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ABSTRACT: In considering the relaxation of segments in a blend whose components have reasonably
disparate glass transition temperatures, local concentration fluctuations and density fluctuations each
play a role. The result is a distribution of environments around a given segment in the blend, which
translates into a distribution of segmental relaxation times. In this work we focus on concentration
fluctuations, making use of a simple lattice model to generate a distribution of environments, which we
then translate into a dielectric relaxation spectrum. We analyze experimental data for several polyisoprene/
poly(vinylethylene) (PI/PVE) blends and show that, by accounting for the relatively strong composition
dependence of the blend glass transition temperature, it is possible to model the dielectric relaxation
spectrum by considering concentration fluctuations at the scale of the Kuhn length, which is both
composition and temperature independent.

1. Introduction

Miscible polymer blends are important in industry
because they have the potential to lead to new materials
without the expense of new synthesis. Like the metal
alloys that preceded them, polymer blends often benefit
from synergistic effects that make them more useful
than a simple linear combination of properties would
anticipate. Dynamics in miscible polymer blends are
complicated; the time-temperature superposition prin-
ciple fails in both linear viscoelasticity1,2 and dielectric
spectroscopy3-8 measurements, and the connection be-
tween these two observations is beginning to be under-
stood.9,10 Each component in the blend appears to
exhibit a distinct temperature dependence in its dynam-
ics. Models that account for this complication incorpo-
rate local composition variations, caused by either
thermally driven concentration fluctuations7 or chain
connectivity,11,12 or both.13,14 Indeed, recent computer
simulations indicate that both features are impor-
tant15,16 As a result, it is expected that there will be
different glass transition temperatures for different local
volumes of the sample.

Both explanations for local variations in composition
reflect the polymeric nature of the components. Con-
necting monomers into a chain molecule obviates the
possibility of random mixing of the monomers.17 While
mixtures of small molecules have thermally driven
concentration fluctuations, they are only important very
close to (within 1 K of) the critical temperature. In
contrast, for polymer blends the very small entropy of
mixing makes the free energy of mixing small, with a
weak temperature dependence, causing concentration
fluctuation effects to be important in these systems even
when the temperature is hundreds of degrees from
critical.18

In the model of Lodge and McLeish12 monomer
connectivity biases the local composition at the scale of
the Kuhn length, where segmental dynamics are be-

lieved to operate, while the environment surrounding
a locally connected chain is considered to have the
macroscopic blend composition. Concentration fluctua-
tion models7,13,14 treat the problem differently, linking
the scale of the local region controlling segmental
dynamics to the cooperative size associated with the
glass transition.19-21 The cooperative size grows as
temperature is lowered, becoming significantly larger
than the Kuhn length near the glass transition tem-
perature, Tg. This growing size effectively diminishes
the effects of concentration fluctuations, since large
volumes will all have essentially the bulk composition.
In contrast, experiments show that the dynamics be-
come more complex as temperature is lowered toward
Tg. This observation, coupled with the expectation that
the Kuhn length sets the natural scale for monomer
dynamics,18 leads us to build a model that accounts both
for local connectivity and for concentration fluctuations
on the scale of the Kuhn length.

In this work we propose a simple lattice model to
determine the probability distribution of effective com-
position, P(φ), surrounding a given type of monomer out
to a distance of roughly the Kuhn length of flexible chain
polymers (∼1 nm). Using experimental results for the
peak segmental relaxation time as a function of com-
position and temperature, in conjunction with the
predicted P(φ) distributions, we are able to predict the
distribution of segmental relaxation times at a given
temperature and for a given bulk composition. We then
compare our predictions with segmental relaxation
distribution results from dielectric spectroscopy of PI/
PVE blends8,22 and discuss the strengths and limitations
of our approach.

2. Lattice Model for Local Environment

Consider a blend of polyA and polyB occupying the
sites of a three-dimensional lattice. There are no vacan-
cies, and each site has z nearest neighbors. We take the
probability that any one site of the lattice will be
occupied by a segment of A to be φ, the site fraction of
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A. Since all lattice sites are filled by polymer, φ is
equivalent to the bulk volume fraction of A in the blend.
Similarly, the probability of a site being occupied by a
segment of B is 1 - φ. Note that these probabilities
reflect only the relative amounts in the bulk blend of A
and B on the lattice, and are independent of the blend
thermodynamics. In other words, we treat polyA and
polyB as being randomly mixed on this local scale. It
would be relatively straightforward to modify our
calculations so as to account both for lattice free volume
and blend thermodynamics;23 we intend to revisit these
issues in a future paper.

Suppose that a segment of polyA occupies a randomly
chosen lattice site, in what we shall call the zeroth shell.
In that case, the first coordination shell (consisting of z
lattice sites) must include at least two segments of A
due to chain connectivity; we ignore end effects through-
out. Each of the remaining (z - 2) sites in the first
coordination shell may be occupied by a segment of
polyA with probability φA or by a segment of polyB with
probability φB. In this manner we can determine the
overall probability of each of the following scenarios: All
z of the neighboring sites could be filled with A seg-
ments, or (z - 1) of the sites could be filled with A, one
site occupied by B, or (z - 2) of the sites filled with A,
two sites occupied by B, and so on, down to the last case
which is that only the two bonded sites are filled with
A and the remaining (z - 2) nonbonded sites are
occupied by B (see Appendix for additional details). We
now have a set of overall probabilities, each of which is
associated with a particular local volume fraction of A
(including the segment of A at the center). In other
words, we have generated a distribution of (very) local
environments. The situation in which a segment of B
occupies the zeroth shell site is strictly analogous. In
lattice models of this type the lattice spacing plays the
role of one of the characteristic parameters of the
component. The value of this parameter is typically
determined by fitting the theoretical equation of state
to pressure-volume-temperature data. In previous
work of this sort on hydrocarbon polymer melts24 we
find that a representative lattice spacing is about 2.5
Å. The arithmetic mean of the PI and PVE Kuhn
lengths is 11.1 Å, so the 12.5 Å span represented by
considering effects out to the second shell, which is a
breadth of five lattice sites, should allow us roughly to
capture the effects of concentration fluctuations at the
scale of the Kuhn length. The precise choice of lattice
spacing is tunable (within reason) but can only adopt a
single value for a blend.

To generate the more complicated distribution associ-
ated with the second shell, it is necessary to consider
the connectivity of the lattice. For instance, some of the
sites in the second shell are nearest-neighbor to one site
in the first shell, while others are nearest-neighbor to
two first shell sites. In the latter case we consider that
second shell site to be “controlled” by multiple first shell
sites, and because of connectivity constraints, this
influences the possible outcomes for occupancy even for
the situation considered here in which the intermolecu-
lar interactions are relatively weak (and therefore likely
do not influence nearest-neighbor occupancy). As an
example, consider the three-dimensional simple cubic
(sc) lattice, for which z ) 6. A corresponding two-
dimensional example is depicted in Figure 1. A central
segment of A will have six nearest neighbors; these
constitute the first shell, and we assign two of the six

to be filled by segments of A which are bonded to the
segment in the zeroth shell. Each of the first shell sites
therefore has an A in the zeroth shell as one of its six
neighbors. The remaining five neighbors of each first
shell site are in the second shell; one of these is along
the same axis as the zeroth shell; this site is controlled
solely by the first shell occupant. However, the remain-
ing four second shell neighbors of the first shell site have
shared access; each is, in fact, controlled by two first
shell sites. Instead of taking an unmanageable “half”
of each of the four sites to be influenced by the first shell
site, we assign two of the four sites to be completely
controlled by the first shell site. This means that each
first shell site completely controls the subsequent filling
of three of the 18 second shell sites.

For each scenario of first shell occupancy we can
therefore build up occupancy of the second shell, deter-
mining the probability of each overall composition using
both connectivity and site (volume) fractions as de-
scribed above. With respect to the former, a little more
detail is warranted. If the first shell site in question is
occupied by one of the segments of A which was
connected to the zeroth shell segment of A, then it must
have one connected A in the second shell. On the other
hand, if the first shell site is occupied by either a
segment of B or an additional (not bonded to the central)
A segment, then two of its neighboring second shell sites
must contain bonded segments of the same type. In this
way it is possible to build up two probability distribu-
tions associated with an effective local concentration of
A (or B) given either an A or a B segment at the center.
The resulting distributions will depend on the choice of
lattice and on the bulk volume fractions of polyA and
polyB but will not depend on the blend thermodynamics
or temperature. The example discussed above focused
on the simple cubic lattice, for which z ) 6. Sample
calculations are given in the Appendix.

In this paper we work with the simple cubic (sc)
lattice although several choices are possible, including
tetrahedral (z ) 4) and body-centered-cubic (bcc, z )
8). Note that, given any one of the lattices, for each
choice of segment in the zeroth shell there is a minimum
self-composition (φself) out to second shell occupancy due
to connectivity constraints. For the sc lattice this will
be φself ) 5/25 sites ) 0.2 (including the segment in the
zeroth shell), comparable to the majority of estimates

Figure 1. Illustration of the zeroth, first, and second shells
of the square lattice, filled with monomeric species; the figure
therefore does not illustrate any connectivity effects. The black
circle occupies the zeroth shell. Gray circles are in the first
shell and white circles in the second shell. Second shell sites
containing the 2′ are controlled by two of the first shell sites;
those containing the 2 are controlled by one first shell site.
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for φself quoted in Lodge and McLeish.12,25 For the
tetrahedral lattice φself ) 0.29, and for the bcc lattice
φself ) 0.14.

In this paper we choose the sc lattice in part because
it has small enough z that the expressions are not
cumbersome (see Appendix), yet z is sufficiently large
that there is a reasonable variety of different environ-
ments surrounding each monomer, thereby allowing us
to obtain a reasonable distribution of segmental relax-
ation times in each case.26 This would not be the case
for the tetrahedral lattice, for example. The bcc lattice
does provide a distribution of environments; however,
the φself value is low, and the increase in z from 6 (for
the sc lattice) to 8 leads to more cumbersome expres-
sions and to distributions which are not qualitatively
different than those generated using the sc lattice. Note
that our self-concentration (φself ) 5/25 ) 0.2 for the sc
lattice) only includes the five monomers on the chain
that are either the central monomer, directly bonded
to the central monomer in the first shell or bonded to
those first shell monomers. Therefore, it is a lower
bound on the self-concentration, since other parts of the
same chain could wind back into the 25-site volume.15

We distinguish between φself and the composition
associated with the maximum in the distribution, which
we designate as the effective composition (φeff). Note also
that for any given bulk composition there is a finite
probability that all shells will be completely filled by
segments of the central type.

In Figure 2a we show the probability distribution
going out to the second shell for the case of a segment
of type polyA at the center, with bulk probabilities φA
) 0.25, 0.50, and 0.75. Note that the respective peak
maxima are shifted to higher than bulk concentration
due to the fact that connectivity (φself) enriches the local
concentration. In Figure 2b the contributions to the
overall probability distribution from the various ways
of filling the first shell are shown for a bulk composition
of φA ) 0.70. The enrichment of A (and hence the
depletion of B) relative to the bulk probabilities is
illustrated in Figure 3. The dashed line represents the
bulk composition, the filled circles show the composition
associated with the distribution’s maximum, and the
solid line gives the average composition, which is
obtained for each value of φA (bulk), by summing the
product φA,effP(φA,eff) over the compositions in the dis-
tribution. A feature of the lattice distribution for the sc
lattice is that at low (φA < 0.2) or high (φA > 0.8) bulk
compositions the distributions become mildly bimodal,
with the appearance of a smaller, local maximum. The
open symbols give the composition associated with this
local maximum in these limits. This feature disappears
when the coordination number increases, for example,
in the case of the bcc lattice. The local enrichment in
the component occupying the zeroth shell is qualita-
tively similar to the effective composition, φeff, defined
by Lodge and McLeish, 12 φeff ) φself + φ(1 - φself).
Indeed, what is shown in Figure 3 as the average
composition (solid line) is indistinguishable from the
Lodge and McLeish mean-field result. Recall that for
the sc lattice (z ) 6) φself ) 5/25 ) 0.2. The effective local
concentration distributions (having maxima given by
the filled symbols) that we obtain are then used to
calculate the local relaxation spectrum via two possible
routes, as described in the next section.

3. Relaxation Time Distribution

For each component of an experimental blend at any
given temperature there is a unique one-to-one mapping
between local composition and relaxation time. To
generate a predicted relaxation spectrum, it is necessary
to choose an approximation for this mapping; we
describe two such approximations below.

Figure 2. Probability distributions for an A-monomer in the
zeroth shell being part of a region (through the second shell)
with effective volume fraction φ. (a) Probability for the sc
lattice (z ) 6) for three bulk blend compositions: 25% A are
filled inverted triangles (with peak at φA ) 0.36); 50% A are
open circles (with peak at φA ) 0.6); 75% A are filled triangles
(with peak at φA ) 0.84). (b) Probabilities for the sc lattice (z
) 6) filled to the second shell with bulk composition φ ) 0.7
and an A-monomer in the zeroth shell. The contributions from
four of the possible first shell contributions are shown, right
to left: All 6 A, point-down triangles; 5 A and 1 B, diamonds;
4 A and 2 B, point-up triangles; 3 A and 3 B, right-angle
triangles. The black circles show the sum using all possible
first shell contributions. Note that the highest three concen-
trations have open inverted triangles superimposed on filled
circles.
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The WLF Route. The first route involves making use
of the Williams-Landel-Ferry (WLF) equation27

where τ is the relaxation time at temperature T, and τg

is that at the glass transition temperature, Tg. C1
g is a

constant referenced to the glass transition temperature.
The Vogel temperature T∞ is where the relaxation time
(or viscosity) of the equilibrium liquid diverges. Use of
the WLF equation for a single component involves
fitting the temperature dependence of the relaxation
time in order to obtain values for the three material-
specific parameters: τg, C1

g, and T∞ ) Tg - C2
g, with Tg

as the reference temperature. For each component in a
multicomponent system, all of these parameters may
be expressed as functions of composition. However, in
practice, it is necessary that only two of them have
composition dependence, and the choice of the two is
open to question. Here we take τg and C1

g to have their
pure component values and fit for Tg and T∞. At each
bulk blend composition we take the reference temper-
ature Tg to be that at which the segmental relaxation
time of the particular component in the blend is equal
to the segmental relaxation time of the pure component
at its own glass transition temperature. T∞ is then
obtained by fitting the temperature dependence of the
segmental time associated with the peak maximum for
each blend composition. Therefore, for each blend
component we require the peak segmental relaxation
time data as a function of composition and temperature.
For PI/PVE we will use the NMR data of Chung et al.11

and the dielectric relaxation data of of Alegria et al.8

At all compositions eq 1, with τg and C1
g fixed to the

pure component values, gives a good description of the
temperature dependence of that component’s relaxation

time in the blend. In Figure 4 we show the results of
these fitting procedures for PI/PVE, using pure compo-
nent data as well as results for bulk composition PI of
25%, 50%, and 75%. Note that the fit parameters Tg and
T∞ are plotted against the effective volume fraction of
PI. The filled/open triangles represent the Tg results for
PI/PVE. The line is a second-order polynomial best fit
of the combined two-component system, given by the
DiMarzio28 form

where 0.45 was used as a fitting parameter. It is striking
that both components show the same dependence of Tg
on effective local composition, particularly since they
have significantly different τg values (see Table 1). It is
clear that the effective composition dependence of Tg is
considerably stronger than predicted by the Fox equa-
tion. Furthermore, the two points that are furthest from
eq 2 are PI in a 25% PI blend (φeff,PI ) 0.36) and PVE in
a 75% PI blend (φeff,PI ) 0.64). The former has too low a
PI composition to resolve the PI relaxation in dielectric
spectroscopy and hence relies exclusively on NMR data
at five temperatures from ref 11. The latter has too low
a PVE composition to accurately resolve the PVE
relaxation in dielectric spectroscopy. Hence, these two
points are the least precise of all the data in Figure 4.

The filled/open circles show the T∞ results for PI/PVE;
here it was not possible to capture the behavior of both
components using a single fit. In each case the data
indicate a single-exponential decay from the pure
component value, such that a saturation effect is
observed when the blend becomes “rich enough” in the
second component. The fit results are shown as dashed
lines in Figure 4, given by

Figure 3. Illustration of the local enrichment in A at the scale
of the Kuhn length due to segments connected to the A-
segment in the zeroth shell. The dashed line represents the
bulk concentration; the filled circles represent the global
maximum in the composition distribution predicted by the sc
lattice model. The open circles represent a second, local
maximum where the composition distributions become bimo-
dal. The solid line gives φA (average) predicted by the lattice
model (see text for how this is obtained).

log( τ
τg

) ) -C1
g[T - Tg

T - T∞] (1)

Figure 4. Dependence of the glass transition temperature
(triangles) and the Vogel temperature (circles) on effective
volume fraction of PI, for PI (filled symbols) and PVE (open
symbols) in their pure states and their blends, calculated from
experimental data by fitting to eq 1. The solid curve is eq 2,
and the dashed curves are eqs 3 and 4.

Table 1. Pure Component WLF Parameters29

polymer τg (s) C1
g Tg (K) T∞ (K)

PI 2.42 13.2 210.0 164.0
PVE 0.83 11.8 273.0 237.6

Tg )
φeff,PITg,PI + 0.45(1 - φeff,PI)Tg,PVE

φeff,PI + 0.45(1 - φeff,PI)
(2)

T∞ ) 237.6-81.0[1 - exp(-φeff,PI

0.287 )] (PVE) (3)
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In looking at Figure 4, we observe an interesting
limiting behavior experienced by each component’s
Vogel temperature at intermediate compositions, whereby
the effect of adding a second component saturates well
before the first component becomes dilute. This observa-
tion should be testable by acquiring data for more dilute
compositions of PI/PVE blends, which are slowly becom-
ing available.30,31

The Dynamic Scaling Route. An alternate route
to describing the temperature and composition depen-
dence of the relaxation times is afforded by the dynamic
scaling model.32-34 Like the WLF equation, this descrip-
tion predicts a divergence in the relaxation time (or
viscosity) of the equilibrium liquid upon cooling to a
temperature Tc, below Tg, as given by

This form assumes that the polymers are in the fragile
limit, wherein Tc is not far (roughly 10-20 K) below Tg,
making the temperature dependence of relaxation time
dominated by the divergence of eq 5 as opposed to the
thermally activated process of eq 23 in ref 32. For the
case of a single component, use of eq 5 to fit the
temperature dependence of the relaxation time yields
two constants: Tc, the temperature at which the relax-
ation time diverges, and τ0, the relaxation time of the
liquid at a temperature equal to 2Tc. The pure compo-
nent values of these parameters are listed in Table 2.
For a blend, the same procedure is used for each
composition, and the result is expected to be a set of
composition-dependent Tc and τ0 values. In practice, we
find that the τ0 values for the low-Tg blend component
are composition independent. For PI we therefore fix τ0
to its pure component value and utilize Tc as the sole
parameter in fitting the temperature dependence of the
PI segmental relaxation times in the blend. For the
high-Tg component, PVE, we find the following depen-
dence of τ0 on the effective local composition of PI

The remaining parameter is Tc; Figure 5 illustrates the
dependence of Tc on effective local composition for each
of the two components. As observed with Tg in Figure
4, we find the two blend components have the same
dependence of Tc on effective local composition. A fit to
this dependence yields the following relationship

shown as the solid curve in Figure 5. We note that there
is a stronger composition dependence of the Tc values
than predicted by the Fox equation.

Of the two approaches we have described, the more
commonly used method is the WLF route. On the other
hand, this method requires fitting to three equations
(eqs 2-4) compared to the two needed for dynamic
scaling (eqs 6 and 7). In particular, the observation that

one equation describes the critical temperature of both
components in the dynamic scaling route, compared
with separate equations for each blend component in
the WLF route, makes the dynamic scaling route
simpler and more robust. Furthermore, while the two
methods do lead to qualitatively similar predictions, the
dynamic scaling method is more attractive for our
purposes simply because it appears to yield a more
accurate description of the segmental relaxation time
distributions, and that is the approach we take in what
follows.

4. Results and Discussion

In section 2 we outlined how to generate the distribu-
tion of effective compositions surrounding a central
monomer on the scale of the Kuhn length, given the bulk
composition, and in section 3 we discussed two descrip-
tions of the temperature dependence of relaxation for
different local compositions. The parameters used in
these descriptions either are constants or are functions
only of effective local composition. The next step is to
combine these calculations, using the fitted dependences
on φeff,PI for purposes of interpolation, to generate a
predicted relaxation spectrum to compare with experi-
ment.

The methods described in the previous section yield
a set of values for the characteristic parameters, as-
sociated with the set of local compositions in the
distribution. At any given temperature and effective
composition of interest, application of either eqs 1-4
or eqs 5-7 will determine the relaxation time for that
composition/temperature. In this way a relaxation time
spectrum for each type of segment may be generated
for any set of experimental conditions. The lattice model
with z ) 6 has 21 effective compositions spanning the
range from φself ) 0.2 to the pure component (φeff,i ) 0.20,
0.24, 0.28, ...., 0.96, 1), and these yield the composition
distribution. Each composition in the distribution is
assumed to relax as a single exponential (Debye relax-
ation) with a relaxation time that is assigned using eqs
5-7. The dielectric loss ε′′ arising from each component

T∞ ) 164.0 + 17.7[1 - exp(-(1 - φeff,PI)
0.179 )] (PI) (4)

τ ) τ0(T - Tc

Tc
)-9

(5)

log(τ0(φeff,PI)

τ0(0) ) ) 3.275[1 - exp(-φeff,PI

0.218 )] (6)

Tc ) 264.2-67.9[1 - exp(-φeff,PI

0.397 )] (7)

Figure 5. Dependence of the critical temperature on effective
volume fraction of PI, for PI (filled symbols) and PVE (open
symbols) in their pure states and their blends, calculated from
experimental data by fitting to eq 5. The solid curve is eq 7.

Table 2. Pure Component Dynamic Scaling Parameters,
Based on Dielectric Data for PI14 and PVE8

polymer τ0 × 1012 (s) Tc (K)

PI 6.2 200.6
PVE 0.062 264.2
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is then calculated as

where ω ) 2πν is the angular frequency (in rad/s, ν is
the frequency in Hz), A is a scale factor proportional to
the polarizability of the component, φ is the bulk volume
fraction of that component in the blend, and Pi and τi
are the probabilities and relaxation times of the 21
discrete local compositions that can surround a mono-
mer of that blend component.

Figure 6a shows the segmental relaxation spectra in
the form of dielectric loss data (symbols) at 270 K for
pure PI, pure PVE, and a 50% (by volume fraction)
blend. This temperature is 3 K below the Tg for pure
PVE and 43 K above the experimental blend Tg (the
midpoint of the DSC transition). Also shown are the
dynamic scaling model predictions (thin line PVE;
dashed line PI) for the contribution from each compo-
nent in the blend as well as their summed contribution
(thick line). API ) 0.058 and APVE ) 0.080 were chosen
to make the heights of the component predictions in the
50% blend half of the pure component experimental
peak heights. Note that the small difference between
model and experiment for the peak relaxation times
reflects the errors introduced in fitting the temperature

and local composition dependences of these times in
order to determine values of the characteristic param-
eters. The predictive power of the model should there-
fore be judged by its ability to produce a relaxation
spectrum having a width and shape that agrees well
with experiment. In this context, it is useful to remem-
ber that the predicted distributions in Figure 6a reflect
only composition, and not density, fluctuations. There-
fore, we cannot use this approach to generate relaxation
distributions for the pure components.

The blend prediction in Figure 6a (thick line) is the
sum of the predictions for each of the blend components.
Those component predictions comprise 21 discrete points,
corresponding to the relaxation times assigned to the
21 discrete local compositions spanning between
φself () 0.2 for the sc lattice) and complete filling out to
the second shell of the pure component in question (the
probability of which is given by our model calculations,
see Appendix). Despite this broad range of local com-
positions, the predicted ε′′(ν) in Figure 6a is too narrow
compared with the experimental data because we have
not included density fluctuations in our predictions.
Consequently, the highest frequency in our predicted
ε′′(ν) for the blend is of order 107 Hz, the peak of the
pure PI relaxation. Density fluctuations broaden the
pure component ε′′(ν), and these effects would need to
be included in the blend predictions to obtain quantita-
tive agreement with experiment. However, overall
comparison of our model prediction with experimental
data in Figure 6a shows that we do capture the bimodal
nature of the distribution using Debye relaxations for
each composition in the distribution surrounding each
type of monomer (eq 8).

An empirical method to include the effects of density
fluctuations is to use the Havriliak-Negami function35

to fit the pure component dielectric loss and then assign
this same broadened distribution to each composition
in the distribution surrounding each type of monomer.
R and γ are parameters, ∆ε is the dielectric increment,
and τHN is the Havriliak-Negami relaxation time,
related to the time τ associated with the peak of the
relaxation distribution as36

Equation 9 was fit to the experimental data of Arbe et
al.22 for pure PI and pure PVE at 270 K, shown as the
thin solid curves in Figure 6b, and resulting in the
parameters R ) 0.603, γ ) 1.03, ∆ε ) 0.0750 for PI and
R ) 0.577, γ ) 0.595, ∆ε ) 0.133 for PVE. The dielectric
loss contributed by each component in the blend is then
calculated from the distribution of environments sur-
rounding that component’s monomers (reflected in the
Pi) as

where the ε′′HN,i are calculated from eqs 9 and 10 using

Figure 6. Frequency dependence of dielectric loss for PI
(triangles), PVE (circles), and a φPI ) 0.5 blend (diamonds,
1999 data; crosses, 1994 data) at T ) 270 K. All data are from
Arbe et al.22 Predictions from the sc lattice model using the
dynamic scaling route are shown for regions surrounding PVE
monomers (thin curve), regions surrounding PI monomers
(dashed curve), and their sum (thick curve) (a) assigning a
Debye relaxation to each environment via eq 8 and (b)
assigning a Havriliac-Negami relaxation to each environment
via eqs 9-11. Part (b) also shows Havriliac-Negami fits to
the pure component polymers as solid curves.

ε′′(ω) ) Aφ∑
i)1

21

Pi

ωτi

1 + (ωτi)
2

(8)

ε′′HN(ω)
∆ε

) [1 + 2(ωτHN)R cos(πR
2 ) + (ωτHN)2R]-γ/2

×

sin(γ tan-1[ sin (πR/2)

(ωτHN)-R + cos(πR/2)]) (9)

τHN ) τ[tan( π
2(γ + 1))]1/R

(10)

ε′′(ω) ) φ∑
i)1

21

Piε′′HN,i(ω) (11)

4924 Colby and Lipson Macromolecules, Vol. 38, No. 11, 2005



the τi values assigned to each local composition by
dynamic scaling (eqs 5-7). The resulting predictions for
the PI blend component (dashed curve), PVE blend
component (solid curve), and their sum (thick curve) are
compared with experimental data in Figure 6b. It is
clear that the width of the predicted segmental distribu-
tion is more consistent with the data when density
fluctuations are included using the empirical Havril-
iak-Negami description. The dielectric increments of
the pure components (effectively multiplied by φ ) 0.5
for each blend component via eq 11) give reasonable
predictions for the φ ) 0.5 blend in Figure 6b, although
some of the features of the dielectric loss are smeared
by the empirical broadening (compare parts a and b of
Figure 6).

Figure 7 presents results for a 75% PI/25% PVE blend
at a temperature of 223 K, which is 50 K below the Tg
of PVE and only 8 K above the DSC blend Tg. This
represents a more stringent test of our model because
the sensitivity of relaxation to composition fluctuations
is increased as the experimental temperature is lowered
toward the blend glass transition. This case is also
interesting in the sense that it has been observed by
Kant et al.29 that in order for the Lodge/McLeish model
to work as the experimental temperature approaches
the blend Tg, the effective volume relevant to the
segmental dynamic motion needs to increase. Our model
assumes a fixed effective volume that only includes
contributions through the second coordination shell, and
inspection of Figure 7 suggests that our simple model

captures the peak broadening just as effectively near
the blend Tg as it does at higher temperatures.

Figure 7a compares experimental data of Alegria et
al.8 with the blend predictions based on a Debye
relaxation for each environment using eq 8. The scale
factors (API ) 0.053 and APVE ) 0.28 in eq 8) needed in
Figure 7a differ from those used in Figure 6a. The scale
factor used for PI is likely within experimental uncer-
tainty of that used in Figure 6a (API ) 0.058); however,
the scale factor used for PVE is a factor of 3.5 larger
than that used in Figure 6a. While dielectric increments
(relaxation strengths) do change with temperature and
could change with composition, such a large change
would be surprising. On the basis of the pure component
peak height of 0.028 for PVE in Figure 6, one might
naively expect that the peak height of PVE in a 25%
PVE blend would be 0.007. The actual peak height for
PVE in the 25% PVE blend in Figure 7 is twice this
value and comparable to the PVE peak in the 50% PVE
blend of Figure 6.

Figure 7b shows the blend predictions based on the
Havriliak-Negami description of eqs 9-11. As observed
in Figure 6, the width of the predicted dielectric loss
distribution for the blend is improved by including the
empirical broadening, at the expense of losing some of
the features. Similar to the scale factors used in Figure
7a, the dielectric increments used for the blend predic-
tions in Figure 7b were adjusted to give better descrip-
tions of the experimental dielectric loss (∆ε ) 0.150 for
PI compared with ∆ε ) 0.0750 for pure PI and used for
the PI component blend prediction in Figure 6b; ∆ε )
0.372 for PVE compared with ∆ε ) 0.133 for pure PVE
and used for the PVE component blend prediction in
Figure 6b). The origins of these adjusted dielectric
increments (Figure 7b) and scale factors (Figure 7a) are
not understood; one possible explanation would be a
different microstructure of the chains used in the blend
shown in Figure 7.

In looking at Figures 4 and 5, it is apparent that the
effective composition dependences of both Tc (the diver-
gence temperature in dynamic scaling) and Tg (the
temperature at which each blend component has the
same relaxation time as the pure component at its Tg)
appear to be very similar. This impression is supported
by Figure 8, in which the composition dependences of
these two temperatures are compared directly. The solid
line associated with the Tg points is shown in Figure 4
(eq 2). In Figure 8 this line appears again, shifted down

Figure 7. Frequency dependence of dielectric loss for a φPI )
0.75 blend at T ) 223 K (open circles) from Alegria et al.8
Predictions from the sc lattice model using the dynamic scaling
route are shown for regions surrounding a PVE monomer (thin
curve), regions surrounding a PI monomer (dashed curve), and
their sum (thick curve) (a) assigning a Debye relaxation to each
environment via eq 8 and (b) assigning a Havriliac-Negami
relaxation to each environment via eqs 9-11.

Figure 8. Comparison of the effective composition dependence
of glass transition temperature (triangles) and critical tem-
perature (circles) for PI (filled symbols) and PVE (open
symbols) in their pure states and their blends. Solid curves
are eq 2, and the same equation shifted downward by 12 K.
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by 12 K, and appears to do essentially as well at
capturing the composition dependence of Tc, as it did
for Tg. If Tg - Tc is indeed constant, it suggests a
simplified route for connecting the concentration dis-
tribution to the dielectric relaxation spectrum. For each
component in the blend, consider the ratio between the
relaxation time at temperature T and that at Tg. Using
eq 5, we obtain

Recall that τg is the relaxation time of the segment at
the glass transition temperature of the pure component,
and Tg is defined as the temperature at which the
segment in the blend has a relaxation time of τg. We
refit the dielectric and NMR data using eq 12 so as to
obtain optimized values of Tg and Tc for each component.
The values for each of the two temperatures are listed
in Table 3 and compared with the values obtained
previously from applying eq 1 (for Tg) and eq 5 (for Tc).
The difference in values using the two routes is within
the experimental errors involved, being roughly (2 K.
The point we wish to emphasize with respect to Table
3 is that in column 6 the Tg - Tc difference was
determined using values of Tg obtained via the WLF
route and Tc from the dynamic scaling route. On the
other hand, the differences as summarized in column 9
were found by using eq 12 to fit for both temperatures
together. The agreement between the two methods
suggests that the fairly consistent difference between
these two temperatures is rather robust and leads us
to speculate that we might expect to observe this trend
in other miscible blends of flexible polymers.

Figures 6 and 7 provide evidence that the volume
associated with a fixed Kuhn length may be used in
modeling local compositions so as to predict the distri-
bution of segmental relaxation times, even when density
fluctuations are included in an empirical fashion. In
particular, a volume as large as the entire cooperative
region (which can be 10 times larger than the Kuhn
length near Tg) is not needed. The physics behind the
smaller effective volume is simply that cooperative
dynamic events all start at a small scale (similar to the
Kuhn length). At temperatures close to Tg, the coopera-
tive motion has a length scale of order 10 nm for fragile
glass-forming liquids, such as flexible polymers.34,37 But
the decision of whether a particular region moves or not
is made very locally.18,32 It is hence the small scales that
set the appropriate composition distribution relevant for
segmental dynamics.

Having made that point, it is also important to note
that our ability to model the composition distribution
while making use of only a single fixed length scale (i.e.,
the Kuhn length) is dependent on our use of a concen-
tration dependence for Tg (and for Tc in the dynamic

scaling model) which is much stronger than that given
by the Fox equation. While there is ample precedent for
this in the literature, we recognize that the DiMarzio
form (eq 2) should be further tested. We plan to do this
first by acquiring and analyzing data on blends which
show an even larger difference in the component glass
transition temperatures than PI and PVE. In addition,
a stringent test will be to determine whether our
composition dependence will work in the limiting region
of dilute composition. We believe that this work provides
new pathways for understanding the relaxation behav-
ior of polymer blends and hope that this will spur
additional experimental research in this area.
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Appendix
Consider a simple cubic lattice; each site has six

nearest neighbors. Suppose that the lattice is completely
filled by segments of components polyA and polyB. We
shall consider the filling out to the second-neighbor shell
of the sites which surround a central site (the “zeroth”
shell) occupied by a segment of polyA. The first shell
comprises six sites and the second shell an additional
18, for a total of 25 sites.

If we ignore end effects, then the first shell must
contain at least two A segments, these being connected
to the segment of A in the zeroth shell. There are four
sites left in the first shell to be filled. Suppose that the
probability of finding a segment of type B in any given
site which is a neighbor of a site already filled with an
A segment is given by “p” . The probability of a site next
to an A-neighbor being filled by an A segment is
therefore (1 - p). Each of the four available sites is filled
independently, and so we have the following scenarios:

The coefficients in front of the probability results reflect
the indistinguishability of the A segments and of the B
segments and are just the binomial coefficients. So, for
example, with 4 free sites available to fill with 1A and
3B’s, there are 4 places for the A and then 3 × 2 × 1

Table 3. Comparison of the Difference between Tg and Tc As Obtained Separately, Using Eqs 1 and 5 and Together
Using Eq 12

segment φbulk φeff

Tc (K)
eq 5

Tg (K)
eq 1

Tg - Tc (K)
eqs 1 and 5

Tc (K)
eq 12

Tg (K)
eq 12

Tg - Tc (K)
eq 12

PI 0.75 0.84 207.4 216.7 9.3 204.1 215.9 11.8
PVE 0.75 0.64 209.7 227.4 17.7 210.9 226.8 15.9
PI 0.50 0.60 215.0 225.4 10.4 213.5 224.4 10.9
PVE 0.50 0.40 218.8 235.0 16.2 220.0 234.6 14.6
PI 0.25 0.36 221.2 234.2 13.1 223.7 233.8 10.1
PVE 0.25 0.16 238.7 253.1 14.4 240.6 252.8 12.2
average 13.5 ( 3 12.5 ( 2

free sites
with A

free sites
with B

probability of
filling total A total B

4 0 (1 - p)4 6 0
3 1 4(1 - p)3p 5 1
2 2 6(1 - p)2p2 4 2
1 3 4(1 - p)p3 3 3
0 4 p4 2 4

τ ) τg( T - Tc

Tg - Tc
)-9

(12)
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places for the B’s; however, the A’s and B’s are indis-
tinguishable, so the total number of ways of filling the
sites is just (4!/3!1!) ) 4.

The overall distribution is generated by considering,
successively, each of the first shell scenarios in filling
the second shell and then combining the results. We
shall work through one example here:

Consider the case in which there are 4A’s and 2B’s
in the first shell. The probability of this filling is given
by 6p2(1 - p)2. There are 18 sites in the second shell.
Now, 2 of the 4 A’s in the first shell must be bonded to
the A segment in the zeroth shell. Therefore, each of
these 2 A’s in the first shell has one covalent bond to
an A in the second shell. The remaining 2 A’s in the
first shell were not connected to the A in the zeroth
shell. They cannot be bonded to each other because they,
themselves, are not nearest-neighbors. Therefore, each
of these 2 A’s must be bonded to 2 A’s in the second
shell. Therefore, there are at least 6 A segments in the
second shell, bonded to existing first shell A segments.
Similarly, there are 2 B segments in the first shell, and
each of these must be bonded to 2 B’s in the second shell.
Therefore, with no further consideration, we know that
of the 18 second shell sites there are at least 6 A
segments and 4 B segments. This leaves 8 sites left to
fill. In the model which we use here the occupancy of
lattice sites, once connectivity requirements have been
satisfied, depends only on the site fraction of each
component. However, we wish to keep the model general
enough that in the future, for strongly interacting
blends, we shall have the option of having the nearest-
neighbor occupancy depend on nearest-neighbor inter-
actions. Therefore, we frame the rest of the problem by
considering the occupancy of the remaining second shell
sites to be controlled by their first shell neighbors. We
simplify this by assigning each of the 6 first shell sites
control over 3 second shell sites.

In the first shell there are 2 A segments which each
have only 1 nonbonded second shell neighbor, and there
are 2 A segments which have 2 nonbonded second shell
neighbors. Therefore, the filling of 6 sites in the second
shell is controlled by first shell A segments. Here are
the possible filling scenarios, with the associated
weighted probabilities (using the binomial coefficients):

Filling of the two remaining sites in the second shell is
controlled by first shell B segments. Once again, to
obtain the most general results, consider the probability
of a site next to a B segment to be filled by an A segment
to be given by “q”; the probability of that site being filled
by a B segment is therefore (1 - q). Thus, for the 2 sites
controlled by B segments in the first shell, the weighted
filling probabilities are

To generate the whole range of possible fillings of the
25 sites for the particular case of the first shell having
4A and 2B segments, it remains to multiply together

the probability of finding the first shell with the 4A/2B
filling times the probabilities associated with the various
filling scenarios for the 8 nonbonded second shell sites.
The following set of possibilities are the result, with the
total number of A/B segments (zeroth, first, and second
shells) given on the left:

Sets of probabilities analogous to the above but with
differing numbers of A segments and B segments
(ranging from 25A/0B to 5A/20B) are generated, corre-
sponding to each of the first shell scenarios. Then, all
the terms associated with a given composition are
summed, and the result is a complete set of probabilities
for each possible filling of the sites, in terms of p, (1 -
p), q, and (1 - q).

In this paper we considered the simple random-
mixing case, in which the probability of finding a
segment of type A in any site is simply φA, the bulk site
fraction of A on the lattice. So, for example, suppose φA
) 0.7. Then, φA ) (1 - p) ) 0.7, p ) 0.3, q ) 0.7, and (1
- q) ) 0.3. Note that in this case φA ) (1 - p) ) q and
1 - φA ) (1 - q) ) p. The probability distribution above
is plotted for φA ) 0.7 ) (1 - p) ) q as the point up
triangles in Figure 2b.
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