at low q values, indicating single-phase behavior. With
the onset of macrophase separation there was an upturn in the
low q scattering. The temperature at which this upturn occurs,
Tb, indicates the critical point in the case of critical blends. For
off-critical blends, Tb, may be elevated relative to the “true”
binodal temperature due to nucleation barriers. Figure 1 shows
the SANS profiles for the blend predicted to be critical (φ1 =
φ1,crit,pred = 0.44) of the series S[0.29] at temperatures near the
macrophase separation transition.

In the limit of Rg
2q2 , 1, the low-q scattering is described by

the Ornstein�Zernike approximation:

SðqÞ ¼ Sð0Þ
1þ ξ2q2

ð19Þ

where ξ is the correlation length of composition fluctuations. The
Ornstein�Zernike structure factor is related to the SANS intensity
by eq 8, where ΔF2 is a temperature-dependent quantity because
the monomer volumes change as v1 = v1(296 K) exp[5.7 � 10�4

(T� 296 K)] and v2 = v2(296 K) exp[7.2� 10�4(T� 296 K)].26

The monomer volumes at 296 K are calculated for each polymer
from the parameters listed in Table 1. While Ni is a function of
temperature,NAVE is constant for each blend defined at 296 K, and
φ1 changes negligibly. Ornstein�Zernike fits to the one-phase

Table 1. Characterization of Homopolymers

polymer Mw
a (kg/mol) PDI F (g/mL)b at 296 K N at 296 K nD

PIB1 44.6 1.04 0.9140 0.810� 103

PIB2 56.8 1.02 0.9144 1.031� 103

dPBD1 62.0 1.01 0.9187 1.120� 103 3.65

dPBD2 197.2 1.02 0.9123 3.589� 103 3.04
aThe weight-averaged molecular weight, Mw, and the polydispersity
index, PDI, were both measured using gel permeation chromatography
and a Viscotek24 triple detector array. bA methanol�ethylene glycol
density gradient column, isothermal at 296 K, was used to measure
density and thereby calculate the number of deuterium atoms per C4

monomer unit, nD.

Table 2. Blend Characteristics

series comp 1 comp 2 N1/N2
a NAVE

a φ1 values studied
a

S[0.92] PIB2 dPBD1 0.921 1.075� 103 0.233, 0.339, 0.510, 0.767
S[0.72] PIB1 dPBD1 0.723 0.947� 103 0.267, 0.369, 0.540, 0.733
S[0.29] PIB2 dPBD2 0.288 1.750� 103 0.238, 0.300, 0.439, 0.500, 0.600, 0.651, 0.762
S[0.23] PIB1 dPBD2 0.226 1.489� 103 0.272, 0.468, 0.678, 0.728

aValues reported at 296 K.
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SANS intensity profiles are shown in Figure 1, and the correspond-
ing fitting parameters are listed in Table 3. A full list of S(0) and ξ
values is available for all blends and temperatures studied in the
Supporting Information section 1. Equation 15 may be viewed as
the simplest expression that we were able to obtain to describe all of
the measured values of S(0).

Ornstein�Zernike fits of the SANS data provide an experi-
mentally measured susceptibility that is directly proportional to
χsc (eq 12). In Figure 2 we plot the experimental quantity
1/2v0S(0)

�1 against the calculated quantity �χsc for selected
blends. The abscissa is a convenient choice for comparing blends
with different values of φ1 andNAVE because it incorporates these
dependences into a single parameter, χsc. The ordinate was
chosen to give a linear correlation that intercepts the y-axis at
χsc,s and has a slope of 1, evident by rearranging eq 12. Param-
eters for the linear fits shown in Figure 2 are listed in Table 4.
The slopes vary between 0.80 and 1.10, in agreement with the
expected value of 1, and χsc,s varies from 0.000 98 to 0.002 66.

If we consider the susceptibility of a single blend, φ1 andNAVE

are constant, requiring us only to consider the temperature
dependence of χsc. The measured χsc for PIB/dPBD is a
quadratic function of 1/T, leading to S(0)�1 � a þ b/T þ

c/T2. The susceptibility for a blend is finite within the homo-
geneous phase window and vanishes at the spinodal temperature,
Ts. Figure 3 shows quadratic fits to the susceptibility versus 1/T
for selected blends. The x-axis intercept of the quadratic fit,
S(0)�1 = 0, gives Ts. The magnitude of the calculated error in Ts,
given by the uncertainties in a, b, and c, varies unsystematically
from sample to sample and ranges from 1 to 30 K. This mean-
field approach to determining Ts is contrasted with an alternate
approach, the use of critical scaling law fits, in the Supporting
Information section 2. For the critical blends, the Ts values
determined using scaling laws are within 1 K of those obtained
from the quadratic fits.

Susceptibility versus 1/T plots are shown in Figure 3 for the
most and least symmetric series, where symmetry is defined by
N1/N2 = 1. Figure 3a shows plots for the series S[0.92] at the
predicted critical composition and at an extremely off-critical
composition (φ1,crit,pred = 0.34 and φ1 = 0.77, respectively).
Figure 3b shows the series S[0.23] at φ1,crit,pred = 0.47 and φ1 =
0.73. For all blends studied, 2 or 3 K temperature steps were used
near the phase transition to capture the behavior immediately
preceding macrophase separation. As expected, both series show
a continuous decrease to zero in the susceptibility at the
predicted critical composition. The off-critical blends in
Figure 3a,b were prepared at similar compositions for both
series; however, they exhibit different behaviors. The suscept-
ibility of S[0.92] with φ1 = 0.77 decreases discontinuously at
1/T= 0.002 34K�1. In contrast, the susceptibility of S[0.23] with
φ1 = 0.73 decreases continuously to zero. The latter observation
is surprising because we expect a discontinuous jump in the
susceptibility when off-critical blends cross the binodal and phase
separation is seen after nucleation barriers are crossed. Our
observation of S[0.23] with φ1 = 0.73 indicates that the blend
can be superheated all the way to the spinodal.

Table 3. Ornstein�Zernike Fitting Parameters for S[0.29]
with O1 = 0.44a

T, K S(0), nm3 ξ, nm

373 89 8.32

385 323 15.7

391 28400 146
aThese parameters correspond to the fits shown in Figure 1.

Figure 2. 1/2v0S(0)
�1 versus�χsc for the blend in each series that was

prepared at the predicted critical composition: S[0.92] φ1,crit,pred = 0.34
([), S[0.72] φ1,crit,pred = 0.37 (b), S[0.29] φ1,crit,pred = 0.44 (9), and
S[0.23] φ1,crit,pred = 0.47 (2). Solid lines are linear fits to the data.

Figure 1. SANS profiles for blend S[0.29] with φ1 = 0.44 at selected
temperatures. Solid lines are Ornstein�Zernike fits to the low q data.
Profiles are shifted 0 cm�1 (373 K), 14 000 cm�1 (385 K), 29 000 cm�1

(391 K), and 45 000 cm�1 (393 K).

Table 4. Linear Fitting Parameters for the Plots of 1/2v0S-
(0)�1 against �χsc Shown in Figure 2,a

series S[0.92] S[0.72] S[0.29] S[0.23]

φ1,crit,pred 0.34 0.37 0.44 0.47

intercept 0.00209 0.00266 0.00098 0.00124

slope 1.07 1.10 0.88 0.80
aOnly the predicted critical blend for each series is shown.
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The binodal temperature is determined from either of two
methods using the Ornstein�Zernike fitting parameters. The
first method is illustrated in Figure 3a wherein the dotted
line represents a linear fit to the susceptibilities measured in
the regime where deviations from the quadratic fit are observed.
The intersection of this line with the x-axis is taken to be Tb.
However, for many off-critical blends studied, the susceptibility
does not exhibit any deviation from the quadratic fit, as illustrated
in Figure 3b. In this case, Tb was determined as the temperature
halfway between the highest temperature that yielded a homo-
geneous blend and the lowest temperature that yielded a
macrophase separated blend. Both methods of measuring Tb

were applied to blends with a sharp drop in the susceptibility and
yielded the same results (within 2 K).

The main purpose of this paper is to describe the effect of the
composition and chain length dependence of χ on phase behavior.
Before discussing the phase behavior, it is instructive to gauge the

magnitude of departures from the standard Flory�Huggins χ in
our system. It is convenient to separate the composition-indepen-
dent and composition-dependent contributions to the measured
χ in eq 18 as follows:

χ ¼ χFHTðTÞ þ χcorrðT,φ1,NAVEÞ ð20Þ
χFHT could be considered as the standard Flory�Huggins para-
meter that is independent of φ1 and Ni, while χcorr could be
considered as a correction to the standard FHT that accounts for
the φ1 and NAVE dependence of the overall χ parameter. The
polymer blend system studied here exhibits a lower critical
solution temperature (LCST); i.e., χFHT is negative at low
temperatures, and it increases with increasing temperature, turning
positive at a temperature in the vicinity of 370 K. In contrast, χcorr
is positive for φ1 < 0.5 and negative for φ1 > 0.5. In Figure 4, we
plot χcorr/χFHT versus NAVE at selected temperatures for a fixed
φ1 = 0.2. (Qualitatively similar plots are obtained at other values of
φ1.) At temperatures for which χFHT is negative, χcorr/χFHT is also
negative and changes sign when χFHT becomes positive. It is
evident that behavior consistent with standard Flory�Huggins
theory, wherein the magnitude of χcorr/χFHT is significantly less
than unity over the temperature range of interest, is only obtained
at NAVE values as large as 10 000. This is well outside the current
experimental range of NAVE.

Figure 5 shows the predicted and experimental phase diagrams
for each of the blend series. Themeasured values of Ts andTb are
the data points in Figure 5, and the curves are predictions based
on the χ from eq 18. There is an uncertainty associated with the
predicted curves due to the uncertainty in χ (eq 18). The error
bar on each plot indicates the typical magnitude of this uncer-
tainty. (The error bar corresponds to the estimated error at that
point, and the estimated error is a weak function of composition
due to the proximity of the binodal and spinodal points in most
blends.)

Figure 5a shows the phase behavior of the nearly symmetric
S[0.92] series. The measured spinodal and binodal temperatures
are coincident in the vicinity of the predicted critical point. The
measured values of Tb at the binodal are surprisingly insensitive
to changes in φ1. This insensitivity is captured accurately by the
predicted binodal curve. There are, however, noteworthy

Figure 4. χcorr/χFHT vs NAVE for φ1 = 0.2 at selected temperatures:
303 K (line), 343 K (dot-dash), 383 K (dash), and 423 K (dots).

Figure 3. Susceptibility versus inverse temperature for selected blends:
(a) S[0.92] series: φ1 = 0.77 ([) and φ1,crit,pred = 0.34 (2) and (b)
S[0.23] series with φ1 = 0.73 (b) and φ1,crit,pred = 0.47 (9). Solid lines
are parabolic fits to the data used to obtain Ts, and the dashed line is a
linear fit used to obtain Tb.
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departures between the measured and predicted spinodal, parti-
cularly at φ1 = 0.77. The predicted phase diagram in Figure 5a has
a shallow minimum at φ1 = 0.34, which differs from the value of
0.51 that is the critical composition predicted by the standard
Flory�Huggins theory. Similar departures from the standard
Flory�Huggins theory are seen in the S[0.72] and S[0.23] series,
shown in Figure 5b,d. In the case of the S[0.29] series, shown in
Figure 5c, the measured values of Tb and Ts are identical over the
entire composition window. While the predicted binodal curve is
in agreement with the experimental data, the predicted spinodal
curve is not.

The predicted critical temperature (Tcrit) for each PIB/dPBD
series, studied here using Flory�Huggins theory, occurs at a
temperature in reasonable agreement with the experimental data
(Figure 5). While we have focused on blends with NAVE g 950,
we have determined that blends with NAVEe 580 do not exhibit
phase separation over the experimental window 303�473 K. The
lower bound for the Tcrit for blends withNAVEe 580 is thus 473
K. This information is depicted on aTcrit versusNAVE plot shown
in Figure 6, where the circles represent data obtained from
systems with NAVE g 950 and the error bars represent the lower
bound for the Tcrit for blends with NAVE e 580. It is clear that
there is a qualitative difference in the phase behavior of blends
above and below a certain value of NAVE. Tcrit increases slowly
from 400 to 420 K whenNAVE is decreased from 1750 to 950 but
then increases rapidly when NAVE is decreased from 950 to 580.
This behavior is qualitatively different from predictions based on
the standard Flory�Huggins theory but is entirely consistent
with the simple expression for χ given in eq 18. The solid lines in
Figure 6 represent predictions made for N1/N2 = 0.92 and 0.23,
spanning the experimental range of molecular weight asymme-
tries presented in this paper. Note that our ability to predict
phase behavior at temperatures between 400 and 473 K is
entirely due to measurements of the χ parameter from homo-
geneous blends with NAVE e 580. The dotted portion of each
line extrapolates Tcrit versusNAVE calculations, assuming that the
temperature dependence of χ that we have obtained (eq 18) is
applicable at temperatures above 473 K. The kind of qualitative
dependence of the phase behavior of polymer blends upon the
value of NAVE was anticipated in ref 37 for systems with a χ
parameter that exhibits a nonlinear dependence on 1/T. To our
knowledge there are no reports of this in prior literature. It is also

Figure 5. Phase diagrams showing the measured values of Τs (O) and Τb

(2) and the calculated binodal (solid line) and spinodal (dotted line) for (a)
S[0.92], (b) S[0.72], (c) S[0.29], and (d) S[0.23]. The error bars in the
vicinity of the critical point represent uncertainty in the calculated predicted
spinodal andbinodal curves due to theuncertainty inχ. Theuncertainty in the
experimentally determined binodal temperatures is typically less than 2K and
thus comparable to the size of the data points.

Figure 6. Tcrit vs NAVE for the four polymer series with NAVE g 950
(b). The uncertainty in Tcrit is smaller than the size of the symbols. The
lower limit of the error bars for polymer series withNAVEe 580 is 473 K,
the highest temperature probed as these blends did not phase separate in
the temperature window 303�473 K. The solid lines are predictions for
N1/N2 = 0.92 (black line) and N1/N2 = 0.23 (gray line).
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important to contrast the behavior shown in Figure 6 with that
for the simple case where χ = B/T (independent of chain length
and composition) wherein the critical temperature is directly
proportional to NAVE (ignoring small changes in Ni due to
thermal expansion). It should be evident that the nonlinear
dependence of χ on 1/T and the dependence of χ on φ1 and
NAVE are responsible for the trends seen in Figure 6.

Thus far, we have made no attempt to rationalize our experi-
mental observations on the basis of a microscopic picture. Our
main new result is that the leading order correction to the standard
Flory�Huggins theory decreases relatively slowly with increasing
NAVE. There is a large body of theoretical literature wherein
microscopic models are used to improve upon the standard
Flory�Huggins theory.27�31Considerable effort has been focused
on the effect of pressure�volume�temperature (PVT) relation-
ships of the pure component and mixtures, local packing in the
pure components and mixtures, etc. In fact, the work of Luettmer-
Strathmann and Lipson specifically addresses LCSTmixtures with
PIB as one of the components.31 It would be interesting to see if
predictions of these approaches are consistent with the experi-
mental data presented here. It is well-known, however, that the
thermodynamic properties of pure polymers approach their high
molecular weight limit when N is of order 10�100 (molecular
weights in the range 1�10 kg/mol). It is thus unlikely that these
approaches would lead to expressions for the measured χ param-
eter wherein significant deviations from the standard Flory�
Huggins theory are obtained when N is of order 104. There is,
however, an emerging class of theories pioneered by Wang that
suggest that the spectrum of concentration fluctuations in polymer
blends is fundamentally different from the predictions of the
random phase approximation (RPA), regardless of the local
structure of the monomers.32�36 There is thus a difference
between the true χ parameter that must be used in the free energy
expression and that inferred by SANS. The phase behavior
calculated using the SANS-determined χ is thus predicted to be
erroneous. We have found significant deviations between the
experimental and predicted spinodals in all of our blends, while
there is general agreement between the experimental and pre-
dicted binodals. This suggests that the free energy expression used
in this work is valid in the stable region where [∂2ΔG/∂φ1

2]T > 0
but not in the region where [∂2ΔG/∂φ1

2]T approaches zero.
Another interesting conclusion of Wang’s predictions is that RPA-
like behavior is only recovered when Ni is of order 10

4. While our
experiments do not cover this range of Ni values, they do provide
indirect support for this prediction (Figure 4).

’CONCLUSION

SANS was used to determine the phase behavior of four series
of binary PIB/dPBD blends with N1/N2 ranging from 0.23 to
0.92 and NAVE ranging from 950 to 1750. To our knowledge,
none of the previous studies on polymer blend thermodynamics
have covered such a wide range of experimental parameters. The
general shapes of the experimentally determined binodal curves
were in good agreement with the predictions based on a
composition- and chain length-dependent χ parameter pre-
sented in ref 17 and given in eq 18. The experimentally
determined spinodal curves, which were surprisingly close to
the experimental binodal curves, deviated significantly from
predictions based on eq 18.

The analysis presented in this paper is based entirely on the
Flory�Huggins expression for the free energy of mixing, which is

a one-parameter model. It is possible that predictions based on
other functional forms for the free energy of mixing (e.g.,
expressions motivated by the two-parameter models routinely
used to describe the thermodynamic properties of small molecule
mixtures) will be in better agreement with the experimental data
presented here.

’ASSOCIATED CONTENT

bS Supporting Information. Section 1 contains a complete
listing of susceptibility and correlation length values, S(0) and ξ,
for each blend at each temperature studied; section 2 contrasts
the use of mean-field theory with critical scaling law fits in order
to determine the spinodal temperature, Ts, from the suscept-
ibility, S(0). This material is available free of charge via the
Internet at http://pubs.acs.org.
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