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ABSTRACT: Miscible blends of polyisoprene (PI) and poly(zerz-butylstyrene) (PtBS) have been studied
over the entire composition range by means of differential scanning calorimetry (DSC) and dielectric
spectroscopy (DS) techniques. Blends with two different molecular weight PtBS, M, = 1300 and M}, = 2300,
and a M,, = 2700 PI have been investigated. The molecular weight of all the polymers were chosen in order to
be well bellow the entanglement limit for PI. Calorimetric measurements confirm the presence of two
component glass transitions (7,) as previously reported. The comparison of the component’s T, observed by
DSC and the segmental dynamics directly measured for PI by DS, evidence the equivalence between the
calorimetric effective T, and the freezing of the segmental relaxation of PI around 10% s observed by DS.
Fitting of the experimental T, values to the Lodge—McLeish model gives self-concentration values that
depend on the molecular weight of the PtBS. Finally, blends with the lowest PI content exhibit unusual

behavior which is discussed in the framework of nonequilibrium effects.

I. Introduction

Dynamics in polymer blends is a very important topic, not only
from a fundamental point of view but also for technological
applications. The mixing of two compatible polymers is one of
the most cost-effective ways to tune the properties of available
polymeric materials to meet application needs. A limited know-
ledge of the blending phenomenon restricts the advance in the
pursuit of tailor-made materials so that a deep molecular level
understanding is crucial. Miscible polymer blends have been
known for some time to exhibit striking dynamic phenomena
(see, e.g., a review' and references therein). Concerning the seg-
mental dynamics driving the so-called o-relaxation, two main
effects are well established by extensive experimental studies: (i)
the isolated dynamical response of each component broadens
with respect to the pure polymer behavior, this effect being
strongly dependent on temperature (tends to disappear at high 7')
and more evident for the component with the lower glass tran-
sition temperature, Tg; (ii) two distinct mean relaxation times
are usually found in the blend, each of them corresponding to the
dynamics of each component modified by blending, which is
usually called “dynamic heterogeneity” (see some representative
references, refs 2—7).

It is generally accepted that the unusual properties of miscible
polymer blends result to the distinct segmental dynamics of its
components. Thermally driven concentration fluctuations and self-
concentration effects are thought to be the origin of the mentioned
dynamic heterogeneity. For a given component A, it is believed that
its particular dynamics is controlled by the local composition of the
component, ¢, in a volume V around the segment i of A, which in
general, will be different from its average (macroscopic) composi-
tion (¢”"). As a consequence of the different local compositions seen
by each component in the blend ¢;' # (1 — qbf), they show distinct
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effective glass transition, Tﬂ, whose value will be closer to its
homopolymer value than the value predicted by a simple mixing
rule for the blend’s macroscopic composition.

On the other hand, the observation of a single glass-transition
temperature by calorimetry has been, perhaps, the most extended
criterion of miscibility used in the literature for many years, a
concept which openly oppose to the dynamic heterogeneity ideas
presented above. Although there are several pioneering works
strongly supporting the presence of distinct effective glass transi-
tions for each component in miscible polymer mixtures by
calorimetry,®~ " the question of resolving dynamic heterogeneity
effects by this technique is not still out of debate. Very recently
J. Zhao et al.'? quite clearly showed this phenomenology for
polyisoprene (M, = 3000—17000) and poly(zerz-butylstyrene)
(M, = 32000) mixtures characterized by an extraordinarily large
T, difference between the two homopolymers.

Dielectric spectroscopy (DS) is a well established tool to study
polymer dynamics. Moreover, when studying polymer mixtures if
only one of the two components is dielectrically active it becomes
selective, and allows to measure single component dynamics in a
broad frequency range. In this work we compare the equilibrium-
non equilibrium glass transitions observed by calorimetric mea-
surements for each component with the PI’s segmental dynamics
accessible by dielectric techniques for polyisoprene—poly(zerz-
butylstyrene) blends. The molecular weight of the polymers used
were M, = 2700 for polyisoprene and M, = 1300 and M, =
2300 for poly(tert-butylstyrene). With this choice the difference
between the T,s of the two homopolymers is still high enough to
expect distinguishable effective glass transitions by calorimetric
measurements, whereas the molecular weights of both compo-
nents are well below the entanglement limit for PI, which is
around M, = 4000. This s of great importance to study the effect
of blending on the chain dynamics (the so-called Normal Mode)
regardless any entanglement effect, which will be the subject of a
separate communication.

© 2010 American Chemical Society
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I1. Experimental Section

A. Samples. Samples were prepared starting from com-
mercially available pure homopolymers polyisoprene and
poly(zert-butylstyrene) (purchased from Polymer Source).
The low-T, component of the blends was polyisoprene (80%
cis 1,4; 15% trans 1,4; 5% trans 3,4) with M, = 2700 and
My/M, = 1.07 (P12700 from now on) and a glass transition
temperature 7, = 204 K determined by differential scan-
ning calorimetry. Two poly(zerz-butylstyrene)s with methyl
groups at the chain ends and different molecular weights
were used as high-T, components: PtBS1300 (M,, = 1300;
My/M, = 1.08) and PtBS2300 (M,, = 2300; M,/M,, = 1.06)
with T, = 330 K and 7, = 373 K, respectively. Low Mole-
cular weights for all the polymers were chosen in order to
be well below the entanglement limit for PI. Starting from
the pure homopolymers, blends with several PI concentra-
tions in weight content, namely 80%, 50%, 35%, and 20%
for blends containing PtBS1300 and 80%, 65%, 43%, 35%,
and 20% for blends containing PtBS2300, were prepared by
solution casting from Toluene solutions. Prior to measure-
ments samples were vacuum-dried at temperatures above
glass transition to completely eliminate any trace of solvent.
The so-obtained blends were transparent and show no cry-
stallization or melting by calorimetry. The miscibility of PI—
PtBS blends has been studied by small-angle neutron scatter-
ing and small-angle X-ray scattering by Yurekli et al.'* and
Watanabe et al.”> respectively. The system shows a LCST
behavior but remains miscible in the whole temperature
range examined by Yurekli—up to 443 K—and Watanabe—
up to 343 K. The miscibility of the blends is further supported
by the calorimetric and dielectric measurements herein.

Finally, following the mentioned procedure, additional
blends with a high molecular weight PI, 7, = 211, M,, =
76500 and M,/M,, = 1.07 (PI76500 from now on) and high
PtBS concentration (80%) were prepared to study the di-
electric a-relaxation of both PtBS and PI components in the
blend.

B. Differential Scanning Calorimetry. A differential scan-
ning calorimeter TA Instrument Q2000 was used both in
conventional and “heat only” modulation mode to measure
the calorimetric glass transition temperature of the blends.
Samples of about 10 mg were sealed in aluminum pans and
heated at a 20 K/min rate for conventional and at an average
2 K/min rate for modulated experiments with a temperature
modulation amplitude and period of £0.32 K and 60 s,
respectively. Higher heating rate in conventional scans pro-
vides better sensitivity whereas modulated method allows to
separate changes in the heat flow due to variations in the heat
capacity of the sample from other type of heat contributions,
that is, the so-called reversing and nonreversing flows. Both
conventionally measured heat flow and reversing heat flow
measured by modulated experiments provided undistin-
guishable results for all the samples within the accuracy of
the method.

The calorimetric glass transitions of the studied blends are
asymmetric and very broad, extending over a T-range larger
than 60 K for the blends with PI content lower than 50%. As
a consequence, the determination of a glass transition tem-
perature from the heat flow curves by the usual tangent
method is subjected to large uncertainties. Alternatively, the
temperature derivative of the calorimetric signal provides a
much more sensitive and easier way to analyze changes in the
heat flow. In particular, when the calorimetric spectrum is
asymmetric the tangent method tends to give glass transition
values close to the maxima of the derivative, underestimating
the change of specific heat occurring at the asymmetric end
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Figure 1. Lower panel: Derivative of the heat flow with respect to T for
P12700 and PtBS1300 homopolymers and their blends at different
compositions (color on line). The intensity of the curves was multiplied
by 0.5, 2.5, 4, and 5, for 100, 50, 35, and 20% samples, respectively. In
addition, curves have been shifted in the y axis for clearness. Continuous
black lines represent fits to two Gaussian functions and dashed lines
individual components of the fitting. Upper panel: Glass transition
temperature of PI component in the blend as a function of PI content
(crosses); horizontal bars represent full width at half-maximum of the
Gaussian fits; dashed line represents the expected global glass transition
temperature for the blend according to a simple mixing rule.

of the spectrum. Figures 1 and 2 show the derivative of the
heat flow recorded at 20 K/min for different blend composi-
tions, where the mentioned extension of the calorimetric
transition is evident. Moreover, two distinct glass transition
ranges can be envisaged from the progressive high-T asym-
metric broadening of the signal as PI content decreases,
which eventually results in the development of two well
resolved peaks. The smooth variation of the different com-
ponent peak position between those for the homopolymers
corroborates the miscibility of the system.

In order to determine each component glass transition
from calorimetric data we have fitted the measured deriva-
tive of the heat flow (Figures 1 and 2) with two overlapping
Gaussian functions. For PI concentrations above 50%
where two peaks are not well resolved, the glass transition for
PI has been determined from the Gaussian fit of the low-T
side of the peak only. The so obtained glass transition tem-
peratures for the different components and blend composi-
tions are included in Tables 1 and 2 and in the upper panel
of Figures 1 and 2.

C. Dielectric Spectroscopy. A broadband dielectric spec-
trometer, Novocontrol alpha-A analyzer, was used to iso-
thermaly measure the complex dielectric function s*(za)) =
¢ (w) — ie"(w) between 130 and 350 K, and in the 10~ 2—10’
Hz frequency range, w = 27f, by placing samples between
parallel gold-plated electrodes of 30 mm diameter. The
temperature stability was better than +0.2K. Dielectric
losses of P are almost 2 orders of magnitude larger than that
of PtBS. As a result, when dielectricaly measuring PI—
PtBS blends, we will be principally sensible to the PI compo-
nent dynamics in the blend.
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Figure 2. Lower panel: Derivative of the heat flow with respect to T for
P12700 and PtBS2300 homopolymers and their blends at different
compositions (color on line). The intensity of the curves was multiplied
by 0.5, 0.5, 2.5, 4, and 5, for 100, 80, 43, 35, and 20% samples, res-
pectively. In addition, curves have been shifted in the y axis for
clearness. Continuous black lines represent fits to two Gaussian func-
tions and dashed lines individual components of the fitting. Upper
panel: Glass transition temperature of PI component in the blend as a
function of PI content (crosses); horizontal bars represent full width at
half-maximum of the Gaussian fits; dashed line represents the expected
global glass transition temperature for the blend according to a simple
mixing rule.

Table 1. Component Glass Transition for PI12700 and PtBS1300 in
Their Blends from DSC Results

PI [%] T£12700 (K) Tg’tBSH()O (K)
100 204
80 211
50 219 240
35 228 257
20 254 288
0 330

Table 2. Component Glass Transition for PI12700 and PtBS2300 in
Their Blends from DSC Results

PI [%] T512700 (K) Tgmszmo (K)

100 204
80 208
65 212

43 223 260

35 230 276

20 251 307

0 373

The measured spectra in general show two partially over-
lapped relaxation processes corresponding to the main chain
(normal mode) and the segmental (o) relaxation of PI12700 in
the blends (see Figure 3). With decreasing PI content,the
dielectric loss intensity of these relaxations decreases and its
characteristic frequencies become lower and lower, as ex-
pected for miscible blends. Once again the smooth variation
of the signals confirms the miscibility of the system, as phase
separation for the intermediate compositions 50—43% would
manifest in characteristic times for PI motions similar to
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Figure 3. Imaginary part of the dielectric permittivity at 260 K for
P12700-PtBS1300 and PI2700-PtBS2300 blends—panels a and b, res-
pectively—at different compositions.

richer PI compositions like 80 or 65%. Regarding the shape
of the relaxations, we found a gradual broadening of both
processes with decreasing PI content, which makes the o-
relaxation of lower PI content blends to be less and less
pronounced. In the following we will focus on the study of
the o-relaxation process. The complete analysis and char-
acterization of the normal mode relaxation will be the subject
of a separated communication.

The position of the maxima of &¢’(w) as a function of
frequency at a constant temperature gives a direct measure of
the characteristic time of the motion involved. Characteristic
frequencies for the o-relaxation of PI component in the blend
were determined from the position of the maxima of the
relaxation loss (27f,,.« = 1/7) by a fitting procedure which
involved two Havriliak—Negami (HN) functions.

&*(w) = HNgpgin + HNgy (1)
Here
A
HN = 7‘9[3 (2)
(1+(inHN) )y

and 7y stands for Havriliak—Negami’s characteristic time,
related to maximum frequency by

sin[ﬁyin} v
(27 fimax) = THN % (3)

2(y+1)

The obtained log f,... values for PI’s o-relaxation are
represented by filled symbols in Figure 4 for the different
blends.

The segmental relaxation of the PtBS component in the
blend produces a very low intensity dielectric loss, orders of
magnitude lower than that of PI, and in a frequency range
close to P12700s normal mode. In order to have access to this
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Figure 4. Experimental logf,,.. of the PI dielectric a-relaxation for pure
P12700 and its blends with PtBS1300 and PtBS2300—panels a and b,
respectively—at different weight percentages. Solid lines represent the
prediction from the 7% )sc obtained by DSC. Crosses represent the
characteristic times obtained from isochronal representation of the data
for 20% PI blends.

low signal and study PtBS’s a-relaxation by dielectric spec-
troscopy, blends with high PtBS content and a high mole-
cular weight PI were prepared. Thanks to the longer chain
length of P176500, the normal mode relaxation of PI moves
to much lower frequencies bringing to light for this sample
with high PtBS content the small contribution from the
a-relaxation of the PtBS component in the blend,otherwise
masked by the PI2700s normal mode (see upper panel of
Figure 5). In The lower panel of Figure 5 filled sym-
bols represent the characteristic frequency of the PtBS
a-relaxation for pure PtBS1300 (squares) and in its blend
with 20% PI76500 (circles).

II1. Discussion

A. Individual Component Glass Transitions. /. Individual
Component Glass Transitions by DSC. The calorimetric glass
transition of the studied blends are asymmetric and very
broad, extending over a T-range larger than 60 K for the
blends with PI content lower than 50%. This phenomeno-
logy has often been reported for polymer blends in general,
and in particular, for blends with high dynamical hetero-
geneity as those studied here. Moreover, there is a progres-
sive asymmetric broadening of the high-T signal as PI
content decreases which eventually results in the develop-
ment of two well resolved peaks. The existence of two dif-
ferent dynamics in blends, each corresponding to the seg-
mental dynamics of individual components, is a well estab-
lished result. Therefore, it is natural to identify the double
peak structure of the calorimetric spectra with the effective
glass transitions of each component in the blend. The smooth
variation of the individual component peak intensity and
position between those for the pure homopolymers supports
the previous statement. As it can be seen in Figures 1 and 2,
the individual calorimetric glass transitions of the different
components in the blend are not only shifted but also
broadened relative to the homopolymer calorimetric signal,
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Figure 5. Upper panel: Imaginary part of the dielectric permittivity of
20%P176500-PtBS1300 (filled symbols) and 20%PI2700-PtBS1300
(empty symbols) blends at 350 K. Lower panel: Experimental log f,,,...
of the PtBS segmental dielectric relaxation for pure PtBS1300 (squares)
and its blend with 20%PI176500 (circles: maxima from isothermal

representation, crosses: position of the maxima from an isochronal
representation). Solid lines represent the prediction from the TQEEC

obtained by DSC.

as a result, when the relative dynamic heterogeneity of the
polymers is not very high a single broad glass transition is
likely to be observed. Finally, as we will present in the next
section, the comparison of the so obtained calorimetric eff-
ective glass transition and the segmental dynamics measured
by DS for PI evidence that the double peak structure is not an
artifact, but certainly reflects the dynamic heterogeneity of
the blends.

2. Comparison of DSC and DS Results. Because of the
much higher dielectric relaxation strength of PI, dielectric
spectroscopy provides a selective way to characterize PI
segmental dynamics in these blends. Therefore, it is of great
interest to address the question of how do the peak tempera-
tures deduced from DSC analysis (which we have identified
with the individual component glass transitions in the blend)
compare with the segmental relaxation dynamics of PI in
the blend directly measured by dielectric techniques. In order
to make such a comparison we have calculated Vogel—
Fulcher—Tamman (VFT) curves

B

log finax = logfw_m
0

(4)

for the o-relaxation of PI in the blends starting from the
component glass transition temperatures deduced from DSC
(T*%%c) assuming

homo om, homo com,
Thome — peomp = qhome — qeom (5)
where T, is the Vogel—Fulcher—Tamman (VFT) tempera-

ture, homo and comp stand for pure homopolymer and blend
component, respectively. In addition, log f., and B parameters
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Figure 6. Single component glass transitions Tﬁ)sc, TP ‘ps» and self-
concentration ¢, of PI2700 in its blends with PtBSl300 and
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measurements.

were fixed to those obtained for the pure homopolymer. In
general, the so obtained predictions for the PI segmental
dynamics show excellent agreement with the dielectric experi-
mental data (see Figure 4). We stress that solid lines in Figure 4
are not VFT fittings to dielectric data but the prediction from
T. g 7 sc according to the procedure described above. The PI’s
component glass transition temperature observed by DSC for
the most diluted PI composition is higher than that expec-
ted by following the microscopic o-relaxation dynamics of PI
component by DS. We will separately address this question
in the framework of nonequilibrium effects through section
ITIC. Analogous calculation and comparison (when data
is available) for the PtBS a-relaxation and Tg’ S by DSC
galso shows good agreement as shown in the lower panel of
Figure 5.

Following a common practice in the analysis of pure
homopolymers, we can play the other way round and pre-
dict PI component glass transition temperatures in the blend
from dielectric data (T; ’,s) . The characteristic frequencies
for the a-relaxation of PI component in the blend have been
fitted to a VFT law and the component glass transition
temperature estimated from the extrapolation of the fitting
at log f{T,) = —2. The so obtained T§ DS temperatures are
depicted in Figure 6 (crosses) together with 7%/ 2.DSC ONes
(circles) for dlfferent blends as a function of PI2700 content.
As we can see, T ‘ps values obtained from dielectric mea-
surements predlct reasonably well the calorimetric behavior.
The goodness of the comparison makes it clear that the
dynamic heterogeneity for the different components of a
blend, that is, the concept of different mobility and effective
glass transition for each component in the blend, also has its
counterpart in calorimetric macroscopic measurements as
long as the difference in 7,s is large enough to be detected
within the resolution limits of the technique. These findings
corroborate the unsuitability of both miscibility and inmis-
cibility criteria based on the existence of a single or double
calorimetric transitions, respectively.'!:!?

B. Self-Concentration. As commented in the Introduction,
there are two main candidates to explain the variation in
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local composition of polymer blends: thermally driven con-
centration fluctuations and self-concentration effects. The
idea underlying self-concentration is that the local concen-
tration around one segment of any component will be always
richer in that component due to chain connectivity. Among
those models devoted to self-concentration effects, the so-
called Lodge—McLeish model (LML) possess the most
elaborated formulation which opens the way for some
calculation and experimental test. The LML model defines
the local (effective) concentration in a volume J around a
given segment of component A, as

¢fff = ¢SA}1f + (1= ¢ﬁ)[f)XA (6)

where y 4 is the macroscopic concentration of component A,
and ¢,.ris a polymer specific parameter linked to the relevant
length scale of its segmental dynamics called “self—concen-
tration”. In particular, the model assumes that the glass
transition of component A in the blend will be that corres-
ponding to the “average blend 7, evaluated at the effective
or local concentration ¢ 4.

T;ympx‘i(x) — Tg(%)‘x:ﬁ»u (7)

Itis worth mentlonlng that in the framework of the existence
of two T,s in a miscible blend, the 757" in eq 7 should be
con51dered as some kind of ill- deflned average T, of the
blend. It is in some way ironic that a model proposing two
T,s in a miscible blend operatively uses an expression aseq 7,
which is based on the existence of a T(y), i.e., on the old idea
that miscibility means only one T,(x). In any case, we have
followed the standard procedure reported in the literature to
calculate the self-concentration of the LML model.

By using the formulation above, together with a simple
mixing rule to calculate the glass transition temperature

A A
1L Py 1%y (8)
T;ump, A Té/{zomoA Tél)zomoB

and the experimental values obtained for component glass
transitions by DS and DSC, we have calculated the self-
concentration of P12700, ¢4y (i) for each technique (DS and
DSC) and each blend composition separately; and (ii) by
fitting 72" as a function of PI content to a combination of
eqs 6 and 8 for each technique (DS and DSC). The global
fitting of T temperatures (method ii) leads to ¢Ye,/ values of
0.47 and 0 57 in PtBS1300 blends and 0.58 and 0.67 in
PtBS2300 blends for DSC and DS data collections respec-
tively and have been indicated by dotted —DSC— and
dashed —DS— lines in Figure 6. The point by point calcu-
lated ¢§,][/- values (squares DSC and plusses DS in Figure 6)
more or less scatter around the globally fitted value for DS
results, while they stay slightly farfrom the fitted value for DSC.
This is probably due to the anomalously high T;IDSC obser-
ved by DSC in comparison with that inferred from the
segmental relaxation dynamics of PI by DS in 20%PI blends.
We will come back to this question later in section ITIC.
LML model estimates a constant self-concentration value
for PI, q)ff[f = 0.45, based on Kuhn’s volume.'® Experimen-
tally, very different self-concentration values have been re-
ported for PI when blended with different Partners ¢>v€,f
0.33'7 and ¢M,, = 0.20'® in PI/PS blends; ¢, = 0.41'% in PI/
PVE; and qbself 0.85'® in PI/PB, among others. A partner
dependent ¢€Z]f}0 has also been observed for a series of PEO
blends with PVAc, PMMA, or PLA.!'" At the light of the
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results obtained here it seems that self-concentration may
not only change with blending partner, but also with the
molecular weight of the blending partner. Point by point
calculated self-concentration averages were (¢§,§ﬁ psc) =
0.56 £ 0.14 (where +0.14 stands for standard deviation)
and <¢S’;11/‘st> = 0.60 + 0.05 when blended with PtBS1300,
while much a higher values (¢, psc) = 0.67 £ 0.12 and
(¢t psy = 0.71 £ 0.06 are obtained for blends with
PtBS2300. Ediger et al. reported a self-concentration value
of ¢§,I,f = 0.63" as well for PI blended with a M,, = 32000
PtBS.

The ¢§1,fvalue determined by fitting the data for PI—PtBS
is significantly larger than that predicted by LML model or
those experimentally determined for Pl in other blends. It has
been argued that large ¢, values were reported for blends
with large homopolymer T, differences, e.g. AT, = 197 K
and ¢§,,£0 = 0.55in PEO/PMMA blends,'" or AT, = 96K
and ¢fe1/-0 = 0.64 in PEO/PVAC.ll However, other cases
could be mentioned where similar AT, do not produce such a
large ¢y (AT, = 111 K and ¢57¢ = 0.37 in PEO/PLA
blends!'!), or where high ¢y.;rvalues arise in blends with small
dynamic heterogeneity (AT, = 20 K and ¢%7° = 0.85in PI/

PB blends'®). The idea that a large AT, leads to a large ¢y

for the low-T, (fast) component as a result of the non-
equilibrium state produced when the high-T, (slow) compo-
nent freezes, is neither consistent with the fact that ¢, does
not clearly depend on the low-7, component concentration.
In the blends studied here in particular, the trend, if any,
would be a decrease of ¢%j, for blends with the lowest PI
content. This is against the expected trend for nonequili-
brium effects, which should be more prominent the more
dilute and the higher the dynamic heterogeneity between com-
ponents. Furthermore, for the blends with PI content 250%
studied in this work (which also exhibit large ¢%/ values) we
can not say that the system is out of equilibrium, as the PtBS
component is above its effective glass transition when mea-
suring its segmental relaxation by DS for example.

Analogous calculations of d)ﬁ’,/-s for the PtBS component,
with the T, ; BS and T ; 158 data available give values close
to zero for its self-concentration, ¢§Z’,§S ~ () as previously
reported.'? The chain length of the two PtBS used is similar
to the Kuhn step length for this (Polymers (the Kuhn molec-
ular weight of PtBS, M = 1500'”). On the one hand, this fact
would in principle put into question the strict applicability of
the LML model. On the other hand, the result that the
effective concentration and the macroscopic concentration
are similar can be well rationalized under the LML formal-
ism, where the concentration evaluated in such “large Kuhn
volume” is not expectedto be very different from the macro-
scopic one. If the characteristic length relevant for the dyn-
amics of mixtures is redefined, the LML formalism can be
successfully applied to describe and rationalize the pheno-
menology of low molecular mixtures for example,”® > for
which the model, as originally formulated, would not be
strictly applicable. As a consequence, we believe that the
LML model may catch the essence of a more general
characteristic length concept, which would be related to the
Kuhn segment in the case of polymers, but with physical
meaning also in other miscible systems.

C. Nonequilibrium in Dilute PI Blends. When the homo-
polymers forming a blend have very large T, difference, the
dynamic asymmetry, i.e., the difference between the char-
acteristic times for each of the components, dramatically
increases as temperature decreases until eventually the high-
er T, component freezes and the system falls out of equilib-
rium. For the low-T, (or “fast”) component dynamics a
crossover behavior is expected corresponding to the transi-
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Figure 7. Upper panel: o-relaxation of PI76500 in the blend 20%
PI76500-PtBS2300. Lower panel: a-relaxation of pure P176500 between
215 and 255 K every 5 K measured by DS.

tion from a high-T equilibrium regime to a low-T none-
quilibrium regime, where the “fast” component would move
within some kind of frozen network imposed by the “slow”
component. The modified dynamics of the “fast” component
in such a frozen network would consist on more localized
motions with low degree of cooperativity for which the
literature points toward faster characterisitic times than
those expected for the equilibrium state, and an Arrhenius
like temperature dependence (see, e.g., ref 23 for a recent
compilation). For a given blend composition, these effects on
the low-T, component should be more evident the higher the
concentration of the high-7, component and the lower the
temperature.

A crossover from the equilibrium-like toward confined-
like dynamics for the fast component of strongly asymmetric
polymer blends was first observed by DS in the system
polystyrene (PS)/poly(vinylmethyl ether) (PVME).*** In
that case, the fast component was PVME, which due to its
high dielectric strength in comparison with PS, is the respon-
sible of the dielectric response of the PS/PVME blends. It has
been reported' that the broad crossover (deviation from the
high-T dependence) of the 7-dependence of the of the PVME
relaxation time takes place in the broad range of the glass-
transition of the blend. An Arrhenius regime sets up at the
range of the effective glass-transition of PVME in the blend
determined by thermally stimulated depolarization (TSDC)
technique (which can be considered the dielectric equivalent
to the DSC), and extends well below in temperature.' In the
case of the PS/PVME blend, the dynamic asymmetry of the
system, measured as the difference between the T'ys of the two
pure components is of the order of 120 K. In our case, the
difference between PI's and PtBS’s Ts is 126 and 169 K for
PtBS1300 and PtBS2300 respectively. It is expected then that
PI’s segmental dynamics will be somehow modified by the
freezing of the PtBS “matrix” in those blends with very low
PI concentration. In the present case, however, PI/PtBS data
do not clearly indicate confined-like dynamics for the fast
component PI. Nevertheless the analysis of the data by both
DSC and DS techniques for these blends, brings to light
some results at odds suggesting that the dynamic behavior of
PI in these samples does not correspond with that in equi-
librium.

The bigger separation between the o and normal mode
relaxation in blends with PI76500 makes these samples very
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Figure 8. Characteristic frequencies for the o-relaxation of PI in its
blends with PtBS2300 obtained from the position of the maxima of ¢’ in
the isothermal (full symbols) and isochronal (crosses) representations
for 20% and 80% (panel a), 35% (panel b), 43% (panel c), and 65%
(panel d). Solid line represents the free VFT fitting of the isochronal
data. Dashed lines represent the effective glass transition temperatures
for PI component determined by DS.

helpful for the characterization of PI’s a-relaxation regardless
the normal mode. As it can be seen in Figure 7 and in contrast
to pure Pl and PI > 35% blends, the o-relaxation of PTin 20%
PI blends shows a marked decrease of its intensity and increase
of width as temperature decreases. The observation of very
broad relaxation functions is a typical characteristic of con-
fined systems. A decrease of the dielectric strength would be
indicative of a decrease in either the number of reorienting
dipoles (freezing), or the amplitude of their reorientation
(localization of the motion). The low intensity of the a-process
and the background signal due to the contribution of PtBS,
however, prevents from a reliable determination of the relaxa-
tion strength, as different evaluations for the background
produce opposing results.

The comparison of the time scales of the PI a-relaxation
obtained from the isothermal, ¢’(w,T = const.), and iso-
chronal, &¢’(w = const.,T), representations of the dielectric
permittivity, also stands out for the lower PI content blends.
The characteristic times obtained from the isothermal repre-
sentation are more physically meaningful. The maxima of
¢'(w) when plotted as a function of frequency at a constant
temperature represents the most probable frequency for the
moving units. The isochronal representation, however, gives
for a given frequency the temperature at which the intensity
of the measured signal is maximum. For PI concentrations
>35% the characteristic times determined from both repre-
sentations coincide (see Figure §). For the blends with 20%
PI, however, the characteristic times obtained from the iso-
thermal representation (which are the well-defined ones) are
faster than the time-scale deduced from an isochronal re-
presentation. This fact is certainly related with the marked
variation of the intensity of the a-relaxation with tempera-
ture for the lower PI content blends. The differences between
both representations are negligible for medium and high
concentrations and become more and more pronounced as
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temperature and PI content decrease. This result, i.e. the
faster relaxation times obtained in the isothermal repre-
sentation, could be interpreted and explained as the result
of the presence of a faster fraction of “confined” dipoles.
This fraction would decrease and its associated character-
istic time and dielectric strength become closer to that of
the less confined dipoles as temperature increased, making
the isochronal relaxation times slower than those observed
isothermally.

The extraordinary change of intensity for the segmental
relaxation of PI as temperature decreases for the 20%
compositions, may also be the origin of the apparent dis-
agreement between the component dynamics as observed by
DS and DSC for low PI content samples. We have seen that
DSC and DS results for PI perfectly match for all the samples
and compositions studied except for those with the lowest PI
content. In these cases, the dynamics of PI segmental relaxa-
tion as seen by DS is faster than that inferred from the
calorimetric analysis. Open arrows in Figures 1 and 2
indicate the temperature where 7% should be in order to
describe the experimental dielectric characteristic times ob-
tained from the isothermal representation. Interestingly, the
dielectric characteristic times obtained from the isochronal
representation predict a component glass transition tem-
perature T4 that matches that deduced from DSC. The solid
line in Figure 8a represents a free fit of the isochronal points
toa VFT law while the dashed line represents the component
glass transition observed by DSC. It seems, therefore, that
the apparent disagreement between the component dyna-
mics as observed by DS and DSC, is no more than the
nonequivalence of the temperature and frequency represen-
tations when the intensity of the physical processes produ-
cing the signal significantly change with temperature.”® As
we have already said, the isochronal representation gives, for
a given frequency, the temperature at which the intensity of
the measured signal is maximum. At a given frequency, that
typically used to define T, for example, ~10"%Hz, both DSC
and DS signals reach a maximum value at the same tem-
perature for all the concentration investigated. Even if the
physical quantity underlaying DS and DSC techniques is
different, it is perfectly consistent that the changes produced
by temperature on both signals have the same direction, in
fact, a decrease in the dielectric strength due to the localiza-
tion of the dipolar motion would also produce a decrease of
the calorimetric signal, as more local motions produce less
changes of entropy or heat capacity.

We note that all the peculiarities observed for low PI
content samples are more evident the lower the temperature
and PI content, and the higher the difference between
homopolymers 7s, following the expected tendency in case
of confinement effects. It is noteworthy that a well-defined
Arrhenius regime of the PI relaxation time is not evident in
Figure 8. This absence however could be explained taking
into account the values of the effective T,s of PI in those
blends. These values have been marked by dashed lines in
Figure 8. They are for the two compositions just in the low-T'
limit of reliable values of 7(7). As it has been commented
above, the Arrhenius-like regime observed in the case of
PVME in PVME/PS blends develops at about the effective
T, of PVME in the blend and below. This should also be the
expected behavior in the case of PI in PI/PtBS blends. The
absence of 7(7) data in that low-temperature range would
explain why we do not observe the Arrhenius regime ob-
served in other blends. On the other hand, it is evident that
representing the broad peaks of Figures 1 and 2 by only
single values of effective Ts is, obviously, an oversimplifica-
tion. These broad peaks likely represent distribution of 7,s
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associated with almost static composition fluctuations in the
system. Figures 1 and 2 also show that the peaks correspond-
ing to PI and PtBS overlap, thereby indicating some over-
lapping of the T,-processes in the crossover region as well.
Finally, in the framework of the LML model the high values
obtained for ¢§)llf‘ in PI/PtBS would be an indication of a
relatively low interdependence of the PI segments with the
surrounding host chains of PI/PtBS. This low interdependence
implies that very low PI concentration would be needed for
the confinement effects to set clear.

However, despite of these large values, our results clearly
indicate that in the blends with high concentration of PtBS
the PI’s segmental dynamics does not follow the trend of
those blends in thermodinamical equilibrium, and that the
freezing of PtBS chains produces changes in the PI segmental
dynamics in the direction of confinement effects.

IV. Conclusions

We have observed distinct glass transitions for each compo-
nent of miscible PI/PtBS blends by calorimetric methods in
samples with smaller glass transition temperature difference
between pure homopolymers than those previously reported for
the same system. The comparison of the component glass transi-
tion temperatures observed in calorimetry and those obtained
from the extrapolation of the PI segmental dynamics in the blend
at long times by means of DS is very good, evidencing that the
observed double calorimetric signal is really the signature of two
distinct glass transitions in the blend. Additionally, the procedure
proposed for the calculation of component segmental relaxation
times from the calorimetric component glass transitions works
pretty well, supporting the suitability of this practice in order to
estimate the dynamics of a certain component by means of
calorimetric measurements in the cases or systems where dynamic
techniques lack selectivity. Finally, the PI segmental dynamics in
diluted blends does not follow the trend observed in blends at
thermodinamical equilibrium (higher PI concentrations), which
could be a signature of confinement effects. However, the low
intensity of the signal and the limited experimental window at the
low-frequency/low-temperature range where the Arrhenius-like
regime should set, prevents from a clearly concluding the pre-
sence or absence of this effect.
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