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ABSTRACT: Fluorescence anisotropy decay measurements were performed to determine the temperature
and composition dependence of the local dynamics of each component of a miscible blend of high molecular
weight polyisoprene (PI) and polyvinylethylene (PVE). The local dynamics of each component over the
entire composition range from PI:PVE 0:100-100:0 was examined over the temperature range 20-100
°C. Optical measurements of the local dynamics of a probe chain in a matrix which is ∼100% the second
polymer species are reported for the first time. Two blending rules for the temperature and composition
dependence of the component dynamics are proposed, and their suitability to describe the observed local
component dynamics is assessed. Different blending rules were found to be appropriate for the different
blend components. A comparison to the work of Gisser and Ediger, describing solvent modification in
polymer solutions, is also performed. The relative time scale of the motions of the two polymers in the
blend is found to be linked to the rate at which the incorporation of a polymer additive influences the
dynamics of the host polymer.

Introduction

The investigation of the component dynamics of
polymer blends has received much attention in recent
years. A wide variety of useful polymer properties can
be obtained by blending two or more polymers. Under-
standing how the addition of one polymer, with known
physical properties, to a second affects the overall
properties of the resultant blend has been the driving
force for much of this work.

The rheology of polymer blends is often complex, and
time-temperature superposition has been shown to fail
in many cases.1-3 Several studies have shown that the
rheological complexity may arise from the individual
blend components possessing different temperature
dependencies within the same blend matrix.4,5 Although
components can apparently maintain their distinct
motional characteristics, they are sensitive to their
environment, and blending has been shown to alter the
dynamic time scale of both components within the
blend.4-7

The effect of blending on the individual component
dynamics has also been examined using the coupling
scheme by Ngai.8 Gisser and Ediger 9 have discussed
the modification of solvent dynamics by a polymer solute
within the bounds of the coupling scheme. They con-
cluded that the extent to which the addition of the solute
modifies the solvent dynamics is linked to the separation
in time scales of the neat solvent motions and the solute
motions at infinite dilution. Ngai and Rizos10 have
proposed an extension of this method to polymer blends
in which the major blend component is considered to
act as the solvent and the minor component as the
solute.

In this study, fluorescence anisotropy decay measure-
ments are made to examine the local segmental dynam-
ics of both components of a polyisoprene (PI) polyvinyl-
ethylene (PVE) blend. Most high molecular weight
polymers do not form miscible blends. Those that do are

not usually stable over the entire composition and
temperature range and two phase systems are often
observed. High molecular weight blends of PVE with
vinyl content >63% and PI are known to be miscible
over the entire composition range and over all experi-
mentally accessible temperatures.11 The miscibility of
this system is thought to be almost entirely entropically
driven with ∆H ≈ 0.12,13 The value of ∆H has actually
been shown to be slightly negative but with a very small
magnitude of the order 10-3.14 PI:PVE is therefore seen
as a model system. Examining local dynamics in dilute
solution has allowed access to the intrachain processes
in the absence of interchain interactions. Concentrated
solutions and measurements of local dynamics in bulk
homopolymers have given information on the interchain
processes. Using an athermal system such as this allows
the most direct comparison between blended and un-
blended bulk dynamics without the complication of any
effects due to specific interactions.

The key feature of the current optical technique is its
sensitivity. The probe molecule need only be present to
less than 0.5 wt %. The high sensitivity has enabled
measurements of the dynamics of each component
throughout the entire composition range. Measurements
of the local dynamics of one species present in a matrix
that is ∼100% the second polymer species are reported
for the first time.

Method

Materials and Sample Preparation. Polyisoprene (PI)
and polyvinylethylene (PVE, also known as 1,2-polybutadiene)
blended samples were prepared by solvent casting. A typical
sample contains approximately 400 mg of unlabeled polymer
(PI and/or PVE) and <2 mg of one of the anthracene labeled
probe species. The monodisperse unlabeled polymers were
synthesized by Polymer Labs, and details of their microstruc-
tures and molecular weights are given in Table 1.

The probe molecules used in this study contained one
anthracene chromophore covalently bonded in the middle of
the chain; see the insets of Figure 1a,b and Table 1. An-
thracene center labeled polyisoprene (PI*), synthesized at
Durham University (Prof. R. Richards, Ms. A. Keeny, and Mr.
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T. Keef), and anthracene center labeled polyvinylethylene
(PVE*), from Polymer Labs, were used to monitor the dynam-
ics of the PI and PVE components, respectively. The S0 f S1

electronic transition dipole moment, the doubled-headed arrow
of the insets of Figure 1, of the anthracene chromophore is
orientated along the chain backbone; hence, any movement of
the dipole reflects movement of the polymer backbone.

Solutions of all four polymers were made up in toluene
(Aldrich, >99.5% purity) and then mixed in the appropriate
proportions. The solutions were subject to several freeze-
pump-thaw cycles to replace molecular oxygen with molecular

nitrogen and allowed to stand under nitrogen to become fully
homogenized. The solutions were then removed to a nitrogen
atmosphere and drop cast onto 1/2 in. optical flats. Repeated
applications were made to build up a sample 1-2 mm in
thickness. Once all the visible solvent had evaporated into the
nitrogen atmosphere, the last traces of toluene were removed
by leaving the sample under vacuum for ∼7 weeks.

Solutions were mixed so as to generate blended samples in
the range PI:PVE 0:100-100:0, each containing <0.5 wt % of
either PI* or PVE*. The weight fraction of labeled polymer
introduced was based on the concentration required to give
an OD of <0.1 in a 3 mm path length of a dilute solution. The
nomenclature used throughout this paper refers to blends as
a weight ratio of PI to PVE. The component dynamics being
monitored, that is the species for which a small proportion of
the whole consists of the labeled polymer, is denoted by an
asterisk. For example, a blend containing 25% PI and 75%
PVE of which <0.5% is the labeled PVE* is denoted 25:75*.
The errors in the compositions quoted are e2%.

A series of experiments were conducted to ensure that all
the solvent was removed from the samples during the period
under vacuum. A 100*:0 sample was prepared. The segmental
dynamics of this sample were measured after different periods
under vacuum. The correlation times for the dynamics were
found to be constant to within experimental error after 5 weeks
under vacuum. After this time, the sample was assumed to
be free of solvent. The final correlation times for this sample
was found to agree with the work of Hyde et al., where the
dynamics were found to follow the temperature dependence
of the macroscopic steady shear viscosity of a PI sample of
similar microstructure and molecular weight.15 All data re-
ported in this paper were collected from samples that had been
held under vacuum for a minimum period of 7 weeks.

Experimental Technique. Fluorescence anisotropy decay
(FAD) data were collected using the method of time-correlated
single photon counting (TCSPC). The experimental technique
and method of data acquisition have been described in detail
elsewhere,16 and only a brief description is given here. The
experimental apparatus has been described elsewhere.17

A short (∼5 ps) linearly polarized pulse of laser light at 406
nm was used to photoselect an anisotropic distribution of
anthracene chromophores. These chromophores emit light that
is polarized along the S0 f S1 electronic transition dipole
moment. Hence, the emission from the samples was initially
partially polarized. Molecular motions of the polymer backbone
randomize the orientations of the excited-state chromophores
and depolarize the emission. The reorientation of the transition
dipoles is observed by monitoring the components of the
fluorescence decay polarized parallel, I|, and perpendicular,
I⊥, to the excitation radiation. Fluorescence was collected at
414 nm.

The time-dependent anisotropy, r(t), is constructed from the
measured decays as

This describes the time dependence of the reorientation of the
excited-state chromophores and is directly related to a second-
order orientation autocorrelation function, CF(t),

Table 1. Physical Characteristics of the Polymers Used in This Study

microstructure

polymer Mw × 10-3 polydispersity % cis-1,4 % trans-1,4 % vinyl-1,2

polyisoprene (PI) 89.9 1.02 91 9 0
polyvinylethylene (PVE) 129 1.03 86
anthracene labeled

polyisoprene (PI*)
107 1.20 71 23 6

anthracene labeled
polyvinylethylene (PVE*)

67.1 1.19 86

Figure 1. Correlation times for the component local dynamics
of anthracene labeled polyvinylethylene, solid symbols (a), and
polyisoprene, open symbols (b). The blend matrices are identi-
fied as PI:PVE: 0:100 (9), 50:50 (2), and 100:0 ([). The data
for the 25:75 and 75:25 samples have been omitted for clarity,
and only the line of the best fit is shown. The experimental
scatter in the data points for these samples is similar to the
scatter of the samples shown. The slope of each line of best fit
for each blend is related to the experimental activation energy.
The insets show the structure of the labeled polymer used in
each case. The S0 f S1 electronic transition dipole moments
are indicated by the doubled-headed arrows.

r(t) )
I|(t) - I⊥(t)

I|(t) + 2I⊥(t)
(1)

r(t) ) r0CF(t) (2)
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which describes the average reorientation of the transition
dipole between the times of excitation and emission through

P2 is the second Legendre polynomial, and θ(t) is the angle
through which a transition dipole moment has rotated in a
time t since the excitation pulse. The angular brackets indicate
an ensemble average over all the excited-state transition dipole
moments. Thus, the observation of I|(t) and I⊥(t) allows the
direct calculation of the orientation autocorrelation function
without the assumption of any motional model.

Data Analysis. The distortions introduced into the data
by the finite duration of the laser pulse and the response of
the detection equipment were deconvolved from the data
during analysis by an iterative reconvolution process. The
anisotropy decays were fitted to either one or both of two
functions, the generalized diffusion and loss (GDL) model18 (eq
4), as has been adopted in previous studies of bulk dynam-
ics,15,19,20 or an empirical biexponential (BE) function (eq 5).

The quantities τ1, τ2, τ3, τ4, r0, A, and B (where A + B ) r0) are
fitting parameters, and I0 and I1 are the zeroth- and first-order
modified Bessel functions, respectively. The parameters τ1 and
τ2 are related to the correlated and uncorrelated motions
described by Helfand.21 No physical significance is placed on
the parameters τ3 and τ4. In the current work only the overall
time scale of the motions is of interest. Equation 6 defines a
model-independent parameter, the correlation time of the
decay, which can be obtained from both expressions. Equation
6a gives the result of applying the integral of eq 6 to the GDL
model, and eq 6b gives the correlation time of the BE
expression.

At high temperatures, the dynamics are fast and the correla-
tion times, τc, calculated from both the GDL and BE models
are in agreement. At lower temperatures, the correlation times
become longer, and only a limited fraction of the anisotropy
decay can be seen in the experimental time window. In this
regime, the BE expression fails to capture the true shape of
the decay, reducing to what is effectively a single-exponential
fit with τ3 ≈ τ4. The correlation time is consequently under-
estimated by the BE expression for the slower dynamics.
Correlation times in excess of ∼60 ns cannot be reliably
obtained from this fitting method. The GDL expression can
be used out to these longer correlation times by constraining
the ratio of the fit parameters τ2/τ1, and so constraining the
shape of the decay, to be equal to that found from the higher
temperature measurements, 5 ( 2. Previous studies examining
the bulk dynamics of a variety of polymers have also found
that τ2/τ1 shows no systematic variation with temperature and
can be constrained to the average value found from fits at
higher temperatures.15,20,21 The method of constrained fitting
was not appropriate for the simple BE function as it was not
possible to predict the low-temperature ratio of τ4/τ3 from the
temperature dependence observed at higher temperatures. The
correlation times reported here were calculated from either
the BE or GDL expressions as appropriate.

The quality of the fits is assessed in terms of the r0 value
and the reduced chi squared value, ø2

R. The average r0 of the
current work was 0.30 ( 0.04 over all temperatures and

compositions, in good agreement with previous studies of
anthracene labeled polymers.17,22,23 Typical ø2

R values were in
the range 1.0-1.3. Measurements were made on different days
and/or samples, and data were found to be reproducible to
within 10-15%.

Results
The measured correlation times for the local dynamics

of PVE* and PI* in the different blend matrices are
shown in Arrhenius format in parts a and b of Figure
1, respectively. The observed correlation times cover
approximately 2 decades in time. As expected, the
slowest dynamics for each component occur in an all
PVE matrix, the higher Tg component, and the fastest
in an all PI matrix, the lower Tg component. The
activation energy for local dynamics of each component
within each blend is calculated from the slope of each
line of best fit in Figure 1. The values are given in Table
2. There is a general trend toward an increase in
activation energy with increasing PVE content of the
blend. It can also be seen from Table 2 that the
activation energies for the PVE* dynamics are generally
higher than those for the PI* dynamics in the same host
matrix. This difference is most apparent in blends with
high PVE content.

Isothermal plots, at 90, 60, and 30 °C, of log correla-
tion time as a function of blend composition are shown
in Figure 2. Here, the correlation times at constant
temperature, obtained from the straight line fits of
Figure 1, are plotted against blend composition. It can
be seen that, in all cases, the correlation time for the
PVE component, τpve, is greater than that of the PI
component, τpi. The difference between τpve and τpi is
exaggerated in the blended samples in the middle of the
composition range. In the extreme cases, the 0:100 and
100:0 matrices, the component dynamics are much less
widely separated, especially in the all PVE matrix,
where both PI* and PVE* demonstrate very similar
motional time scales. For the PVE component, a smooth
progression to higher correlation times with increasing
PVE content is observed. For PI*, there is an abrupt
increase in correlation time between the 25*:75 and the
0*:100 systems. This abrupt increase is also evident in
Figure 1b.

Discussion
Temperature Dependence. The temperature de-

pendence of the data was examined in terms of the WLF
equation24

CF(t) ) 〈P2(cos θ(t))〉 (3)

r(t) ) r0 exp(-t/τ1) exp(-t/τ2)[I0(t/τ1) + I1(t/τ1)] (4)

r(t) ) A exp(-t/τ3) + B exp(-t/τ4) (5)

τc ) ∫0

∞
CF(t) dt ) (1/r0)∫0

∞
r(t) dt (6)

τc ) {2/τ1τ2 + 1/τ2
2}-1/2 ×

[(1/τ1){1/τ1 + 1/τ2 + (2/τ1τ2 + 1/τ2
2)1/2}-1 + 1] (6a)

τc ) (Aτ3 + Bτ4)/(A + B) (6b)

Table 2. Glass Transition Temperatures, WLF
Coefficients, and Apparent Arrhenius Activation

Energies for Each Blend Studieda

blend Tg [K] C1
g b C2

g b [K] Ea [kJ mol-1]

Labeled PVE Dynamics
0:100* 255 (6) 11.4 56 47.5 ( 1.4
25:75* 242 (23) 11.8 55 47.0 ( 1.7
50:50* 225 (19) 11.8 55 45.5 ( 1.4
75:25* 215 (6) 11.8 55 42.6 ( 1.0
100:0* 210 (5) 11.8 52.9 41.1 ( 0.9

Labeled PI Dynamics
0*:100 255 (5) 11.4 56 43.4 ( 1.8
25*:75 238 (21) 11.8 55 41.8 ( 0.8
50*:50 224 (18) 11.8 55 41.8 ( 2.2
75*:25 217 (6) 11.8 55 41.0 ( 1.9
100*:0 209 (4) 11.8 52.9 40.9 ( 1.0
a The number in parentheses after the glass transition temper-

ature indicates the breadth of the transition. b Values taken from
ref 5.
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where τg is the correlation time of the dynamic at the
glass transition temperature, Tg, and C1

g and C2
g are

polymer-dependent constants. For PI and PVE, C1
g and

C2
g are similar, and values for the blended samples do

not alter much from the pure component values.5 The
values of C1

g and C2
g used were taken from ref 5 and are

given in Table 2. Once fluorescence data had been
collected, the glass transition temperature of each blend
was measured on a Perkin-Elmer DSC7 at a heating
rate of 10 °C min-1. The measured Tg values are also
given in Table 2. The slight difference in the measured
Tg for samples of the same blend ratio arises due to a
(2% uncertainty in the blend composition and from
uncertainties due to the breadth of the transitions
indicated by the number in brackets of Table 2. Figure
3 shows the data plotted against the relative tempera-
ture 1/(T - Tg).25 The solid lines in the plots indicate
WLF fits to the PVE component dynamics and the
dotted lines to the PI component dynamics. The only
free parameter in the fitting procedure was log(τg),
amounting to only a vertical shift. The shape of the
curve as dictated by the temperature dependence is
fixed by the choice of C1

g, C2
g, and Tg. Figure 3 shows

reasonable agreement of the WLF equation and the
data for the low PVE content blends using the macro-
scopic blend Tg in all cases. For these blends, however,
the data were collected in the region T g Tg + 80. In
this regime, there is very little curvature and the WLF
equation approximates to a straight line, equivalent to
an Arrhenius fit. Measurements closer to Tg were taken
for blends with higher PVE content. Figure 3 clearly
shows a failure of WLF behavior for these blends with

large deviations from the predicted behavior. Previous
studies predict WLF behavior in the blends is only
obeyed when individual component Tg’s are considered.
The WLF fits obtained for the low PVE content blends
all show good agreement using the macroscopic blend
Tg. Further, no realistic component Tg values could be
found which improved the agreement for the high PVE
content blends.

The Arrhenius fits to the data adequately describe all
the data over the given temperature range. These fits
do show a composition-dependent temperature depen-
dence through the different activation energies reported
in Table 2. Further to this, the different components
show a different temperature dependence within the
same blend. These findings are consistent with those
of previous studies,4,5,7 although the absolute form of
the temperature dependence is not WLF in this tem-
perature regime.

Composition Dependence. The influence a polymer
additive has on the dynamics of the host polymer is not
well understood. Many empirical blending rules exist
to describe the macroscopic properties of blend sam-
ples.4,26 An analogy is drawn from rules proposed for
systems in which there are two, widely separated
dynamic time scales, such as concentration and density
fluctuations of blends of polymers with a high Tg
contrast.27 Equations 8 and 9 are proposed in this study
as microscopic analogues to these rules.

where τ1 refers to the correlation time of component 1
in a given blend. τ1,1 refers to a correlation time
characteristic of a labeled 1-molecule in a matrix of all
unlabeled 1-molecules. τ1,2 refers to a correlation time
characteristic of a labeled 1-molecule in a matrix that
is 100% unlabeled 2-molecules. φi refers to the weight
fraction of species i. Using the weight fraction, as
opposed to the number fraction of carbon atoms, gives
e1% difference in the actual value of φi, which is well
within the experimental uncertainty. The series com-
bination, eq 8, is most heavily influenced by the dynam-
ics of the slower component in the blend, whereas the
parallel combination is more heavily influenced by the
faster of the two components. Each of these rules will
now be considered in turn.

Series. Equation 8 is compared to the data using no
free parameters. τ1,1 is expressed in Arrhenius format,
τ1,1 ) A exp(Ea/RT), where A and Ea for τpi,pi are obtained
from fits to 100*:0 data. A and Ea for τpve,pve are obtained
from fits to 0:100* data. τ1,2 is similarly expressed in
an Arrhenius form, τ1,2 ) A′ exp(E′a/RT), with A′ and E′a
taken from fits to the data for a labeled 1-molecule, in
a matrix that was 100% species 2. Hence, τpi,pve is taken
from fits to 0*:100 and τpve,pi from fits to 100:0*. It is
apparent from this definition of τ1,2 that τpi,pve is not
necessarily equal to τpve,pi.

The temperature dependencies of the measured blend
dynamics of PVE, τpve, and PI, τpi, are compared to the
predictions of eq 8, using the τ1,1 and τ1,2 values
described above, in Figure 4, a and b, respectively. The
symbols of this figure represent the measured data
points and the solid lines the predictions of eq 8.

Figure 2. Isothermal plots showing the composition depen-
dence of the local component dynamics. The blend matrices
are identified as PI:PVE: 0:100 (9), 25:75 (b), 50:50 (2), 75:
25 (1), and 100:0 ([) with solid symbols representing PVE
dynamics and open symbols PI dynamics.

log(τc) ) log(τg) -
C1

g(T - Tg)

C2
g + (T - Tg)

(7)

τ1(T) ) φ1τ1,1(T) + φ2τ1,2(T) (8)

1
τ1(T)

)
φ1

τ1,1(T)
+

φ2

τ1,2(T)
(9)
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It can be seen from Figure 4a that this simple additive
approach captures the behavior of the local blend
dynamics of the PVE component well. Figure 4b dem-
onstrates that this approach fails for the blended
dynamics of the PI component. The solid line lies above
the open symbols for each of the blended samples,
showing that the observed blended PI dynamics are
significantly faster than is predicted by this simple
approach.

For the case of the PI local component dynamics, a
second attempt is made to find an expression similar
to eq 8 which can describe the behavior observed in
Figure 4b. Since the dynamics predicted by eq 8 in the
form described above are much slower than the mea-
sured dynamics, the dominant slow term of the expres-
sion is examined. The Arrhenius format of τpi,pve is held
constant, but the parameters A′ and E′a are treated as
fitting parameters and allowed to vary for each blend
composition. Fits were performed to the data from 25*:
75, 50*:50, and 75*:25 samples. The values of A′ and
E′a obtained for all blend compositions were the same
to within experimental uncertainty, falling in the range
11.7 ( 2.5 fs and 41.8 ( 0.2 kJ mol-1, respectively. The
average values for A′ and E′a obtained from these fits
are used to generate a single expression for the tem-
perature dependence of τpi,pve independent of blend
composition, τpi,pve(blend). This τpi,pve(blend), rather than
the directly measured τpi,pve, is used in conjunction with
the τpi,pi used previously to generate the dotted lines of
Figure 4b. The effect of using this average value rather
than rather than the measured value of τpi,pve is clearly
seen when the solid and dotted lines of the 0*:100 panel
of Figure 4b are compared. τpi,pve(blend) predicts much
faster dynamics than are actually observed for labeled

PI in bulk PVE. It can be seen from the agreement
between the open symbols and the dotted lines of Figure
4b that this single expression for τpi,pve(blend) is suf-
ficient to describe the behavior of the PI component in
each of the blends studied. That a single expression for
τpi,pve(blend) can be used to capture the behavior of the
PI component in all the blends studied is perhaps
surprising in light of the sensitivity of eq 8 to changes
in A′ and in particular E′a. The difference in the E′a
values used to generate the solid and dotted lines of
Figure 4b is only 4% but leads to a large difference in
the values of τpi generated.

In all the blended systems studied over the temper-
ature range of the current experiments, the blend
dynamics can be predicted using eq 8 and two correla-
tion times τ1,1 and τ1,2. The τ1,1 correlation time is
derived from the dynamics of the bulk homopolymer.
For the PVE component local dynamics, the second
correlation time, τ1,2, is derived from the motions of the
PVE probe in a matrix of bulk PI. For the PI component
local dynamics, the τ1,2 term is not taken from PI* in
bulk PVE but can deduced from any one of the blended
samples. This picture is consistent with the observation
that the PVE component dynamics are slower than the
PI component dynamics, and hence the PVE component
senses only a time-averaged value for the PI relaxation,
independent of whether the PVE dynamics are moni-
tored in a blended sample or a matrix of all PI. This is
not true for the faster PI component where, for the range
of blend compositions studied, the value of τ1,2 is found
to depend on whether the probe is present in a blended
sample (independent of blend composition) or a matrix
of all PVE.

Figure 3. WLF fits to the data. The macroscopic blend Tg was used with the WLF coefficients given in Table 2. The blend matrix
is given as a ratio PI:PVE in the top left of each plot. The symbols are the same as those for Figure 2. The solid lines represent
fits to the PVE component data and the dotted lines fits to the PI component.
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Parallel. We now compared the predictions of eq 9 to
the measured data using no free parameters. τ1,1 and

τ1,2 are used in the unmodified form, taken from
Arrhenius fits of the probe (1-molecule) dynamics in

Figure 4. Comparison of the measured correlation times, the symbols, to the predictions of eq 8, τ1 ) φ1τ1,1 + φ2τ1,2, the lines.
The symbols are as for Figure 2, and the blend sample name is given in the top left corner of each plot. τ1,1 is taken from
measurements of the labeled species in its own host matrix. The solid lines represent the function with τ1,2 taken from measurements
of the labeled polymer in a host matrix that is ∼100% the other polymer species. The dotted lines of (b) represent the function
with τ1,2 taken as the average value for which the function captures the blend behavior of PI. This value of τ1,2 is the same for all
three blend cases of (b).
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each of the bulk homopolymer matrices (1- and 2-mol-
ecules, respectively). Examples of the comparison of the
temperature dependencies of the measured dynamics
of PVE, τpve, and PI, τpi, and the predictions of eq 9 are
shown for the 50:50 blend in parts a and b of Figure 5,
respectively. The symbols represent the measured data
and the dashed lines the predictions of eq 9.

It can be seen from Figure 5b that the parallel
approach captures the behavior of the PI component
dynamics without the need for the modification of any
of the parameters. The agreement for all the blend
samples is very close using the measured quantities τ1,1
and τ1,2 and eq 9. Figure 5a also demonstrates reason-
able agreement between the measured blend dynamics
of PVE and the predictions of eq 9, although, in all cases,
the prediction is systematically slightly faster than the
measured quantity.

The composition dependence of the both rules is
compared to the measured data at a constant temper-
ature of 60 °C in Figure 6. Again, the symbols represent
the measured data and the solid lines represent the
series combination, eq 8, while the dashed lines repre-
sent the parallel expression, eq 9.

Figure 6b shows good agreement between the ob-
served PI component dynamics and the parallel expres-
sion, the dashed line, using only the measured values
of τpi,pi and τpi,pve with no modification. The unmodified
series expression, the solid lines, clearly fails in the PI

case. The reason for the apparent agreement with the
series expression when τpi,pve(blend) is used becomes
apparent when only the blended samples are examined.
Due to the approximate linearity of the curve over the
range of blended samples investigated, an apparent
linear fit can be made to the data by ignoring the point
of PI* in bulk PVE, the dotted line of Figure 6b. The
value of τpi,pve predicted from this straight line fit is in
agreement with the value of τpi,pve(blend) at this tem-
perature obtained from the modified series analysis. The
form of the parallel expression is also seen to predict
the abrupt change observed between the PI* dynamics
in the 25:75 blend and in bulk PVE (see Figure 1b). It
would be interesting to investigate the component
dynamics in blends covering the composition range from
25:75 to 0:100, to enable a more stringent comparison
between measurements and the predictions of the
parallel expression in the vicinity of the curved portion
of the dashed line.

The dashed and solid lines of Figure 6a fall close to
the measured data on either side, showing that either
expression can be used to approximately predict the
blend dynamics. The dotted line, which accurately
captures the observed behavior, is a simple linear
combination of the series and parallel expressions, eq
10.

Several plot similar to those of Figure 6 have been

Figure 5. Comparison of the measured correlation times, the
symbols, to the predictions of eq 9, τ1

-1 ) φ1τ1,1
-1 + φ2τ1,2

-1, the
dashed lines, for the 50:50 blend. The solid symbols represent
PVE* dynamics and the open symbols PI* dynamics. τ1,1 is
taken from measurements of the labeled species in it own host
matrix, and τ1,2 is taken from measurements of the labeled
species in a host matrix that is ∼100% the other polymer
species.

Figure 6. Comparison of the measured local component
dynamics of PVE (solid symbols) and PI (open symbols) to the
series (solid lines) and parallel (dashed lines) blend expres-
sions. The dotted line of (a) is a linear combination of the series
and parallel expressions. The dotted line of (b) is a linear fit
through the data points for high PI content blends (g25% PI).

τpve ) aτseries + bτparallel (10)
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constructed at various temperatures throughout the
experimental temperature range. In all cases, the PI
behavior was accurately captured by the parallel ex-
pression only. To accurately capture the PVE* dynam-
ics, the use of eq 10 was required in all cases. For all
the temperatures investigated, a + b was found to be
equal to 1 ( 0.02 where the value of a decreases, from
0.5 to 0.40, and hence b increases, from 0.5 to 0.60, with
increasing temperature over the range 20-90 °C.

Comparison to Solvent Modification in Polymer
Solutions. The effect on a solvent’s dynamics of intro-
ducing a polymer additive to the solvent has been
investigated by many authors.8,9,28,29 The addition of a
polymer can act to either slow down or speed up the
solvent dynamics. The concentration dependence of
solvent dynamic modification has been found experi-
mentally to follow an approximate exponential form (eq
11).

τsolv is the measured relaxation time of the solvent in
solution with the concentration of dissolved polymer
given by cpoly. The ratio of the correlation time for
solvent dynamics in the solution to the correlation time
in the neat solvent is a measure of the solvent modifica-
tion. The parameter Apoly can be either positive or
negative and describes the rate of solvent dynamic
modification on addition of polymer. Apoly is independent
of polymer concentration and carries all of the temper-
ature dependence of the ratio.

The sign and magnitude of Apoly depend on the specific
polymer-solvent system under investigation and on the
temperature. Polystyrene (PS) in Aroclor, for example,
has a small positive Aps value, indicating that the
solvent dynamics are slower in solution than in the neat
solvent. 1,4-Polybutadiene (PB) in Aroclor, on the other
hand, has a negative Apb with a somewhat larger
magnitude, indicating that the solvent dynamics are
faster in solution than in neat solvent and that the rate
at which the solvent dynamics speed up as PB is added
is greater than the rate of slowing down due to the
addition of PS.

Gisser and Ediger linked this solvent modification to
the relative time scales of the polymer and solvent
motion through eq 12.9

τpoly is the measured relaxation time for the polymer
dynamics. The ratio on the right compares the correla-
tion time for the local polymer dynamics in dilute
solution to those of the neat solvent. Qpoly is an adjust-
able constant of proportionality and contains informa-
tion on the extent of coupling of the solvent dynamics
to their solution environment.

Ngai and Rizos have proposed that the above descrip-
tion of polymer solutions can be adapted for use with
polymer blends by treating the majority component as
the solvent and the minority component as the solute.10

Alegria and co-workers30 have examined dielectric data
from PI:PVE blends in this way. The current optical

data is analyzed in terms of eqs 13a and 13b, analogous
to the solution eqs 11 and 12.

In the case where PI is treated as the solvent, 1 ) PI
and 2 ) PVE. In the case where PVE is viewed as the
solvent, 1 ) PVE and 2 ) PI. In the previous analysis
of the dielectric data, Qpi and Qpve could not be compared
directly to the solution case, Qpoly since no blend
measurements were available that were directly analo-
gous to the dilute solution case, where c2 f 0. Here, a
critical analysis is performed on the magnitude of Q2
as a function of the composition of the blend selected to
determine the numerator of the ratio τ2(c2 f 0,T)/τ1(c2
) 0,T).

Plots were constructed of ln[τ1(c2,T)/τ1(c2 ) 0,T)]
against c2 at several temperatures in order to generate
an A2 value at each of these temperatures. According
to eqs 13a and 13b, these plots should be straight lines
through the origin with slopes given by A2. When the
subscript 1 refers to PI (1 ) PI) and the subscript 2 to
PVE (2 ) PVE), Apve is generated. When 1 ) PVE and
2 ) PI, Api is generated. The values of the correlation
times, τ1, used to construct the ratios were taken from
the Arrhenius fits to the data. Ratios were created at
various points throughout the entire experimental tem-
perature range. These plots for the 1 ) PVE case were
approximately linear over all concentrations, cpi, in the
range 0-100%. The values for Api were thus taken as
the slope of the best fit line through the origin. The
corresponding plots used to generate Apve (the case 1 )
PI) were only approximately linear over a restricted
concentration range, 0-75% PVE. PI dynamics in a
matrix of 100% PVE deviate strongly from the straight
line predicted by the lower PVE content samples. It is
noted that Ngai and Rizos report values of A2 which are
concentration-dependent. These points indicate that the
exponential form of the concentration dependence from
the polymer solution experiments is not strictly observed
for polymer blends. However, the composition at which
the current data deviate from exponential behavior is
above the concentration ranges used in the solution
experiments, and the deviation may be due to the high
concentrations. The values of Apve reported were ob-
tained from straight-line fits to only the linear portion
of the curve. Values of Api and Apve were obtained at
several temperatures in the range 20-80 °C.

The values obtained for Api and Apve are plotted as a
function of temperature in Figure 7 as open (Api) and
solid (Apve) squares. The values reported by Ngai and
Rizos are also shown as the open and solid triangles.
Although the data were collected using different experi-
mental techniques over different temperature ranges,
excellent agreement is found between the two studies.
The Api values of the current study (open squares)
compare well with those obtained from the dielectric
data (open triangles). Similarly, the solid symbols
representing Apve all appear to follow a single smooth
curve.

Gisser and Ediger found that, for polymer solutions,
the temperature dependence of Apoly followed the same
form as that for the log of the ratio of the dilute solution

τsolv(cpoly,T)

τsolv(cpoly ) 0,T)
≈ exp(Apolycpoly) (11)

∂

∂cpoly
ln

τsolv(cpoly,T)

τsolv(cpoly ) 0,T)
)

Apoly ) Qpoly log
τpoly(cpoly f 0,T)

τsolv(cpoly ) 0,T)
(12)

τ1(c2,T)

τ1(c2 ) 0,T)
≈ exp(A2c2) (13a)

∂

∂c2
ln

τ1(c2,T)

τ1(c2 ) 0,T)
) A2 ) Q2 log

τ2(c2 f 0,T)

τ1(c2 ) 0,T)
(13b)
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polymer relaxation time to the neat solvent relaxation
time.9 These two quantities could be linked by a single
constant of proportionality Qpoly defined by Qpoly ) Apoly/
log[τpoly(cpoly f 0,T)/τsolv(cpoly ) 0,T)] (see eq 12). To
assess the influence of c2 on the value of Q2, a series of
plots of A2 vs log[τ2(c2,T)/τ1(c2 ) 0,T)] were constructed
for the various concentrations, c2. The Q2 values ob-
tained from forced linear fits through the origin are
given in Table 3. It seems reasonable to assume that
when τ2(c2,T) ) τ1(c2 ) 0,T), A2 would be zero. If the
time scales of the motions of “solute” and “solvent” are
the same, the dynamic constraints imposed upon the
relaxing solvent units will be unaffected by the addition
of the solute and A2 ) 0.

It was assumed by Ngai and Rizos that Qpi ) Qpve )
Qblend. It can be seen from Table 3 that this is not
generally the case. In general, Qpi > Qpve. It is also seen
from Table 3 that both Qpi and Qpve decrease as c2 is
increased. The decrease in Q2 is not linear and predict-
ing the value of Q2 in the limit where c2 f 0 from
measurements at higher concentrations may be com-
plicated if not incorrect.

It seems reasonable that Qpi * Qpve in light of the
results from solution studies. Although Qpoly was found
to be approximately equal for different polymers in the
same solvent, differences in Qpoly were found when
different solvents were considered (see Table 3).9 Qpi is
obtained from an analysis in which PVE is treated as

the solvent and Qpve from an analysis in which PI is
treated as the solvent. A change in Q2 with changing
solvent is consistent with the polymer solution studies.

Figure 8 shows a plot comparing the temperature
dependencies of A2 and Q2 log[τ2(c2 f 0)/τ1(c2 ) 0)]. The
dotted and solid lines represent Api and Apve, respec-
tively, and are equivalent to the dotted and solid lines
of Figure 7. The open squares represent Qpi log[τpi(cpi
f 0)/τpve(cpi ) 0)] generated from the optical data. The
solid squares represent the optical values of Qpve log-
[τpve(cpve f 0)/τpi(cpve ) 0)]. The dielectric data have
again been included for comparison, represented by the
open and solid triangles. It should be noted that the
dielectric data were generated from the correlation
times of blend compositions for which c2 > 0 (cpi ) 50%
and cpve ) 25%). The Q2 values used to shift the
dielectric data are also given in Table 3. The tempera-
ture dependence of all the ratios, independent of c2, does
seem to be in reasonable agreement with the temper-
ature dependence of the A2 for both the 1 ) PVE case
and the 1 ) PI case, although only the data for c2 ≈ 0
are shown.

Summary

Fluorescence anisotropy decay measurements of the
component dynamics of PI:PVE blends have been per-
formed. Correlation times are reported over the entire
composition range for both components over the tem-
perature range 20-100 °C. Measurements of the local
dynamics of a probe molecule in a matrix that is ∼100%
the second polymer species are reported for the first
time. The temperature dependence of the blend compo-
nents was found to be Arrhenius over this temperature
range with different apparent activation energies for the
different blend components.

The composition dependence of the PI and PVE
components has been compared to the predictions of two
blending rules proposed in this study. The composition
dependence of the PVE component could be adequately
described by an average of the correlation times of PVE*
in bulk PVE and of PVE* in bulk PI weighted by the

Figure 7. Plot showing the temperature dependence of Api
and Apve from A2 ) ∂ ln[τ1(c2,T)/τ1(c2 ) 0,T)]/∂c2. Open symbols
refer to Api and solid symbols to Apve. The squares represent
the current optical data and the triangles the dielectric data
of ref 10. The lines are a guide to the eye.

Table 3. Q2 Values Obtained from Plots of A2 vs
log[τ2(c2,T)/τ1(c2 ) 0,T)] Using the τ2(c2) Values Indicated

To Generate the Ratio τ2(c2,T)/τ1(c2 ) 0,T)

Q2 values
calcd using “solvent”

τ2
(c2 ≈ 0)

τ2
(c2 ) 25%)

τ2
(c2 ) 50%)

τ2
(c2 ) 75%)

Qpi PVE 20 ( 5 3.9 ( 0.9 3.0 ( 0.6 2.5 ( 0.2
Qpve PI 10 ( 3 4.1 ( 0.8 2.6 ( 0.8 2.0 ( 0.6
Qpi(Ngai) PVE 1.6
Qpve(Ngai) PI 1.3
Qpoly Aroclora,b ≈4
Qpoly toluenea,c <1.4
Qpoly THFa,c e0.5

a Values taken from ref 9. b Based on data from polystyrene,
polyisoprene, and polybutadiene solutions. c Based on data from
polystyrene solutions.

Figure 8. Comparison of the quantities A2 and Q2 log[τ2(c2
f 0,T)/τ1(c2 ) 0,T)]. The solid and dotted lines represent the
Apve and Api, respectively, and are the solid and dotted lines of
Figure 7. The solid symbols represent Qpve log[τpve(cpve f 0,T)/
τpi(cpve ) 0,T)] and the open symbols Qpi log[τpi(cpi f 0,T)/τpve-
(cpi ) 0,T)]. The squares represent the current optical data,
and the triangles refer to the dielectric work of ref 10.
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blend composition. The composition dependence of the
PI component could be accurately described by a parallel
combination of the correlation times of PI* in bulk PI
and PI* in bulk PVE again weighted by the blend
composition. A closer inspection of the PVE component
dynamics revealed that they were most accurately
described by employing a linear combination of both the
series (simple average) and parallel blending rules. This
combination is such that the prefactors to the series and
parallel contributions sum to one for all temperatures
examined. The contribution from the series expression
decreased as the temperature was increased.

Clearly, more work is required to test the validity and
the significance of these proposed blending rules. Mea-
surements within the PI:PVE system are needed cover-
ing the composition range from 25:75 to 0:100 and
perhaps measurements closer to the blend Tg. It would
also be interesting to observe whether the proposed
blending rules are obeyed in other miscible polymer
blends.

The data have also been analyzed in terms of equa-
tions developed to describe the modification of solvent
dynamics in polymer solutions. The ratio of the time
scales of the motions of the two polymers in the blend
are found to be approximately proportional to the rate
at which the addition of the second polymer modifies
the dynamics of the first. The constant of proportionality
is related to the strength of the coupling between the
relative motions and is found to be both component and
composition dependent.
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