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ABSTRACT: We present a predictive model for the dynamics of miscible polymer blends by assuming that
local composition variations determine segmental dynamics. We then properly incorporate the distributions of
intrachain (“self-concentration”) and interchain (“concentration fluctuations”) contributions to the compositions
surrounding a polymer segment. In a manner similar to our past work we then derive the distribution of
relaxation times for both components. These distributions depend explicitly on the size of the volume in which
fluctuations are sampled by the test segment. We find by fitting our model to an extensive body of data on
various miscible blends (PI/PVE, PBO/PVE, PVME/PS, and PVME/P2ClS) that an essentially composition-
independent value of the correlation volume reproduces all available segmental relaxation data at temperatures
above the glass transition of the low-Tg component. We have shown that the apparent temperature dependence
of the size of the correlation volume is very weak at all temperatures above theTg of the low-Tg component. The
size of the correlation volume is found to be comparable to the Kuhn segment length of the chains. While our
approach thus resembles the model of Lodge and McLeish, it is important to emphasize that we include the
distributions of compositions experienced by a test segment instead of invoking a mean field. The appropriate
choice of the size of the correlation volume and proper incorporation of concentration fluctuations are vital to
simultaneously model the peak segmental time and the width of the relaxation time spectra. By comparing
PI/PVE with PBO/PVE and comparing PVME/PS with PVME/P2ClS, we show that the size of the correlation
volume is apparently a polymer-chain-specific property that does not depend on the blend composition and blend
partner.

1. Introduction

The viscoelastic properties of miscible polymer blends have
been the focus of extensive research in the past 15 years. This
work is inspired by the fact that, although the blends are
thermodynamically miscible, and hence molecularly mixed,
often the component dynamics are heterogeneous. Dynamic
heterogeneity is most apparent when the temperature dependence
of each component’smeansegmental relaxation time is different.
The empirical time-temperature superposition (tTS) principle1

then fails dramatically, as in the case of the poly(ethylene oxide)
(PEO)/poly(methyl methacrylate) (PMMA) blend.2-4 From an
applications standpoint, thermorheological complexity creates
particular difficulties since it becomes hard to formulate broadly
based “mixing” rules to predict blend dynamics and hence
processability.

Experimentally, thermorheological complexity has only been
reported for miscible blends with weak interactions, where
the two components have very different glass transition tempera-
tures.5-12 For systems with∆Tg ) |Tg1 - Tg2| < 20 K, tTS
appears to hold.13-15 For systems with 20 K< ∆Tg < 70 K,
the relaxation times have somewhat different temperature
dependences and the differences systematically increase as∆Tg

increases.16 For larger dynamic asymmetries (∆Tg > 100 K)
these trends become even more accentuated. However, as shown
in NMR experiments by Kornfield and co-workers,7,8 each
component’s segmental relaxation time distribution remains
unimodal but is substantially broadened compared to the pure
components. The relaxation time of each component can be
apparently well fit by log-normal distributions with modified
WLF parameters and glass transition temperatures.

These results appear to be relatively insensitive to system
thermodynamics, in that the dynamic behavior does not change
dramatically if one approaches the critical point for phase
separation. This is understood because weakly interacting
polymer mixtures have very small free energies of mixing, with
weak temperature dependences owing to the entropy of
mixing being related to the inverse of chain length. This
makes concentration fluctuations in weakly interacting
polymer blends persist hundreds of degrees from the
critical point. However, thermodynamics is important when
one considers strongly miscible systems where con-
centration fluctuations are suppressed.5 While the consensus at
this time is that local concentration variations, created by
concentration fluctuations (driven by the thermodynamics
of the blends) and by chain connectivity effects (i.e., that a
certain fraction of monomers in the correlation volume are
intramolecular contacts) are responsible for these unusual
experimental results, the relative importance of these
effects and the relevant volumes over which these effects
need to be considered, remain unresolved at this time. In
particular:
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1. Zetsche and Fischer17,18considered the role of concentration
fluctuations on segmental dynamics. By fitting their model to
data on the miscible poly(vinyl methyl ether)/polystyrene blend,
they concluded that the correlation volume size was dependent
on the mean blend composition and temperature. The temper-
ature dependence was assumed to be described by the Donth
form,19 suggesting that the correlation volume is the cooperative
volume, which diverges at the Vogel temperature of that blend
component. While this approach reproduces the broadening of
the blend glass transition as a function of temperature, it fails
to lead to the presence of two microenvironments with distinctly
different mobilities for the two components regardless ofTg.
Further, the size of the correlation volume has a strong
temperature dependence and becomes much larger than the
Kuhn length (∼10 nm atTg).

2. In an attempt to reproduce the breakdown of tTS, Kornfield
et al.7 included intramolecular connectivity effects, which skew
the mean composition experienced by a chosen A polymer
segment toward compositions richer in A. Composition fluctua-
tions were incorporated using Bernoulli statistics, i.e., by
assuming that segments are distributed at random. Thus, the
thermodynamics of these systems are not considered in the
Kornfield approach. These workers found that a temperature-
independent cooperative volume with lateral size of∼5 nm was
sufficient to simultaneously capture the mean values of the
relaxation times and the widths of the distributions of relaxation
times in a qualitative fashion.

3. Lodge and McLeish21 used the same ideas as Kornfield
but with two differences. First, they suggested that the lateral
sizes of the cooperative volumes are small, equal to the Kuhn
length of the chains. Second, they did not consider concentration
fluctuation effects. These workers thus developed a model which
only considered chain connectivity effects. Since concentration
fluctuations affect both the distributions and peak segmental
times, especially close to the blendTg,22,23 this model does not
describe distributions and only qualitatively describes the
temperature dependence of peak segmental times far aboveTg.
This is reflected in the wide range of self-compositions required
to understand blend dynamics with this simplest of models, as
temperature and blend partner are varied.24

4. Kumar and co-workers25,26 approximately accounted for
concentration fluctuations and intramolecular connectivity ef-
fects using the ideas of Zetsche and Fischer and Kornfield et
al., respectively. As in the work of Zetsche and Fischer,17 this
model needed to utilize large length scales for the correlation
volume to obtain agreement with experiments. However, both
the variation of the mean relaxation time of each species and
the widths of the distributions could be simultaneously repro-
duced.

5. Colby and Lipson27 used a lattice model to demonstrate
that with a small correlation volume (of order 1 nm) the
segmental dynamics of PI and PVE could be modeled reason-
ably for various temperatures and blend compositions, using
Bernoullian statistics and accounting for connectivity of all
chains in the fixed correlation volume. An open question is
whether such ideas can still be used very close toTg and for all
compositions and blend partners.

Here we improve our earlier theory22 by explicitly incorporat-
ing a better understanding of both intermolecular and intramo-
lecular concentration distributions. This improved model is then
fit in a detailed manner to all available dielectric data for four
polymer blends with various compositions. We show that the
size of the correlation volume for segmental dynamics of each
component, that quantitatively describes the distributions of

segmental dynamics, is composition-independent and very
weakly temperature-dependent, even close to theTg of the blend.
Further, since the size scales of the correlation volume of a
component do not depend on blend partner, we suggest that
the previous results of Ediger, who had suggested that the mean-
field value of the self-concentration (obtained by fitting the
Lodge-McLeish model) depended on the blend partner, must
be a consequence of the fact that these workers ignored
concentration fluctuations. We thus stress that the inclusion of
concentration fluctuations and chain connectivity effects are both
necessary for a quantitative understanding of all aspects of
miscible blend dynamics.

2. Model Description

We postulate that segmental dynamics are controlled by the
local composition within a sphere of radiusRc centered at a
given segment. Following Kornfield et al.,7 the effective
concentration of A monomers in the vicinity of an A monomer
can be written in terms of the intramolecular, or self-concentra-
tion (φself

A ), and the intermolecular concentrationφA as

A similar equation can be written for the B species. Following
Zetsche and Fischer,17 we assume that the variation of local
compositionφeff

A is responsible for broadening of the relaxation
spectra. To find the distribution of the relaxation times, we need
(1) to find the distribution of effective concentration of A
monomers in the vicinity of an A monomer and (2) to define
the connection between local composition and local relaxation
time.

1. Distribution of Effective Compositions. For small cor-
relation volumes (Rc < b, whereb is the Kuhn segment length),
the intramolecular concentrationφself is constant, since the chain
is inflexible at this scale:21

where VA is the volume occupied by a single A monomer.
Therefore, the mean effective volume fraction of A segments
in the correlation volume surrounding an A monomer can be
found from eq 1 as

whereΦA is the mean blend composition.
We now develop the probability distribution function (PDF)

for φeff
A around the mean valueφheff

A by constructing the PDF for
intermolecular concentrationφA.

The distribution of intermolecular concentration in an arbitrary
chosen volume of a given size (i.e., not centered around a
monomer of a given type) assumes a standard Gaussian form
(for component A, with analogous expression for component
B):

where〈δφ2〉 is the mean-squared concentration fluctuation. If
the blend is incompressible, the parameter〈δφ2〉 must be equal
for both species (A or B). From eqs 1 and 3, the PDF forφeff

A

will then take the form

φeff
A ) φself

A + (1 - φself
A )φA (1)

φself
A ) 3

2π
VA

bARc
2
, Rc < bA (2)

φheff
A ) φself

A + (1 - φself
A )ΦA (3)

p(φA) ) 1

x2π〈δφ
2〉

exp{-
(φA - ΦA)2

2〈δφ
2〉 } (4)
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with the mean-squared concentration fluctuation22

Because the valid argument range for eq 5 isφself
A < φeff

A

< 1, the PDF for φeff
A (eq 5) was renormalized within

these boundaries. In the presence of “cutoff” boundaries the
shape of equilibrium PDF can differ from eq 5; however, we
will use the Gaussian form as an approximation, strictly
valid for narrow distributions and nondilute compositions,

x〈δφeff
2〉 , φheff , 1 - x〈δφeff

2〉.
Following the formalism implemented by Song and Roe28

and by Zetsche and Fischer,17 we derive the expression for the
mean-squared concentration fluctuation in an incompressible
binary blend:

whereVA andVB are the monomer volumes of species A and
B, S(q) is the static structure factor,q is the wavevector, and
F(q) is the form factor of the correlation volume. Unlike the
formula given by Zetsche and Fischer,17,29eq 7 predicts the same
mean-squared concentration fluctuations for A and B compo-
nents in arbitrary chosen volumes of the same size, as it should
for an incompressible blend.

The form factor of the correlation volume having the shape
of a sphere with radiusRc is calculated as follows:30

For polymeric blends, the volumesVA andVB occupied by single
segments of species A and B can be found in terms of packing
lengthslpA and lpB and Kuhn lengthsbA andbB:31

The random phase approximation (RPA) for a Gaussian coil is
employed to calculateS(q):32

whereNA andNB are the degrees of polymerization for species
A and B. The Flory interaction parameterø is temperature
dependent and can be approximated asø(T) ) 7.42× 10-3 -
3.22/T for PI/PVE blends33 andø(T) ) 0.018- 7.74/T for hhPP/
PIB blends.34 However, in all cases studied here this parameter
can be ignored (ø(T) ) 0) since it did not show any noticeable
effect on the calculated relaxation spectra for weakly interacting
blends. To facilitate the evaluation of eq 7, we use the following
approximation for the Debye function,gD, which is good to
within 15% for the whole range ofq:35

where Rg
2 ) Nb2/6 is the radius of gyration of the chain

considered. Equation 7 then simplifies to

whereŘc ) Rc/ê, andê is the correlation length for concentration
fluctuations:

The lengthê is of the order of 50-80 Å for PI/PVE and 110-
160 Å for PVME/PS blends. For small correlation volumes (Řc

< 0.3) eq 12 can be further simplified to

A few points need to be stressed here. First, note that, in
agreement with past simulations,29 the mean-squared concentra-
tion fluctuation decreases with increasingRcsthe predicted
power law dependence is verified by the simulations in this
range ofRc values. Second, for the simplest case where the
monomers of the two chains are matched in size (VA ) VB, lpA

) lpB, and bA ) bB) it follows that 〈δφ2〉 ) 3lpΦAΦB/2πRc.
This result suggests that for most weakly interacting blends with
〈δφ2〉 = 0.1 the correlation radius is controlled by the packing
length, with 2lp e Rc e 2.5lp for the composition range 30-
70%. Thus, for most blends we expect that the size scale over
which dynamics are averaged is small and not directly related
to the Kuhn length of the chains in question. The Kuhn length
is typically 2-10 times the packing length, and hence numeri-
cally similar to 2Rc, but the packing length appears to play a
more relevant role in determiningRc. In this context, we also
comment briefly on our earlier findings which had suggested
thatRc was large.25,26This erroneous conclusion stemmed from
our earlier ad-hoc approximation:〈δφ2〉 ) b3S(0)/Rc

3. Thus,
for large S(0) (∼1000), as may be expected for weakly
interacting blends of long chain length polymers, the only means
of reducing the〈δφ2〉 to an acceptable value of 0.1 required
that theRc values used were∼20b ∼ 20 nm. The use of the
more appropriate form, eq 14, obviates this issue and reduces
the size of the averaging volume to a physically more acceptable
value. Third, and even more surprisingly, it is apparent that the
value ofø does not appear in the final expression, eq 14. We
ask if this is inconsistent with the idea that strongly miscible
blends do not show a breakdown of tTS? The resolution to this
stems from the fact that eq 14 is only valid for small values of
the reduced size,Řc ) Rc/ê. In the case of strongly interacting
blends, we expectê to become comparable toRc, and thus the
transition from eq 12 to eq 14 is no longer valid. Rather, we
need to go back to the full expression, eq 12, where blend
thermodynamics then play a critical role. Finally, eq 14, which
may be expected to be valid arbitrarily close to the critical point
for phase separation, also shows why weakly interacting blends
are not affected by system thermodynamics. In these limits the
size scale of the averaging volume is so small that all systems
show similar concentration fluctuations. While this result is in
excellent agreement with the intuitive arguments presented by
Lodge and McLeish, in contrast to this previous work, we argue
in the companion paper that concentration fluctuations are
critical to capturing even the location of the peak relaxation
times.

p(φeff
A ) ) 1

x2π〈δφeff,A
2〉

exp{-
(φeff

A - φheff
A )2

2〈δφeff,A
2〉 } (5)

〈δφeff,A
2〉 ) (1 - φself

A )2〈δφ
2〉 (6)

〈δφA
2〉 ) 〈δφB

2〉 ) 〈δφ
2〉 )

xVAVB

4π2 ∫0

∞
S(q)[qF(q)]2 dq (7)

F(q) )
3[sin(qRc) - qRc cos(qRc)]

(qRc)
3

(8)

VA ) lpAbA
2, VB ) lpBbB

2 (9)

1
S(q)

) 1

ΦANAgD
A(q)

+ 1

ΦBNBgD
B(q)

- 2ø(T) (10)

gD(q) ) 2

q4Rg
4
[e-q2Rg

2
+ q2Rg

2 - 1] ≈ 1

(1 + q2Rg
2/2)

(11)

〈δφ
2〉 )

3xVAVB

8π
S(0)

Rc
3 {1 -

3(1 + Řc)
2

2Řc
3 [Řc - 1

Řc + 1
+ e-2Řc]} (12)

ê2 )
S(0)
12

[bA
2/ΦA + bB

2/ΦB] (13)

〈δφ
2〉 )

3xVAVB

2πRc
[bA

2

ΦA
+

bB
2

ΦB
]-1

(14)
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2. Composition Dependence of Relaxation Times and
Their Distribution Functions. The probability distribution
function (PDF) for the logarithmic segmental relaxation time
is related to the PDF for the effective concentration by

The mean logarithmic segmental relaxation time is computed
as 〈lnτ〉 ) ∫-∞

+∞pτ(lnτ) ln τ d lnτ, and the width of the
distribution of relaxation times is determined by calculating the
varianceσ2 ) ∫-∞

+∞pτ(ln τ)[ln τ - 〈ln τ〉]2 d ln τ.
To convert the distribution of compositions to the distribution

of relaxation times, we use the Williams-Landel-Ferry (WLF)
equation:1

The composition dependence of glass transition temperature was
modeled by the form36

whereTgA andTgB are the glass transition temperatures for pure
A and B components, respectively. IfQ ) TgA/TgB, then eq
17a reduces to the well-known Fox equation:37,38

If, on the other hand,Q were assigned as a fit parameter,
then eq 17a is nothing but the DiMarzio form. To be con-
sistent with the preceding paper, we shall use the Fox
equation for our calculations of local dynamics, although as we
shall discuss below, the DiMarzio form performs comparably
in the prediction of blend dynamics. The values of glass
transition temperatures of pure components are listed in
Table 1. Figure 1 plots the composition dependence ofTg for
the four blends we consider in this paper. The dotted lines are
the Fox equation (eq 17b), the thin solid lines are the fits of the
DiMarzio equation (eq 17a withQ as a fit parameter), and the
thick solid lines are the outcome of our model, to be discussed
below.

We use the respective pure component values forC1 andτg

even in the mixtures, to emphasize that the local dynamics of
the materials (i.e., torsion angle flips) are probably unaffected
by blending. TheC2 parameter in the blend is assumed to

Figure 1. Glass transition temperature of polymer blends plotted vs weight fraction of low-Tg component: DSC data for PI/PVE blends (down
triangles),39 PBO/PVE blends (up triangles),39 PVME/PS blends (squares),40 and PVME/P2ClS blends (circles);40 the results of Fox equation (17b)
(dashed lines), the results of DiMarzio equation (17a) withQ as a fitting parameter (thin solid lines), and the predictions of self-concentration
model (eq 22) with nonadjustable parameters listed in Table 2 (thick solid lines).

Table 1. Monomer Length Scale Parameters, Best Fit WLF Parameters, and Havriliak-Negami Parametersr and γ Used for Calculation of
Dielectric Loss Spectra

blend components b (Å) lp (Å) Tg (K) log(τg) C1 C2 (K) R γ refs

1 PI 8.2 3.2 210 0.384 13.2 46.0 0.603 1.03 9, 26
PVE 14 2.8 273 -0.082 11.8 35.4 0.577 0.595

2 PBO 8.2 2.5 200 1.303 12.7 41.8 0.620 0.445 39
PVE-89 14 2.8 269 -0.082 11.8 35.4 0.577 0.595

3 PVME 13 2.7 249 0.144 12.9 50.3 0.806 0.417 26, 43
PS 18 3.9 379 1.030 13.3 50.0

4 PVME 13 2.7 249 0.144 12.9 50.3 0.806 0.417 40
P2ClS 18 3.9 402 1.030 13.3 50.0 0.820 0.470

1

Tg
A(φeff

A )
)

φeff
A

TgA
+

1 - φeff
A

TgB
(17b)

pτ(ln τ) )
p(φeff)

d ln τ/dφeff
(15)

log10(τA(φeff
A )

τg
A ) ) -

C1
A(T - Tg

A(φeff
A ))

C2
A(φeff

A ) + T - Tg
A(φeff

A )
(16)

Tg
A(φeff

A ) )
TgAφeff

A + TgB(1 - φeff
A )Q

φeff
A + (1 - φeff

A )Q
(17a)

5770 Shenogin et al. Macromolecules, Vol. 40, No. 16, 2007



have a linear composition dependence:

where C2A and C2B are parameter values for pure A and B
components. We have also used composition independent values
of C2 but find practically identical results.

Equations 15-18 will convert the Gaussian distribution
function for φeff (eq 5) to an asymmetric distribution function
for log τ, with the maximum shifted from the value correspond-
ing to the mean compositionφheff.23 Therefore, the actual
frequency of the dielectric loss peak is defined not only by the
mean compositionφheff but also by the width of the composition
distribution function〈δφeff

2〉.
The dielectric loss peak of each component can be calculated

assuming some relaxation form of each individual process, such
as the Debye form, and the PDF for the segmental relaxation
times,pτ(ln τ) (eq 15):

whereω ) 2πf is the frequency andIA is the specific peak
magnitude, proportional to the polarizability of the component.
However, relaxation peaks predicted from eq 19 are usually too
narrow27 since no density fluctuations are included. To account
for the additional broadening and asymmetry of each relaxation

process resulting from density fluctuations, the Debye function
was replaced with its empirical modificationsthe Havriliak-
Negami function:27

The parametersR and γ were calculated from the fits to the
experimental relaxation data for pure components (Table 1).27

Figure 2. (a) PDFs for local volume fraction of each component in a
25% PI+ 75% PVE blend atT ) 259 K, calculated for volumes with
Rc ) 3.7 Å, centered around PI segments (the PI distribution is the
right solid curve and the PVE distribution is the left solid curve) and
for volumes withRc ) 9.0 Å, centered around PVE segments (the PVE
distribution is the right dashed curve and the PI distribution is the left
dashed curve). (b) Frequency dependence of dielectric loss atT ) 259
K, calculated from these distributions (thick line), obtained as the sum
of the separate contributions from PI and PVE relaxations (thin lines)
and experimental data taken from ref 9 (points).

C2
A ) C2Aφeff

A + C2B(1 - φeff
A ) (18)

εA
| (ω) ) IAΦA∫-∞

+∞
pτ(ln τ)

ωτ
1 + (ωτ)2

d ln τ (19)

Figure 3. Frequency dependence of dielectric loss at various temper-
atures for blends composed by weight percent of (a) 25% PI+ 75%
PVE, (b) 50% PI + 50% PVE, and (c) 75% PI+ 25% PVE.
Experimental data (points) are taken from ref 9. Solid lines show model
predictions with nonadjustable parameters summarized in Table 1;
Rc(PI) andRc(PVE) values are plotted in Figure 6a,b.

εA
| (ω) ) IAΦA∫-∞

+∞
pτ(ln τ)[1 + (ωτHN)2R + 2(ωτHN)R

cos(πR
2 )]-γ/2

sin(γ tan-1[ sin(πR/2)

(ωτHN)-R + cos(πR/2)]) d ln τ;

τHN ) τ[tan( π
2(γ + 1))]1/R

(20)
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3. Comparing Model Predictions with Experiments

We analyzed dielectric relaxation data for four different
polymer blends: 1,4-polyisoprene/poly(vinylethylene) (PI/PVE),
poly(butylene oxide)/poly(vinylethylene) (PBO/PVE), polystyrene/
poly(vinyl methyl ether) (PS/PVME), and poly(2-chlorostyrene)/
poly(vinyl methyl ether) (P2ClS/PVME) with various compo-
sitions. The experimentally defined parameters used to generate
the predictions are summarized in Table 1. Dielectric relaxation
peaks were fitted individually for each component according
to eqs 5, 6, 12, 13, 15, 16, 17b, 18, and 20 using conjugate
gradient least-squared deviation procedure with the size of
correlation volumeRc and normalizationI as parameters. The
variation of correlation radiusRc simultaneously affects the
position, shape, and the width of the relaxation peak, while the
variation ofI only affects the magnitude of the dielectric loss.
This allows us to extract both fitting parameters independently
from well-defined experimental relaxation peaks.

Figure 2a shows the PDFs for local composition in a 25%
PI/75% PVE blend, calculated for spherical volumes with radius
Rc ) 3.7 Å, for PI while it is Rc ) 9.0 Å for PVE. (For
comparison, similar results were obtained for the DiMarzio
model but usingRc ) 5.90 Å for PI andRc ) 5.35 Å for PVE
segments.) The abrupt cutoffs in the Gaussian distributions are
at φself (∼0.9 for PI and 0.65 for PVE). The figure clearly
demonstrates that these composition distributions are different
depending on the volume positioning, but symmetric for two
components within the same volumes. Figure 2b compares the
predicted dielectric response of PI, PVE, and their sum with
experimental data on the same 25/75 blend at 259 K. The

predictions compare quite favorably with the experimental
measurements.

Figures 3-5 present our results for fits to the dielectric loss
for three different blends, while Figures 6 and 8 report theRc

values used in each case. Figure 3a-c compares the predicted
sum dielectric loss distribution for PI/PVE blends (solid curves)
at various temperatures with dielectric spectroscopy experimen-
tal data9 (points). The width of the concentration distribution
function that ultimately leads to the solid lines in Figure 3 was
calculated using eq 12. As temperature decreases, the peak
position in each case moves toward longer relaxation times and
the distributions broaden. The theory captures all these features
of the experimental data with fidelity. Furthermore, for the whole
studied temperature interval, the model predicts remarkably
correct peak widths in both PVE-rich and PI-rich compositions

Figure 4. Frequency dependence of dielectric loss at various temper-
atures for blends composed by weight percent of (a) 10% PBO+ 75%
PVE and (b) 25% PBO+ 75% PVE. Experimental data (points) are
taken from ref 39. Solid lines show model predictions with nonadjust-
able parameters summarized in Table 1;Rc(PI) andRc(PVE) values
are plotted in Figure 6a,b.

Figure 5. Points: frequency dependence of dielectric losses at various
temperatures for blends composed by weight percent of (a) 50% PVME
+ 50% PS (ref 43), (b) 60% PVME+ 40% PS (ref 44), and (c) 70%
PVME + 30% PS (ref 45). Solid lines: model predictions for PVME
relaxation with parameters summarized in Table 1 andRc values plotted
in Figure 8a.
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in the range 25-75%. Two compositions of PBO/PVE blends23

are treated similarly in Figure 4a,b, at various temperatures, with
similar conclusions.

In PVME/PS blends (Figure 5a-c), only the PVME com-
ponent contributes to the dielectric relaxation, giving us a
possibility to compare the shape of the relaxation peak with
model predictions. The correlation radius for PVME relaxation
Rc(PVME) is the only parameter which affects simultaneously
the position, width, and asymmetric shape of the peak. As can
be concluded from Figure 5, the model predictions are remark-
ably accurate. The overall agreement with experiment is very
good for all temperatures and compositions, providing strong
evidence that local composition fluctuations are the key factor
for understanding the broadening of dielectric loss on blending.

The normalization parameterI for PVME relaxation (numeri-
cally equal to the area of the calculated dielectric loss peak in
log(f) coordinates divided by volume fraction of PVME
component) is plotted in Figure 9. The area of the peaks
decreases with temperature in a usual fashion related to density
change by the Clausius-Mosotti equation11 with specific
polarizability 0.89 cm3/g (solid curves).

The temperature dependences of the correlation radiusRc for
all components in PI/PVE and PBO/PVE blends and for PVME
relaxation in PVME/PS blends are plotted in Figures 6 and 8.
The error bars were calculated from both the standard deviation
of the parametersRc from the “best fit” value and the typical
accuracy of dielectric relaxation experiments. In contrast to the
results of our previous studies,22 the values ofRc collapse onto
a single curve for various blend compositions, thus suggesting
no composition dependence of the correlation radius. (Figure 7
plots the data in Figure 6 againstT - Tgrather than againstT.
Clearly, this is an inferior representation than Figure 6.) We
attribute this change to the more accurate evaluation of
fluctuations utilized here for intramolecular distributions of
concentrations. The radius of the correlation volume is of the
order of 4 Å (PI and PBO), 4-10 Å (PVE), and 5-6 Å

Figure 6. (a, b) Temperature dependence of correlation radiusRc for dielectric relaxation of each component in PI/PVE and PBO/PVE blends with
compositions shown in the legend (relevant component is denoted in bold). (c, d) Corresponding plots of self-concentrations calculated using eq 2.
The lines are guides to the eye.

Figure 7. Data from Figure 6a,b plotted againstT - Tg, whereTg is
the glass transition temperature of the blend.
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(PVME). [In contrast, the DiMarzio model yielded∼4 Å (PI
and PBO), 5-7 Å (PVE), and 8-10 Å (PVME).] These
numbers do not exceed the Kuhn length of each polymer, thus
validating the assumption made for calculation of the intramo-
lecular concentration distribution (eq 2). The values defined here
for Rc(PVE) are close to the assumptions made by Lodge and
McLeish21 for their model and to values obtained in our earlier
model.22 Furthermore, Figure 6a shows only a moderate increase
of the size of the correlation volume for the PVE component
with decreasing temperature (solid points), while for PVME,
PI, and PBO components no temperature dependence ofRc was

found. The respective self-concentrations, calculated using eq
2, are plotted in Figures 6 and 7. The trends for PVE shown in
Figure 6d resemble the results of our previous model,22 with
the essential difference that no composition dependence and only
a weak temperature dependence were found in the improved
model.

The next question of interest is whetherRc is a polymer-
specific property or a blend property that depends on blend
partner. The results for the PVE and PVME blended with two
different partners each are also presented in Figures 6 and 8. It
is clear that, within the uncertainties, the size of the correlation
volume is independent of the partner. This conclusion is
consistent with our previous statement that the correlation radius
is independent of blend composition and that the correlation
radius is small and comparable with the Kuhn length. Moreover,
no signature of blend glass transition was found in the
temperature dependence ofRc. For example, theTg of PVME/
PS 50/50 blend is 280 K, and theRc(T) dependence for the
PVME component does not change abruptly in the vicinity of
this temperature. The averaged constant values of correlation
radii and respective self-concentrations are summarized in Table
2. Rc increases smoothly withTg.

4. Discussion

We first focus on the fact that the Fox equation provides such
good fits to experimental data, even though it apparently only
provides a poor prediction of the DSC determinedTg values
for the different blends (Figure 1). To resolve this apparent
discrepancy, we follow a procedure suggested by Lodge and
McLeish and assume that the Fox equation adequately describes
the glass transition in a volume ofRc for each component. We
now model the global (DSC) glass transition as a superposition
of the relaxations of the two components:

Assuming〈Tg
A〉 ) Tg(〈φeff

A 〉), the Fox equation (eq 17b) gives
〈Tg

A〉 ) TgATgB/(TgA + ∆Tgφeff
A ), where∆Tg t TgB - TgA. Some

simplification then allows us to reduce eq 21 to

Employing the self-concentration for the two species then
permits the calculation represented in eq 22. (In the case of PS,
which is dielectrically inactive, we assumedRc ) 25 Å which
best fit the DSC data.) The thick lines in Figure 1 which
represent the results from this approach satisfactorily model the
experimental results, providing some basis for why the Fox
equation is adequate to model blend dynamics.

Figure 8. (a) Temperature dependence of correlation radiusRc for
dielectric relaxation of PVME in PVME/PS and PVME/P2ClS blends
with compositions shown in the legend. (b) Corresponding plots of
self-concentrations derived using eq 2. The lines are the guides to the
eye.

Figure 9. Normalization parameterI used to fit dielectric relaxation
data for PVME/PS blends shown in Figure 5 (points) and the decrease
of peak area predicted from density change using the Clausius-Mosotti
equation with specific polarizabilityA ) 0.89 cm3/g (lines).

Table 2. Average Values of Correlation Radius and Respective
Values of Self-Concentration, Found from the Fits of Eq 20 to the

Dielectric Relaxation Dataa

components Rc (Å) φself Tg (K)

PI 4 0.78 210
PVE 8 0.29 273
PBO 4.3 0.51 200
PVE-89 8 0.29 269
PVME 5.4 0.57 249
PS ∼25 0.053 379
P2ClS 16 0.13 402

a Value for PS was found from best fit to the DSC data shown in Figure
1c. Last column shows theTg values of the components.

〈Tg〉 ) 〈Tg
A〉ΦA + 〈Tg

B〉ΦB (21)

〈Tg〉 )
TgATgB [TgAΦB + TgBΦA + ∆Tg (ΦB

2
φself

A - ΦA
2
φself

B )]

[TgA + ∆TgΦA(1 - φself
B )][TgB - ∆TgΦB (1 - φself

A )]
(22)
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A second issue we wish to reemphasize is the robustness of
our procedure to chosen forms for describing the composition
dependence ofTg, i.e., the Fox vs the DiMarzio forms. As we
have reported throughout, we can obtain adequate fits to
experimental data but withRc values which can be quite different
depending on which model is employed. Since no systematic
trend is found for these correlation radii, we suggest that, while
they appear to be small and independent of blend composition
and partner, their absolute numbers are too dependent on the
modeling procedure for these quantities to have any molecular
significance. Without a reliable model for the glass transition,
we are therefore forced to useRc merely as a fitting parameter
but with some relatively stringent constraints, i.e., that it be of
order the Kuhn length and be independent of the blend partner
and composition.

5. Summary and Conclusions

We have developed a theoretical model to comprehensively
understand the dynamics of miscible, weakly interacting polymer
blends. This is achieved by modeling the distribution function
of the effective concentration around a test segment in terms of
intrachain and interchain contributions. The effective blend
composition distribution for each species is transformed into
the distribution function for the glass transition temperature and
then into the distribution function for segmental relaxation times
using standard methods. The only quantity that remains unspeci-
fied in this approach is the size of the correlation volume over
which fluctuations have to be sampled, and we determine this
quantity by fitting our model to a large body of data on miscible
PI/PVE, PBO/PVE, PVME/PS, and PVME/P2ClS blends, with
the correlation radiusRc and the dielectric strength as the only
fitting parameters.

In contrast to our past work,22 which had required this
correlation volume to be a strong function of both temperature
and blend composition, we find that acomposition-independent
correlation volume is sufficient to quantitatively model experi-
mental data, independent of blend partner and with only a weak
temperature dependence. The diameter of the spherical correla-
tion volume is comparable to the Kuhn length of the chains, in
good agreement with Lodge and McLeish.21 The weak temper-
ature dependence ofRc might well be due to the assumptions
we make regarding the connection between composition and
relaxation time or could reflect weak temperature dependence
of either the Kuhn or packing lengths.

In the model introduced by Zetsche and Fischer,17 larger
correlation volumes were needed to describe the experimental
distribution width. This is because they essentially assumed
〈δφ2〉 ∝ S(0)/Rc

3, whereas we derive〈δφ
2〉 ∝ S(0)/(ê2Rc) (see

eq 14). Sinceê > Rc, our new model gives the fluctuations
needed to describe data using a considerably smaller correlation
volume. In our model, we carefully calculated a Gaussian
approximation to the concentration distribution, with the as-
sumption that local composition fluctuations dominate local
density variations (incompressible blend approximation). In
reality, density fluctuations are expected to be important, and
incorporating those effects would allow the use of somewhat
larger correlation volumes.

Our model has shown that, with a correlation volume diameter
comparable to the Kuhn length, the fluctuations of local
composition reasonably predict the width of the relaxation
spectra over broad ranges of temperature and blend composition.
Furthermore, the position of the relaxation peak is strongly
affected by the fluctuations of local composition,38 particularly
nearTg. In order to quantitatively capture all aspects of blend

dynamics, including the width and the position of the relaxation
time distributions, it is vital to include concentration fluctuations
effects.
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