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ABSTRACT: 2H NMR relaxation time measurements have been used to investigate the segmental
dynamics of polystyrene chains in six miscible polymer blends in the limit of low polystyrene concentration.
These data are combined with previously reported results for the segmental dynamics of dilute polystyrene
chains in four solvents. Polystyrene dynamics in these 10 hosts are strongly correlated with the glass
transition temperature Tg of the host, but the dilute chain dynamics are not slaved to the host matrix
dynamics. The Lodge-McLeish model, using a single value for the self-concentration φself ) 0.35,
reasonably describes polystyrene segmental dynamics in all 10 hosts and also describes previously reported
dynamics of dilute polyisoprene chains in four miscible blends. The dilute polystyrene segmental dynamics
can be more accurately described if φself is allowed to depend on blending partner, with the resulting
variation of φself from 0.14 to 0.48.

Introduction

Two decades of experimental work has shown that
the properties of miscible polymer blends are more
complex than those of undiluted homopolymers. For
example, in contrast to homopolymer melts,1-3 time-
temperature superposition often fails dramatically when
applied to the rheology of polymer blends,4-8 and very
broad blend glass transitions are typically observed.5,6,9

It is generally accepted that these macroscopic observa-
tions are a result of distinct dynamics in miscible
polymer blends.10-12 Even though these blends are well-
mixed on a molecular level, the dynamics of the indi-
vidual components are not equal to each other and have
their own temperature dependences.

To predict the macroscopic properties of polymer
mixtures, an understanding of both the segmental and
terminal dynamics of each component in the material
is essential. Experimental4-33 and simulation34-37 work
on miscible blends have led to the development of
models that attempt to predict component dy-
namics.33,38-46 Several of these models attempt to
explain distinct component dynamics by considering the
average composition around the segments of a given
type of polymer. In this approach, if segments of polymer
A are generally found in environments that are richer
in A than the overall composition, then the dynamics
of polymer A will be biased toward those of pure A. Two
major mechanisms have been considered to be the
source of this locally biased concentration. Self-concen-
tration describes the effect that intramolecular con-
nectivity has the local concentration; an A segment in
the middle of a chain is guaranteed to have A segments
attached to it on either side.12,38-41 In addition, when
the interaction parameter ø is greater than zero, the
average local concentration of polymer A may be en-
hanced due to intermolecular composition fluctua-
tions.38,40,45 The extent to which average relaxation

times are influenced by these two effects depends largely
on the size of the local volume that controls the
dynamics. If the relevant local volume is small, the self-
concentration effect would be expected to be dominant.

Among the various models that attempt to predict
distinct component dynamics, the Lodge-McLeish
model41 has received considerable attention re-
cently.18,20-23,29,47 In this approach only the self-concen-
tration is considered, and the relevant local volume is
assumed to be the Kuhn length at all temperatures and
compositions; the self-concentration φself is calculated
from the Kuhn length. When combined with the Fox
equation, this model predicts the dynamics of the two
components in a blend based only upon pure homopoly-
mer properties. The predictions generated in this man-
ner generally capture the qualitative trends of the
experimental data but often are not quantitatively
accurate.21 As a result, φself has been used as a fitting
parameter to describe a particular component with a
particular blending partner. If the fitted φself values were
found to strongly depend on many variables (tempera-
ture, composition, blending partner), that would likely
mean that this approach is fundamentally incorrect (and
not very useful practically). While a constant value of
φself can describe many experimental data sets in which
temperature48-50 and composition are varied,21 we have
reported that the fitted value of φself can vary signifi-
cantly with blending partner.29

In this paper, we examine critically the dependence
of φself upon blending partner by comparing the dynam-
ics of dilute polystyrene chains in 10 different blending
partners. We have utilized dilute miscible blends13,28,29,51

for two reasons. First, since a dilute chain is completely
surrounded by chains of matrix polymer, these experi-
ments maximize the influence of the blending partner
on the dilute chain’s dynamics. Second, in any given
blend, the one phase region exists over a wider range
of temperature at the edges of the phase diagram than
in the middle. Thus, a larger range of blending partners
can be explored in the one phase region if dilute blends
are utilized.

The dilute species used in these experiments is
backbone deuterated polystyrene. Deuterium NMR
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techniques are well-developed and sensitive,52,53 allow-
ing the dynamics of dilute chains to be examined at
concentrations as low as 0.5%.28 We have studied the
segmental dynamics of low molecular weight d3-poly-
styrene (1670 g/mol) in host matrices of polybutadiene,
polyisoprene, poly(vinylethylene), poly(vinyl methyl
ether), poly(methyl methacrylate), and higher molecular
weight polystyrene. We compare these results with
previously published results on the segmental dynamics
of 10% d3-polystyrene (56 000 g/mol) in four solvents:
toluene, cis-decalin, dioctyl phthalate, and dibutyl ph-
thalate.54

The observed dynamics of polystyrene are well de-
scribed by the Lodge-McLeish model with a single
value of φself for a given host matrix; however, φself varies
depending upon the identity of the host. We argue that
a more insightful way to discuss these results is to
compare the temperature shift of the dilute chain
dynamics to the glass transition temperature of the host
polymer or solvent. In this format, a single value of φself
(0.35) reasonably describes the experimental data in all
10 hosts. We further show that this conclusion also
extends to previously reported results for dilute poly-
isoprene chains. For these two systems (polyisoprene
and polystyrene), we conclude that the Lodge-McLeish
model provides useful predictions for segmental dynam-
ics with a φself value that is independent of temperature,
blending partner, and composition.

Experimental Methods
Materials. Backbone deuterium-enriched polystyrene (d3-

PS), Mn ) 1670 g/mol, was purchased from Polymer Source,
Inc., as were polyisoprene (PI), 1,4-polybutadiene (PB), poly-
(vinylethylene) (PVE), poly(methyl methacrylate) (PMMA),
and polystyrene (PS15). Poly(vinyl methyl ether) (PVME) was
obtained from Scientific Polymer Products, Inc. Characteriza-
tion information for these polymers is given in Table 1.

Blend Preparation. Two-component dilute d3PS miscible
blends were prepared either by freeze-drying or by solvent-
casting. d3PS blends with PS15 and PMMA were prepared via
freeze-drying from benzene solution, dilute blends with PI, PB,
and PVE were solvent cast from dilute benzene solution, and
PVME blends were solvent cast from tetrahydrofuran (THF).

The freeze-drying preparation technique employed here was
previously described in detail.28 For blends prepared via
solvent casting, ∼500 mg of total polymer was dissolved in 50
mL of either benzene or THF. This solution was placed on a
glass surface, and solvent was removed under vacuum at room
temperature for 48 h, after which the samples were heated at
343 K for 24 h. A final heat treatment under vacuum at 400
K for a minimum of 2 h was used to ensure complete removal
of solvent. The resulting polymer blend film was ∼1 mm thick.
For blends with PI, PVE, and PB hosts, the samples were fluid
and flowed easily at 300-340 K. These samples were trans-
ferred to NMR tubes via a pipet. The sample was then heated
to allow the blend to flow to the bottom of the NMR tube and
sealed under vacuum.

The d3PS/PVME blends were extremely viscous and difficult
to manipulate at room temperature. Furthermore, these dilute
blends did not flow upon heating in the NMR tube. Because
of these issues, a different method of transfer from the thin
film to the NMR tube was used for d3PS/PVME blends. These
samples were cooled well into the glassy state by submersion
in liquid nitrogen. Keeping the sample immersed in liquid
nitrogen, the vial containing the blend was broken and the
blend was carefully separated from the broken vial. Maintain-
ing the glassy state, small pieces of the blend were transferred
to an NMR tube. A homemade plunger was used to condense
the polymer pieces as much as possible while the sample was
allowed to warm to room temperature. The d3PS/PVME blend
was then placed under vacuum for 24 h, followed by heating
to ∼400 K for 10 min. After the sample cooled, the NMR tube
was sealed under vacuum.

To ensure that these methods removed all solvent from the
blends, two tests were performed. The thin film samples were
heated under vacuum at high temperature until sample weight
remained constant. This was taken as evidence that all solvent
had been removed. A second, more rigorous test was performed
on pure d3PS. This sample was prepared via both freeze-drying
and solvent casting from benzene solution as described above.
The NMR measurements and DSC Tg values of pure d3PS
prepared via both methods were identical. Further, high
molecular weight polystyrene yielded Tg values equal to 100
°C with both preparation methods, which is in agreement with
the expectation that no solvent is present.

All d3PS/host blends were studied at a composition of 2 wt
% d3PS. For some blends, additional samples containing 0.5
and 10 wt % d3PS were prepared and characterized to check
that the dilute regime had been reached.

Tg and Miscibility. Differential scanning calorimetry ther-
mograms were obtained using a Netzsch 200 DSC calibrated
to a heating rate of 10 K/min using melting point standards.
Tg was determined from four successive heating and cooling
cycles at a rate of 10 K/min over temperatures ranging from
Tg - 50 K to Tg + 50 K. The first heating cycle was used to
erase thermal history while the final three traces, obtained
immediately after cooling, were averaged to determine the
homopolymer Tg values given in Table 1. Successive scans gave
Tg values that agree to within 1 K.

For polymers with molecular weights similar to those used
here, previous work has shown blends of PS with PB,55 PVE,55

PI,56,57 PVME,58,59 and PMMA60 to be miscible over the
composition and temperature range relevant for this study.
Optical clarity was taken as further evidence of blend miscibil-
ity. In d3PS blends with PB, PVE, and PMMA no cloud point
was observed. Cloud points were observed in 2% d3PS blends
with PI upon cooling (∼280 K) and for blends with PVME upon
heating(∼500 K). All observed cloud points are outside the
temperature range of this study.

NMR Measurements. 2H spin-lattice relaxation (T1)
measurements were performed using the standard inversion
recovery (π-τ-π/2) pulse sequence. T1 is the time required
for the magnetization to return to its equilibrium state after
an initial inversion. A three-parameter fit was used to
determine T1 using the peak area, after the data had been
processed with line broadening equal to one-tenth the line
width of the spectrum. On the basis of a minimum of three
trials at each temperature, the uncertainty in T1 is (6%.

2H NMR measurements were performed at two frequencies
using two different NMR spectrometers: Varian Inova-500
NMR spectrometer (76.7 MHz) and Bruker DMX-300 (15.2
MHz). On both spectrometers, temperature was controlled to
(0.5 K and calibrated within (2 K using an ethylene glycol
thermometer and melting point standards. The low-temper-
ature limit of the measurements was dictated by adequate 2H
signal intensity and line width. (Representative spectra are
available as Supporting Information.) The high-temperature
limit was either set by NMR spectrometer temperature limits
or set to prevent PI degradation in the case of d3PS/PI blends.
After exposure to high temperature, T1 was reacquired at lower
temperatures as a test of sample degradation. In all cases, the

Table 1. Characterization of Homopolymers

polymer
Mn

(g/mol) Mw/Mn

Tg
(K)

% d3PS
in blend

d3-polystyrene (d3PS) 1670 1.06 331
poly(vinyl methyl ether) 46500 1.95 250 0.5, 2, 10
poly(vinyl ethylene)a 2500 1.04 248 2
polyisopreneb 3000 1.08 204 2
1,4-polybutadienec 2300 1.05 177 2
h-polystyrene (PS15) 14800 1.03 369 2
poly(methyl methacrylate) 2200 1.14 336 2

a 89% 1,2-polybutadiene. b 81% cis-1,4, 14% trans-1,4, 5% 3,4.
c 90% 1,4-polybutadiene.
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T1 measurements after exposure to high temperatures agreed
with earlier measurements to within experimental error.

Data Interpretation

NMR Relaxation Equations. T1 relaxation of 2H
nuclear spins is dominated by electric quadrupole
coupling and is directly related to reorientation of C-D
bonds. The connection between C-D reorientation and
the NMR observable T1 is described below.

The spin-lattice relaxation time T1 of deuterium can
be written as

Here ω/2π is the Larmor frequency. The quadrupole
coupling constant e2qQ/h was taken as 172 kHz from
literature values for d3PS backbone deuterons.61-64 In
eq 1, J(ω) is the spectral density function and is the
Fourier transform of the orientation autocorrelation
function G(t) for the C-D bond:

The autocorrelation function, G(t), can be written as

where θ(t) is the angle of the C-D bond relative to its
orientation at time t ) 0.

Correlation Function and Correlation Times.
We use a modified Kohlrausch-Williams-Watts
(mKWW) function for the orientation autocorrelation
function

This function indicates that C-D vector reorientation
occurs via two mechanisms: librational and segmental
motions. In this equation, alib and τlib are the amplitude
and relaxation time for librational motion; τlib is set to
1 ps in our fitting analysis as the fit is insensitive to
this value. The remaining two parameters in the equa-
tion, τseg and â, describe the characteristic segmental
relaxation time as well as the distribution associated
with it. Additionally, we assume τseg follows a Vogel-
Tammann-Fulcher (VTF) temperature dependence
(equivalent to WLF equation):65,66

where τ∞, B, and T0 are constants for a given component
in a particular blend. The correlation time for segmental
dynamics τseg,c is the time integral of the segmental
portion of the correlation function:

Equations 4-6 have previously been shown to give

excellent agreement with experimental data67,68 and
molecular simulations.64

Results

Pure d3PS Dynamics. NMR T1 measurements were
performed on the backbone deuterons of pure d3PS over
a broad temperature range and at two magnetic fields
(2H Larmor frequencies of 15 and 76 MHz). These
results for pure d3PS are presented in Figure 1. The best
fit of the T1 data with eqs 1-5 are shown as solid lines,
and the fit parameters are given in Table 2. Since B
and T0 are strongly correlated over the temperature
range of this study, the fit to pure d3PS T1 data was
constrained such that τseg,c ) 10 s at the measured DSC
Tg (331.4 K). With this constraint, the best fit to the
pure d3PS data was achieved with B ) 454 K, and this
fit is shown in Figure 1. The fit quality is indistinguish-
able from the best fit without any constraint (not
shown).

The segmental correlation times for pure d3PS (cal-
culated using the parameters in Table 2 and eq 6) are
shown in Figure 2 as the thick solid line. Representative
error bars are also shown and were determined from
the range of fits (including variations in B) that suc-
cessfully described the measured T1 values within
experimental errors.

Dynamics of Dilute d3PS in PVME. We have
utilized blends containing 2% d3PS and we argue here
that these results fairly represent the limit of infinite
dilution where the polystyrene dynamics are indepen-
dent of composition. One way to define a dilute solution
is by the overlap volume fraction φ* ) Nν0/[(4π/3)Rg

3],

1
T1

) 3
10

π2(e2qQ
h )2

[J(ω) + 4J(2ω)] (1)

J(ω) ) 1
2∫-∞

∞
G(t)e-iωt dt (2)

G(t) ) 3
2

〈cos2 θ(t)〉 - 1
2

(3)

G(t) ) alibe
-t/τlib + (1 - alib)e

-(t/τseg)â
(4)

log(τseg

τ∞
) ) B

T - T0
(5)

τseg,c )
τseg

â
Γ(1â) (6)

Figure 1. 2H T1 values for pure d3PS obtained at 15 and 76
MHz. Solid lines show the fit obtained by simultaneously
fitting all the data to eqs 1-5. Fit parameters are given in
Table 2.

Table 2. Fit Parametersa for d3PS Segmental Dynamics
in the Melt, Blends, and Solutions

blend Ba (K) T0 (K) alib τ∞ (ps) â

pure d3PS 454 295 0.15 1.6 0.47
0.5% d3PS/PVME 454 252 0.12 1.4 0.49
2% d3PS/PVME 454 252 0.12 1.5 0.49
10% d3PS/PVME 454 255 0.15 1.5 0.49
2% d3PS/PVE 454 233 0.17 1.4 0.51
2% d3PS/PI 454 205 0.06 1.5 0.46
2% d3PS/PB 454 185 0.09 1.9 0.49
2% d3PS/hPS 454 324 0.31 1.7 0.47
2% d3PS/PMMA 454 322 0.20 1.3 0.43
10% d3PS56/DOP 454 205 0.22 3.5 0.65
10% d3PS56/DBP 454 195 0.11 2.3 0.58
10% d3PS56/decalin 454 166 0.13 2.5 0.58
10% d3PS56/toluene 454 105 0.03 2.2 0.54

a B constrained to 454 K for all fits except pure d3PS.
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where N is the degree of polymerization and ν0 is the
monomer volume. The overlap volume fraction of the
d3PS used here is φ* ≈ 0.4, which indicates negligible
chain overlap in the 2% blends. Further evidence
supporting the infinite dilution interpretation comes
from comparing 2H NMR T1 values for 0.5, 2, and 10%
d3PS in PVME, as shown in Figure 3. The T1 values for
d3PS in these three blends are similar, while they are
substantially different from the T1 values for pure d3-
PS. A small change in d3PS T1 values is observed as
the d3PS concentration increases from 2% to 10%; this
is expected when high-Tg chains are added to a low-Tg
matrix. The very small changes in T1 values of d3PS
between 0.5% and 2% d3PS support our interpretation
of 2% blends as being in the infinite dilution limit.

Comparing the segmental correlation times (τseg,c) of
d3PS in 0.5, 2, and 10% blends with PVME provides a
more rigorous test for the dilute limit. Before this
comparison can be made, we will describe how τseg,c is

determined from the NMR T1 data for all the dilute d3-
PS blends. The NMR T1 data at both Larmor frequen-
cies for a given blend was fit simultaneously using eqs
1-5 with the constraint that B ) 454 K. It is important
to note that the constraint on B does not impact the
segmental correlation times reported here; all B and T0
combinations that successfully fit the T1 data produce
correlation times consistent to those reported to within
the error bars provided. The best fits to the T1 values
of d3PS in PVME are presented as solid lines in Figure
3. The fit parameters are given in Table 2, and the
correlation times for 2% d3PS/PVME are presented in
Figure 2.

The segmental correlation times of d3PS in 0.5, 2, and
10% d3PS/PVME blends are identical within experi-
mental error, supporting the interpretation of 2% blends
as representing the dilute limit. While pure d3PS is
more than 1 decade slower than d3PS in a 2% d3PS/
PVME blend, the best fit τseg,c values for d3PS in 0.5
and 2% d3PS/PVME blends are within 0.03 decades, and
the dynamics for 10% d3PS in PVME are at most 0.15
decades slower than 2% d3PS in PVME.

The fit quality presented in Figure 3 is reasonable
although the fits are not perfect at high temperature.
The data were fit under a variety of constraints that
produced fits of comparable quality (for example, in
some of these fits the high-temperature data were well
described while deviations were seen at lower temper-
atures). On the basis of these fits, we are confident that
the reported segmental correlation times of d3PS in
PVME presented in Figure 2 are accurate to within the
reported error bars.

Dynamics of Dilute d3PS in Other Low-Tg Hosts.
The T1 values for 2% d3PS blended with PB, PI, and
PVE are presented in Figure 4. The T1 data were fit as
described above, and the best fits are shown as solid
lines in Figure 4. The fit parameters are listed in Table
2, and corresponding segmental correlation times are
plotted in Figure 2. The fit quality for the T1 data set of
each of these blends is excellent.

Dynamics of Dilute d3PS in High-Tg Hosts. The
2H NMR T1 results for 2% d3PS/PS15 and 2% d3PS/
PMMA are given in Figure 5 along with best fits to the
data. Fit parameters can be found in Table 2, and the
corresponding correlation times for d3PS in PS15 and
PVME are given in Figure 2.

Dynamics of Dilute d3PS in Solution. Previous
work investigated the dynamics of 10% solutions of

Figure 2. Segmental correlation times for miscible blend
components. The segmental dynamics of dilute polymer chains
are distinct from the dynamics of the host chains. The black
solid line is the correlation time curve for pure d3PS calculated
using the fit parameters in Table 2. The symbols are the
correlation times for 2% d3PS in the blends. Solid lines show
the segmental dynamics of pure host polymers. Representative
error bars are shown.

Figure 3. 2H T1 values for d3PS in blends with PVME at d3-
PS at 15 and 76 MHz (lower and upper curves, respectively).
Segmental dynamics at and below 10% d3PS are nearly
composition independent. Solid lines show the fits obtained
for each composition by simultaneously fitting data from both
fields. Fit parameters are given in Table 2. For comparison,
the bold line shows the T1 values for the pure d3PS homopoly-
mer (from Figure 1).

Figure 4. 2H T1 values for d3PS in 2% blends with PB, PI,
and PVE at 15 and 76 MHz (lower and upper curves,
respectively). Solid lines show the fit obtained for each blend
by simultaneously fitting data from both fields. Fit parameters
are given in Table 2.
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polystyrene in toluene, cis-decalin, dioctyl phthalate
(DOP), and dibutyl phthalate (DBP).54 2H NMR T1
values were reported for a 56 kg/mol backbone 2H-
labeled polystyrene (d3PS56) in the four solvent hosts.
Since ref 54 predates the development of our current
fitting approach, we have refit these data to obtain
segmental correlation times. The 10% d3PS56 solution
T1 values from ref 54 are reproduced in Figure 6. The
best fit to each data set is presented as a solid line, and
the resulting fit parameters can be found in Table 2.
The corresponding τseg,c values are shown in Figure 7.
Note that we report τseg,c here while τc is given in ref 54
(over a narrower temperature range). The τc values from
the fits of eqs 1-5 and the τc values previously reported
agree to within 0.04 decades (comparison not shown).

The low molecular weight d3PS used in the present
work has a glass transition temperature that is 40 K
lower than the d3PS56 used in ref 54. Because ho-
mopolymer d3PS56 T1 data have not been reported, the
τseg,c values for pure d3PS56 in Figure 7 are estimated
on the basis of τseg,c values of the d3PS used in this study.
It has been shown that pure polystyrenes of different
molecular weights have very similar segmental correla-
tion times when compared at the same T - Tg.64,69 Thus,
τseg,c for d3PS56 is taken to be equal to the τseg,c values
of d3PS determined here, shifted by 40 K (∆Tg of d3-
PS56 and d3PS). All subsequent analysis of d3PS56/
solution studies is performed using this estimate for
pure d3PS56 segmental correlation times.

Data Superposition. A model-independent analysis
of the effect of blending on segmental dynamics can be
made by directly superposing the blend and solution
data onto the data for pure d3PS. A master superposi-
tion plot of d3PS T1 values in all blends and solutions
is given in Figure 8. Both temperature shifts (equal to
∆T0 ( 3 K) and small vertical shifts (<0.08 in log T1)
were employed to yield the master curve. The resulting
superposition is excellent. This means that, to a good
approximation, the segmental dynamics of d3PS in all
blends and solutions are the same as the dynamics of
pure d3PS with a shift in temperature. This point will
be discussed further below.

Discussion

We begin by commenting upon the general trends for
dilute polystyrene segmental dynamics in polymer and
solvent hosts, as shown in Figures 2 and 7. Qualita-
tively, the data are consistent with the idea that the
glass transition temperatures (Tg) of the matrix controls
the segmental dynamics. (See Table 1 and endnote70 for
Tg values.) When the host is a polymer of slower
segmental dynamics [Tg(host) > Tg(d3PS)], the d3PS
chains slow upon blending, as expected. When the host
is a polymer of faster segmental dynamics or a solvent
[Tg(host) < Tg(d3PS)], the dilute d3PS chains relax faster
than in pure d3PS. If all the segmental dynamics data
in all the hosts is ordered, from fastest to slowest, this
order coincides with an ordered list of host Tg values.

It is useful to compare the dynamics of the dilute d3-
PS chains to the dynamics of the host chains. The
segmental dynamics of each host (as a pure homopoly-
mer) are presented in Figure 2. Correlation times for
the host polymer in the blend (98% host) should be very
similar to those in the host homopolymer (100% host).
The melt segmental dynamics are reproduced from
literature values for PB,22 PI,29 PVE,22 and PVME29 with
small temperature shifts to account for Tg differences.71

Pure PMMA segmental correlation times are absent
from Figure 2 because literature values determined via
13C or 2H NMR T1 measurements could not be found.

Figure 2 shows clearly that the segmental dynamics
of d3PS in a dilute blend are distinct from the dynamics
of its host for all blends studied. At any given temper-
ature, the value of τseg,c of dilute d3PS is different from
that of its host, often separated by a factor of 10 or
greater. Furthermore, the temperature dependence of
τseg,c for the dilute d3PS chains is likely different than

Figure 5. 2H T1 values for d3PS in 2% blends with PMMA
and PS15 at 15 and 76 MHz (lower and upper curves,
respectively). Solid lines show the fit obtained for each blend
by simultaneously fitting data from both fields. Fit parameters
are given in Table 2.

Figure 6. 2H T1 values for 10% d3PS56 solutions in toluene,
cis-decalin, dioctyl phthalate, and dibutyl phthalate at 15 and
76 MHz (lower and upper curves, respectively). The T1 data
are reproduced from ref 54. Solid lines show the fit obtained
for each solution by simultaneously fitting data from both
fields. Fit parameters are given in Table 2.

Figure 7. Segmental correlation times for pure d3PS56 and
for 10% d3PS56 solutions in toluene, cis-decalin, dioctyl
phthalate, and dibutyl phthalate. Curves and points were
calculated using the fit parameters in Table 2.
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that of its host, although given the error bars on the
data we cannot make a definitive statement about this.

Lodge-McLeish Model. We next ask if the Lodge-
McLeish (LM) model41 is consistent with the measured
segmental dynamics of dilute d3PS in blends and
solutions. The LM model assumes that the chemical
composition of the region within one Kuhn length (lK)
of a given polymer segment determines the mobility of
that segment. This local concentration (φeff) is calculated
by considering the bulk concentration (φ) and the self-
concentration (φself):

LM estimates the self-concentration φself as

Here C∞ is the characteristic ratio, M0 is the repeat unit
molar mass, k is the number of backbone bonds per
repeat unit, F is the density, Nav is Avogadro’s number,
and V ) lK

3.
In this model, polymer segments of a given type have

an effective glass transition temperature that is differ-
ent from the macroscopic blend Tg because φeff differs
from φ. In our implementation of the LM model,18 we
have used the Fox equation to calculate the effective
Tg:

We predict segmental dynamics in the blend by cor-
relating changes in Tg,eff with changes in T0

while assuming that the remaining VTF parameters (B,
τ∞) do not change with blending. One would anticipate

that B for a homopolymer melt should depend on both
intramolecular and intermolecular interactions. Thus,
the assumption that B does not change upon blending
is not necessarily correct and is particularly question-
able in the dilute limit. Nevertheless, the data super-
position presented in Figure 8 is reasonably consistent
with this assumption; perfect superposition would imply
that B is exactly independent of the environment of the
d3PS chains in the temperature range of our measure-
ments.

Fits to the Lodge-McLeish Model. Figure 9 shows
that all d3PS segmental correlation times in dilute
polymer blends and solutions can be well fit with the
Lodge-McLeish model. The blue points in Figure 9 are
the segmental correlation times of 2% d3PS in polymer
hosts, while the red points represent 10% d3PS solu-
tions. The dashed lines are the LM fits with φself as the
single fitting parameter for each mixture; fit values are
given in Table 3. Table 3 shows that the fitted values
of φself depend on blending partner for d3PS dynamics
in polymer and solvent hosts.

Equation 8 predicts φself to be 0.27 for d3PS, using C∞
and F for bulk polystyrene at 410 K. C∞ and lK for
polystyrene could potentially change with blending
partner, but the changes in φself would be expected to
be small.29,72,73 Similarly, changes in F with temperature
would have only a small influence on the prediction of
eq 8, changing φself by at most 0.03. We therefore
interpret the range of φself required to describe the
experimental data as indicating a failure of eq 8. Lodge
and McLeish recognized that eq 8 might need to be
modified for specific polymers. Our finding extends
beyond this suggestion and shows that φself must depend
on blending partner in order to obtain quantitative fits
to the data.

For the d3PS/PMMA blend, we cannot determine a
physically meaningful φself value. The Tg values of the
PMMA and d3PS homopolymers used are nearly identi-
cal, and consequently the LM model predicts the τseg,c
values of d3PS in PMMA will be essentially identical to

Figure 8. Superposition of the T1 data for all d3PS blends and solutions presented in Figures 1, 3, 4, 5, and 6. For each sample,
a single horizontal and vertical shift suffices to simultaneously superpose the data at 15 and 76 MHz with the T1 data for pure
d3PS.

φeff ) φself + (1 - φself)φ (7)

φself )
C∞M0

kFNAVV
(8)

1
Tg(φeff)

)
φeff

Tg,A
+

1 - φeff

Tg,B
(9)

T0,i(φ) ) T0,i + [Tg,i(φ) - Tg,i] (10)
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pure d3PS for any value of φself. In contrast, we observe
that the segmental dynamics of d3PS in PMMA are
about 3 times slower than pure d3PS dynamics. For
PMMA, there are a number of observations in the
literature that indicate that homopolymer melt dynam-
ics may be different than those of other vinyl polymers
at the same T - Tg.30,74,75

To our knowledge, the Lodge-McLeish model has not
been used quantitatively to describe polymer segmental
dynamics in solution prior to this study. In work
reported recently, Savin et al. presented DSC data from
polymer solutions and argued that the results were
qualitatively consistent with self-concentration and the
LM model.76 In particular, two Tg’s were observed at
intermediate compositions for one-phase polymer solu-
tions. The work presented here indicates that the LM
model can describe dilute d3PS segmental dynamics in
solvent hosts as well as it describes dynamics in polymer
hosts. In a future publication, we will report on further
tests of the reliability of the LM model for polymer/
solvent mixtures.77

Utility of the Lodge-McLeish Model. Given that
φself for d3PS varies significantly with blending partner,
one might conclude that the LM model is fundamentally
unsound and practically useless. Here we argue other-
wise. Our perspective is that the LM model is certainly
capturing only one aspect of the change in dynamics
associated with mixing (that part associated with ∆Tg).
When ∆Tg is large, this part of the problem is usually
dominant, and the LM model should describe the data
to a reasonable approximation if the model is correct.
When ∆Tg is small, it is likely that other factors related
to the detailed molecular structure will play an impor-
tant role. In the latter case (such as d3PS in PMMA),
the φself value that results from fitting data may be
meaningless. Thus, we have created an alternative
format for considering the experimental results that
includes ∆Tg as a critical variable.

In Figure 10 we show a comparison of the segmental
dynamics of polystyrene in the dilute regime in 10
different hosts (including PMMA). The abscissa shows
the difference in Tg values between the polystyrene
homopolymer and the host (polymer or solvent). Moving
to the right indicates slower matrix dynamics. The
ordinate shows ∆Tg,eff, which is the change in dynamics
(expressed as a temperature shift) for a polystyrene
chain that is taken out of its pure melt and put into a
host matrix as a dilute chain. Moving up indicates
slower dilute chain dynamics. Also plotted in Figure 10
are four points that describe the dynamics of dilute
polyisoprene chains as reported in ref 29. The general
trend shown in Figure 10 is completely expected in that
dilute chains move more slowly in matrices with higher
glass transition temperatures. For comparison, we note
that dilute chain dynamics that are completely coupled
to the dynamics of the host would be represented by the

Figure 9. Lodge-McLeish fits to dilute d3PS segmental dynamics. Dashed lines are the LM fit to 2% d3PS dynamics in polymer
hosts (blue points) and 10% d3PS56 dynamics in solvents (red points). Fit values of φself can be found in Table 3.

Table 3. Self-Concentration from Lodge-McLeish Fit

blend or solution φself ((0.05)

2% d3PS/PVME 0.46
2% d3PS/PVE 0.21
2% d3PS/PI 0.37
2% d3PS/PB 0.44
2% d3PS/hPS 0.14
2% d3PS/PMMA
10% d3PS56/DOPa 0.45
10% d3PS56/DBPa 0.38
10% d3PS56/decalina 0.48
10% d3PS56/toluenea 0.19

a Data reported in ref 54.
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line of slope ) 1 (φself ) 0) in Figure 10. Dynamics that
are completely independent of environment would be
represented by the line of slope ) 0 (φself ) 1). The LM
model with φself ) 0.35 produces the solid lines in the
figure.

Figure 10 shows that the LM model with a single
value of φself makes useful predictions for the segmental
dynamics of a large number of systems involving
polystyrene or polyisoprene as dilute chains. In light of
the huge temperature shifts that are observed in the
systems studied (more than 200 K), a single value of
φself ) 0.35 produces results that are remarkably
consistent with experimental data; the root-mean-
square deviation is about 10 K, and no system (out of
14) differs from the predicted value of Tg,eff by more than
20 K. The discrepancy between any given point and the
solid curve is the result of φself values for that particular
system being different than 0.35 (see Table 3).

We interpret Figure 10 as indicating that self-
concentration plays a dominant role in determining
segmental dynamics in dilute blends and that the LM
model is a reasonable description of the experimental
data for dilute polyisoprene and polystyrene chains. If
this is “success”, it is useful to specify two scenarios that
would constitute “failure”: (1) If the 14 data points in
Figure 10 had been widely scattered rather than roughly
following a single curve, that would indicate at least for
these systems that the LM model could not make useful
predictions based only upon homopolymer properties.
(2) If the data points in Figure 10 followed the line of
slope 1, that would indicate that the self-concentration
effect was negligible. Interestingly, essentially this
result (data following line of slope 1) is obtained if the
dilute species is a rigid dye molecule as opposed to a
polymer chain.77 For a dye molecule, the self-concentra-
tion effect would be expected to be negligible.

Other Comments on the Lodge-McLeish Model.
Equation 8 predicts a value of φself for a given polymer
that is essentially independent of blending partner,

temperature, and composition. We wish to comment
briefly on each of these dependences.

Fits with the LM model show that φself depends on
blending partner for dilute d3PS in the various blends
and solutions presented here (see Table 3). Figure 10
puts the significance of these variations into context.

Fits of the dilute blend data presented here with the
LM model do not indicate that φself depends on temper-
ature for a given blend. Recent work has suggested that
the LM model is not useful for the slow component (high
Tg) in miscible polymer blends.49 In particular, ref 49
suggests φself will be required to vary with temperature
in order to successfully describe the segmental dynamics
of the slow component. The work presented here does
not support this suggestion but it should be noted that
the range of dynamics over which we have data (0.1-
10 ns) is quite limited, and a different conclusion might
be reached with data extending closer to the blend Tg.

Fits with the LM model also suggest that φself does
not depend on composition. A summary of φself values
determined for PI in blends with PVE and PS, as well
as PS in blends with PI, is presented in Table 4. For
each system, the value of φself determined from dilute
blend measurements agrees to within experimental
error of the value determined from studies at composi-
tions ranging from 20 to 80 wt %. This agreement
supports the fundamental assumption of the LM model
that distinct component dynamics result from an in-
tramolecular enrichment in local composition (self-
concentration).

Effect of Dilute Chain Molecular Weight. The
results reported here were obtained with relatively low
molecular weight d3PS chains that on average contain
about 17 repeat units (∼3 Kuhn lengths). While low
molecular weight chains were selected in order to
increase the number of miscible blending partners, it
is reasonable to ask how this choice might have influ-
enced our conclusions. The molecular weight depen-
dence of φself is an issue that has not yet received the
experimental attention that is required for a definitive
answer to this question. For two miscible blend systems,
it has been shown that the friction coefficients obtained
for individual components are independent of molecular
weight;18,78 in both cases, chains as small as 1-2 kg/
mol were utilized. For the case of polyisoprene chains
in polyisoprene/polyvinylethylene, it was shown that
segmental dynamics data are consistent with a φself
value that does not depend on molecular weight, al-
though this hypothesis was not critically tested.18

If the relevant length scale for blend dynamics is one
Kuhn length, can these dynamics be reasonably probed
by a chain of only three Kuhn lengths? The following
calculation indicates that an affirmative answer is
plausible. For polystyrene, the Kuhn length corresponds
to about 5 repeat units; a literal interpretation of the
LM model would include 2 segments on each side of a
given segment as the self-concentration part of the local
volume. For a chain with 17 repeat units, we would
imagine that the central 13 repeat units have the self-
concentration expected for a high molecular weight

Figure 10. Dynamics of dilute polystyrene and polyisoprene
chains as a function of host Tg. The vertical axis shows the
temperature shift between the dilute chain’s dynamics and its
homopolymer melt dynamics. The horizontal axis is the
difference in Tg between the host and the pure guest. Blue
points are for 2% d3PS segmental dynamics in polymer blends,
red points are for 10% d3PS segmental dynamics in solutions,
and green points are for dilute PI segmental dynamics in
polymer blends (ref 29). The solid black lines are the calcula-
tion of the Lodge-McLeish model with φself ) 0.35. Two
different LM lines are shown; the left corresponds to 10%
composition while the right corresponds to 2%.

Table 4. Self-Concentration Dependence on Composition
Range

blend
φself from dilute

blends (2-5 wt %)
φself from compositions

of 20-80 wt %

PI in PVE 0.41 ( 0.0529 0.40 ( 0.0518

PI in PS 0.22 ( 0.0529 0.33 ( 0.0523

PS in PI 0.37 ( 0.05 0.42 ( 0.0723
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chain, while the 2 units at each end have diminished
self-concentration. Summing up these contributions and
weighting each segment equally leads to the conclusion
that a 17-mer should have an average φself value that is
0.93 times the value expected for a high molecular
weight chain. With a φself of roughly 0.3, this produces
a negligible difference, given our experimental error
estimates. Finally, we note that the self-concentration
concept has been qualitatively validated for low molec-
ular weight chains in recent molecular dynamics com-
puter simulations by Faller and co-workers.35

Conclusion

This study probed the segmental dynamics of poly-
styrene in miscible polymer blends in the dilute limit.
Experimental results were fit with the Lodge-McLeish
model and compared with model predictions. We also
tested the ability of the LM model to describe d3PS
segmental dynamics in various solvents.

The LM model successfully fit the segmental dynam-
ics of dilute d3PS in polymer hosts of PB, PI, PVE,
PVME, PMMA, and higher molecular weight PS, al-
though different values of φself were required for differ-
ent blending partners. The LM model also successfully
fit the segmental dynamics of dilute polystyrene in four
solvents. The similarity between polymer segmental
dynamics in solvent and polymer hosts warrants further
consideration.

While the different values of φself obtained for different
blending partners seems contrary to the original spirit
of the LM model, we propose that these differences
should be considered in light of the Tg difference
between the two homopolymers. When ∆Tg is small, it
is reasonable that effects that are ignored in the LM
development might play an equal or larger role than
∆Tg. From this perspective, the LM model with a single
φself value reasonably describes the experimental data
in dilute polystyrene and polyisoprene blends with 14
blending partners. We also showed that φself values
determined from dilute blend studies of polystyrene and
polyisoprene are consistent with the φself values deter-
mined from compositions ranging from 20 to 80%. This
result supports the assumption of the LM model that
φself is independent of composition.

Finally, we emphasize that our conclusions about
segmental dynamics in dilute blends are limited in
several important respects by lack of experimental
data: (1) only dilute polystyrene and polyisoprene
chains have been considered systematically, (2) in both
cases low molecular weight chains were studied, (3) both
studies were limited to temperatures far above the blend
Tg, and (4) only the average relaxation time (not the
distribution) has been considered.
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