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ABSTRACT: We have disentangled the contributions to the glass
transition as observed by differential scanning calorimetry (DSC)
on simplified systems of industrial interest consisting of blends of
styrene—butadiene rubber (SBR) and polystyrene (PS) oligomer.
To do this, we have started from a model previously proposed to
describe the effects of blending on the equilibrium dynamics of the
a-relaxation as monitored by broadband dielectric spectroscopy
(BDS). This model is based on the combination of self-
concentration and thermally driven concentration fluctuations
(TCPFs). Considering the direct insight of small-angle neutron
scattering on TCFs, blending effects on the a-relaxation can be
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fully accounted for by using only three free parameters: the self-concentration of the components @iat and @ly) and the relevant
length scale of segmental relaxation, 2R .. Their values were determined from the analysis of the BDS results on these samples, being
that obtained for 2R, ~ 2SA in the range usually reported for this magnitude in glass-forming systems. Using a similar approach, the
distinct contributions to the DSC experiments were evaluated by imposing the dynamical information deduced from BDS and
connecting the component segmental dynamics in the blend above the glass-transition temperature T, (at equilibrium) and the way
the equilibrium is lost when cooling toward the glassy state. This connection was made through the a-relaxation characteristic time
of each component at T,, 7,. The agreement of such constructed curves with the experimental DSC results is excellent just assuming

that 7, is not affected by blending.

1. INTRODUCTION

Differential scanning calorimetry (DSC) is probably the widest
used technique to corroborate miscibility in polymer blends,
since the most extended traditional criterion for miscibility is
the observation of a sin§le glass-transition temperature T, in
the calorimetric trace.' > Contrarily to the rather abrupt step
in the specific heat C, of homopolymers, blends usually show a
monotonic increase in C, extending over a broad temperature
range between the two T,s of the neat polymers.” The
position and broadening of these extended steps depend on
composition. As for the homopolymers, from the inflection
point of C,, a glass-transition temperature can be deduced for
the blend. Traditionally, it was believed that miscibility implies
a single glass transition for the blend components.”” This
concept was, however, critically revised in light of extensive
investigations on polymer blend dynamics by means of
different methods including, e.g., broadband dielectric spec-
troscopy (BDS), nuclear magnetic resonance (NMR), and
quasielastic neutron scattering (QENS).”~" These techniques
have the advantage that they can be sensitive to a given
component (if it has a much stronger dipole moment than the
other, in the case of BDS, or applying selective deuterium
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labeling, in the case of QENS). In addition, they address
dynamical processes in equilibrium—the dipolar reorientations
or the atomic motions in the a-relaxation—instead of
following a loss of thermodynamic equilibrium, as it is the
case of DSC experiments. Intuitively, for a perfect and
homogeneous blend one would expect to observe only a
single average relaxation time for the a-relaxation. This would
translate into a single T, measured by DSC. On the contrary,
even in thermodynamically miscible blends two different mean
relaxation times are usually found, each of them corresponding
to the dynamics of the a-relaxation of each component
modified by blending.’ This finding is known as dynamic
heterogeneity of miscible blends. Dynamic heterogeneity is
particularly prominent in so-called dynamically asymmetric
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blends (mixtures where the T,s of the neat components display
a large difference, like, for example, poly(methyl methacrylate)
(PMMA) and poly(ethylene oxide) (PEO)), and its establish-
ment broke the paradigm of the presence of a single T, in
miscible polymer blends. In fact, two different calorimetric Tes
have been resolved in some dynamically asymmetric polymer
blends including the showcase of PMMA/PEOQ.”"*'* These
results can be considered as additional evidence of the close
connection of the slowing down of the a-relaxation dynamics
and the loss of the thermodynamic equilibrium associated with
the glass formation process. As a general rule, it is considered
that for polymers and other glass-forming systems the time
scale of the a-relaxation at the glass transition temperature, as
determined at usual heating/cooling rates of some K/min, is in
the range of 10—100 s."

The origin of the dynamic heterogeneity in blends is
nowadays attributed to self-concentration (SC) effects:'*~"*
the local concentration around one segment of one of the
blend components is always richer in this component due to
the chain connectivity. Since the average T, in the blend
depends on composition, both components experience differ-
ent “effective glass transitions” T, .gs. This implicitly translates
into different relaxation times for both components, ie., the
observation of dynamic heterogeneity in the system. Dynamic
heterogeneity is however not the only effect of blending on the
dynamic properties of miscible blends. The other main general
observation is the broadening of the relaxation function as, for
example, monitored by BDS. This effect is believed to be due
to the thermally driven concentration fluctuations (TCFs),
which are always present in a two-component system in
equilibrium.s’é’s’ 119,20

To describe the DSC results on blends, usually quasi-
phenomenological mixing rules such as the Fox,”' diMarzio,**
or the Kwei””** equations have been proposed in order to
reproduce the concentration dependence of the average value
of the glass-transition temperature. Reference 25 provides an
interesting updated discussion on the grounds of the different
approaches found in the literature. In a further step, taking into
account the SC concept and applying the Fox equation to
deduce the T,4s of the components, in refs 16 and 26 the
concentration dependence of the average T, of the blends of
different pairs of polymers was reproduced and the shape of
the DSC trace was qualitatively accounted for.'® Self-
concentration effects were also considered in the attempt to
reproduce the bimodal feature of the DSC trace of blends
containing PEO in ref 27. Information about underlying
distributions of glass-transition temperatures in the DSC
results of blends was also extracted applying different methods
in ref 28. However, to our knowledge, to date, the whole
functional form of the DSC trace of polymer blends has not
been quantitatively accounted for by any model or theoretical
approach.

A full description of the DSC results implies describing not
only the location of the midpoint or the inflection point(s) but
also the broadening and shape of the trace, ie., the details of
how the contribution of the components to the whole curve
behaves. It is worth noting that the DSC trace in the glass
transition reflects the way thermodynamic equilibrium is lost
when the a-relaxation time reaches laboratory time scales.
Therefore, it is expected that DSC results should reflect in
some manner both effects identified for the a-relaxation in
equilibrium, dynamic asymmetry and broadening, that
originate from SC and TCFs, respectively.

7615

During the last years we have been investigating mixtures of
interest in the tire industry, namely, blends of styrene—
butadiene rubber (SBR) and polystyrene (PS) oligomers.”” >
The low molecular weight of PS facilitates miscibility with
SBR. We found that SC and TCFs are also the main
ingredients to determine blending effects in these simplified
industrial systems. We proposed a model’”’ that combines
these two factors to explain the BDS results of the blend at
equilibrium, ie, at T > T, That model also explains the
mechanical response at T > T, of the same blends.”® The
question we want to address now is whether—and how—the
same framework can be used for determining the DSC traces
in the T, range of these mixtures.

In the application of the above-mentioned model, a series of
parameters are involved to account for SC and TCF effects. In
this context, small-angle neutron scattering (SANS) experi-
ments on mixtures with enough scattering contrast are of
utmost interest since they provide direct insight on the
TCFs.”>*° This SANS information can be exploited to
directly determine the impact of TCFs on the broadening of
the a-relaxation and reduce the number of free parameters
from the proposed model. In addition, SANS results also allow
discerning the temperature/composition re§i0ns where the
mixtures are thermodynamically miscible.”*>

With these ideas in mind, in this work we have combined
DSC, BDS, and SANS experiments on simplified blends of
industrial interest, composed again by SBR and PS oligomers.
To provide SANS contrast, PS was deuterated and SBR
protonated. All experiments here reported were carried out on
the same samples (note that PS here is isotopically labeled and
SBR has a different microstructure and molecular weight than
in previous works’”™>"). Our final goal was to establish the
underlying contributions to the DSC response for a wide range
of compositions. To this end we connected the modeling of
the segmental dynamics with the calorimetric behavior using
the information deduced from the analysis of the BDS results
supported by the SANS direct insight on TCFs. In this
analysis, the determination of the relevant length scale for the
a-relaxation is involved, a fundamental question recurrently
emerging in the field of glass-forming systems.’®*” With our
strategy, this length scale becomes the main parameter we need
to fix in order to reproduce the blending broadening effect on
the BDS relaxation function, for all temperatures and
concentrations.

The paper is structured according to the strategy followed.
We first present the bases of the model previously proposed to
describe the effects of blending on the equilibrium a-
relaxation, in particular as it is observed by BDS, as theoretical
background. Thereafter the experimental details are given,
regarding the samples investigated and the techniques included
in the adopted methodology. In the Results section the
experimentally obtained DSC traces are first presented, and the
results corresponding to the neat components are modeled as a
prerequisite for the later description of the blends results. Next,
the SANS results revealing TCF are analyzed, with a twofold
goal: (i) to determine the phase diagram and (ii) to provide
the mean square of the TCF as a function of the length scale
and blend composition. This information is imposed when
applying the model to the BDS results, such that blending
effects are accounted for by only three parameters: the self-
concentration of both blend components and the relevant
length scale of the a-relaxation. The values of these three
parameters are determined from the BDS analysis. Thereafter,

https://doi.org/10.1021/acs.macromol.2c00609
Macromolecules 2022, 55, 7614—7625


pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.2c00609?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Macromolecules

pubs.acs.org/Macromolecules

the connection of the model for the segmental dynamics of the
mixtures with the calorimetric results is presented, and, making
use of the previously gathered information, the DSC traces are
computed and directly compared with the experimental results.
The consistency of the proposed approach and implications of
the assumptions made in the extension to describe the DSC
traces are discussed before we summarize the conclusions of
this work.

2. BACKGROUND: MODELING THE a-RELAXATION
OF SBR/PS BLENDS

The model used previously for describing the a-relaxation of
SBR/PS blends*”*° is based on thermally driven concentration
fluctuations and self-concentration concepts. Following pre-
vious works, it is assumed that the TCFs evolve on a much
longer time scale than that of the segmental relaxation. This
entails that the polymer blend can be viewed as a set of
subvolumes “i” each with a different SBR concentration, 0 < ¢,
< 1. This quasi-static distribution of concentration g(¢,) in the
blends can be described by a Gaussian function centered
around the bulk concentration of the blend ¢:

(0) o ep B0
SO T ()
where ¢ is the standard deviation of the distribution of
concentration. When applying the model to describe the
dielectric response of SBR and PS blends, the contributions of
the components to the total dielectric permittivity of the blend
can be written as

Egpr = Zg((ﬂ,v) X (p,‘E;ER,i(w) ()
i 2a

s =D g(g) x (1 — g)egs (o)
i (2b)

where edg;(w) and €ff;(w)—the complex dielectric permit-
tivity associated with SBR and PS, respectively, in region “i"—
are assumed to have the same characteristics of the relaxation
of the corresponding homopolymers except the time scale. The
time scale of the dynamics of a given polymer segment located
in region “i” of a miscible blend is controlled by the local
composition in a small region around the segment ¢ of this
component. This local composition is described by an effective
concentration @,g; which for the SBR and PS components is
given by

SBR SBR SBR
Pgi = P T (I =)o, (3a)
Py = P + (1= @) (1 = @) (3b)

We have introduced the self-concentration parameters, @S5t
and @3, which will be assumed to be concentration
independent. This is a crude approximation when using the
self-concentration parameters for data fitting; however, it can
be justified by considering their fundamental significance.”
Note that self-concentration was introduced in connection
with both the relatively small size of the region around a given
segment determining its dynamical behavior and the molecular
characteristics (persistence length) of the particular compo-
nent of the mixture.'®

The relaxation time values of each component in a given
subvolume are then calculated using the Vogel—Fulcher—
Tammann (VFT) equation:**~*

7616

7(T) = 7, eXP[DiTE),i/(T - :’;),i)] (4)

The same value of the prefactor 7., = 107 s (a typical
vibrational frequency) is assumed for the pure components and
for each component in any of the regions. The other VFT
parameters, D (related with the so-called dynamic fragility)
and T, (Vogel temperature), are evaluated for the neat
components DSBR TSBR DS and T5° and obtained for each
component in a given region “i” by using mixing rules with the
corresponding effective concentrations. Particularly, a linear
mixing rule is assumed for D;:

SBR SBR _SBR PS SBR
D> =D D + D (l_fpeff,i)

(sa)

1

PS PS PS SBR PS
D" =D"¢4 +D (1- Do i (5b)

For T,, we have used a Fox-like equation,”’ following
previous works;*’ that is, T,,; values are calculated as

SBR SBR SBR SBR PS
VT =g /To + (1 —ag)/To

PS SBR
Cpeff,i)/ )

(6a)

1 To; = @/ Too + (1 =

1

(6b)

In the framework of this model the total dielectric response
of the blends is obtained summing up the contribution of each
component in the blend.

ey enp(®) = 8;;31{(0)) + 81?5(&))

(7)

3. EXPERIMENTAL SECTION

3.1. Samples. Protonated styrene—butadiene rubber was synthe-
sized by anionic polymerization by the Michelin Company. Before
their use for copolymerization, the monomers were first dried over
BulLi for butadiene and over calcium hydride and dibutylmagnesium
for styrene and then distilled to obtain purified monomers. The
copolymerization was initiated by butyllithium in methylcyclohexane
at S0 °C. The deuterated polystyrene was purchased from Polymer
Source, synthesized by living anionic polymerization of styrene-dg.
Table 1 shows the microstructure, the average molecular weight (M,),
and polydispersity (M,,/M,) of the neat polymers.

Table 1. Molecular Weights, Polydispersities, and Weight
Fractions of Styrene (S), 1,2-Butadiene (1,2-B), and 1,4-
Butadiene (1,4-B) of the Pure Component Investigated.

M, (kg/ M, (kg/ D (g/
sample wg Wiop Wi mol mol) PDI cm§)
SBR 0.278 0.178 0.544 10.16 10.59 1.04 1.01
PS 0.94“ 0.90 0.98 1.09 1.12

“Taking into account the weight of end-groups.

Taking into consideration the microstructure of SBR, for the
analysis of the neutron scattering data we have defined an “effective
monomer” composed by 0.167 styrene monomer and 0.833 butadiene
monomer. Considering the density of the polymer, this effective
monomer has a volume of SBR (vgsy) of 1.022 107** cm?, while that
of PS (vps) is 1.661 X 1072 cm®. The scattering length density p
(scattering length of the monomer divided by the monomeric
volume) of SBR was calculated to be pgpp = 8.50 X 10° cm™ In the
case of PS, which is deuterated but not 100%, the scatterinﬁ length
density was experimentally determined in a previous work® (ppg =
59.25 X 10° cm™2). We note that the values of some parameters as the
effective monomer volume or the scattering length density are specific
for the particular materials here investigated, since they depend on the
microstructure, molecular weight, and isotopic labeling considered.
The same applies for other parameters reported in the following, as,
for example, the self-concentration or the characteristic time at the
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glass transition. Therefore, the values here obtained in these cases
cannot be considered as characteristic for “generic” SBR and “generic”
PS.

Blends of different compositions were prepared by solution casting
using tetrahydrofuran (THF) as a solvent. The compositions of the
mixtures of fully protonated SBR and deuterated PS were chosen such
that the molar composition corresponded to mixtures of SBR and
fully protonated PS with SBR weight fractions (wggg) of 0.8, 0.6, 0.5,
and 0.3. The obtained films were carefully dried under vacuum at 343
K for 24 h to remove the solvent completely. Reference samples of the
neat polymers were prepared in a similar way.

3.2. Differential Scanning Calorimetry. DSC measurements
were carried out on approximately 10 mg of samples using a Q2000
TA instruments. A liquid nitrogen cooling system (LNCS) was used
with a 25 mL/min helium flow rate. Measurements were performed
by placing the samples into aluminum pans. Data were acquired
during cooling at 3 K/min from 353 K to 173 K. Temperature-
modulated experiments (MDSC) were performed using a sinusoidal
variation of 0.5 K amplitude and 60 s period.

3.3. Small-Angle Neutron Scattering. SANS experiments on
the blends were performed on the instrument D22 at the Institute
Laue-Lagevin (ILL) in Grenoble, France.*' Using an incident
wavelength 1 = 6 A and sample—detector distances (SSDs) of 17,
5.6, and 1.5 m, a Q-range between 0.003 and 0.58 A™' was covered.
Here, the modulus of the scattering vector Q is defined as Q = 474~
sin(6/2), with 0 as the scattering angle. The samples with a thickness
of 1 mm were sandwiched between aluminum foils. Experiments were
carried out in isothermal conditions at 265, 277, and 298 K.
Equilibration times of about 45 min were employed at each
temperature. The data were reduced using ILL in-house software,
correcting measured intensities for the transmission, deadtime, sample
background, and detector background (with B,C as a neutron
absorber at the sample position).

3.4. Broad-Band Dielectric Spectroscopy. BDS experiments
were conducted by using an Alpha dielectric analyzer (Novocontrol)
to determine the complex dielectric permittivity (e* = ¢’ — ie”) over
the frequency range from 107> to 10’ Hz. Samples were placed
between two flat gold-plated electrodes (30 and 20 mm diameter)
forming a parallel plate capacitor with a 0.1 mm thick cross-shaped
spacer of Teflon of negligible area between them. The temperature
was controlled by a nitrogen jet-stream with a Novocontrol Quatro
temperature controller. The measured temperature range was 130—
360 K, and data were recorded every 5—10 K.

4. RESULTS

4.1. Calorimetric Traces of the Glass Transition. The
calorimetric T, values of the samples were determined by
picking up the inflection point of the reversible part of the heat
flow during cooling at 3 K/min (see Figure 1). The difference
between the Ts of the two neat systems, ATgs, is around 60 K,
and their blends can be considered as dynamically asymmetric
binary blends.” In this system, PS (T, = 286 K) is the high-T,
or slow component and SBR (T, = 227 K) is the low-T, or fast
component. The glass-transition processes of the blends
manifest broad features in the range between the T,s of the
pure components; as we increase the content of PS, the heat
flow jump range becomes broader.

In order to analyze the contributions to the experimental
DSC trace of the segmental dynamics responsible for the glass
transition, first the glassy behavior has been accounted for with
a linear function (for the sake of simplicity) and subtracted
from the DSC cooling scan of the reversible heat flow (Figure
1). We have used this procedure for the homopolymers as well
as for the blends. The resulting calorimetric traces that will be
used for the following analysis are shown in Figure 2 and will
be referred to as segmental heat capacity, s-C,. Interestingly
enough, the behavior at temperatures well above T, for all
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Figure 1. Reversible heat flow during cooling at 3 K/min for the pure

components and SBR/PS blends. Data were vertically shifted for the

sake of clarity. The composition and the glass transition temperatures

are specified for each sample. The dashed lines correspond to the

linear description of the glassy part.
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Figure 2. Calorimetric traces after the subtraction of the glassy part;
same procedure has been applied on the neat components and the
mixtures of SBR/PS. The solid lines fitting the neat polymers data
were obtained by using eq 8 with parameters given in Table 2.

samples nearly superimposes and can be approximately
described by a power law (T™") with n = 2. It should be
noted that the subtraction of a linear function does not alter
the inflection point temperature determining T,.

It is a quite generally accepted that in bulk polymer systems
the segmental dynamics fully controls the way thermal
equilibrium is lost when decreasing temperature (the liquid
to glass transition phenomenon). Despite the fact that several
theoretical approaches exist,"”** a fundamental quantitative
link between segmental dynamics and the way thermodynamic
equilibrium is lost has not been established by now. For
instance, the Adam and Gibbs equation establishes a direct link
between the characteristic times and the configurational
entropy on the basis of the so-called cooperatively rearranging
regions (CRRs).”” In this framework, as the temperature is
reduced, the configurational entropy decreases and the time
needed for maintaining thermodynamic equilibrium rapidly
increases. In this way once the equilibration time exceeds
typical laboratory values (ca. 1—1000 s, depending on the
experimental conditions), equilibrium is lost and the super-
cooled liquid state transforms into a glassy state, the glass-
transition phenomena. When comparing the relaxation times
for the segmental dynamics and the calorimetric glass
transition temperatures, semiquantitative connection can be
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established; namely, the relaxation time measured at the
calorimetric T, (taken as the inflection point) is on the order
of 10 seconds.”

Taking this into consideration, the starting point of our
approach is to first do a relatively simple full characterization of
the homopolymers’ DSC behavior, which would encode the
unsolved intricate connection between the segmental dynamics
and the glass formation process. After that, we will use this
simple picture to establish the connection between the
segmental dynamics and the DSC data of the blends following
a scheme mirroring that used before for the BDS data
description.

The description of the DSC traces in the glass transition
range for the neat polymers required quantifying the three
main quantities for each component: a characteristic temper-
ature, a measure of the width of the glass transition range, and
the associated heat capacity jump. A simple but satisfactory
way to describe the experimental segmental heat capacity of
the neat polymers is by combining a sigmoidal function with a
T law as

% \2
1
s-C,=AC, | 2| —————
» P T | | 4 (T-T)6 ®)

where AC,, is the heat capacity jump, 5 measures the width of
the glass transition range, and Tg‘ is a characteristic
temperature defined as the inflection point of the sigmoidal
function. As can be appreciated in Figure 2, the description of
the experimental data for the neat components, both SBR and
PS, is very good. The parameters determined by fitting the
curves are given in Table 2. Note that minor differences exist

Table 2. Parameters Obtained by Fitting Eq 8 to the
Segmental Component of the Reversible Heat Flow of the
Neat Components.

5/K AC,/] g K T#/K
SBR 2.5 0.46 226.6
PS 2.6 0.28 286.5

between T, defined as the inflection point of the full function
and Tg‘ values. Nevertheless, the observed differences are close
to the typical experimental uncertainties in determining T,
values.

The results presented in Figures 1 and 2 suggest a good
miscibility (in the “traditional” meaning) of the SBR/PS
blends in the full range of concentrations investigated, which
will be confirmed in the following section from a
thermodynamic point of view.

4.2. Analysis of the SANS Results. The DSC
information—determining the supercooled liquid/glassy state
boundaries—was combined with the SANS information on
TCF, revealing the spinodal decomposition temperatures.
Representative SANS results are shown in Figure 3a at 298 K
for the different samples investigated and in Figure 3b for the
sample with SBR content wgr = 0.5 as function of
temperature. With decreasing Q, the data show a first clear
increase of the scattered intensity followed by a plateau. This
regime is dominated by TCFs in the mixture. The amplitude of
this contribution strongly depends on composition. For a given
sample, as shown in Figure 3b, the amplitude of TCFs
increases with decreasing temperature. To characterize the
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Figure 3. SANS results on the different SBR/PS blends at 298 K (a)
and for wggr = 0.5 at the three temperatures investigated (b). Solid
lines are fits using eq 10.

TCFs the Ornstein—Zernike (OZ) expression is usually
invoked:

1o,(0)
1+ (Q) 9)

where I5,(0), the Q — 0 value of the function, is the
amplitude and £ is the correlation length for TCFs. The OZ
function is in general a good approximation of the structure
factor of polymer blends in the random phase approximation
(RPA).* ™ Below Q ~ 0.015 A™Y, an additional contribution
to the scattered intensity is found, which varies as ~Q™* with x
~ 4. The origin of this contribution to the scattering is
controversial, and its interpretation is beyond the scope of our
work. We just parametrize it with a Porod-like power law ~Q™*
to properly obtain the information on the OZ contribution. In
order to describe the SANS results, we also need to consider a
background (BG), accounting for incoherent contributions.
These are higher for samples richer in protonated component,
i.e,, with increasing SBR concentration. With all, the data were
fitted by the following expression:

< Io(0)
1+ (Qe)

IOZ(Q) =

1,,(Q) = BG

Q' (10)
Figure 3 shows that this kind of description works rather well.

To determine the spinodal decomposition temperature T
(where the amplitude of TCF diverges) for the different
compositions, we have represented in Figure 4a the inverse
values of the OZ amplitudes I,,(0) as function of the inverse
temperature. Actually, we have plotted the results against the
variable T,/T, where the T, value has been previously
determined as the inflection point of the DSC trace, to clearly
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Figure 4. Inverse amplitudes (a) and correlation length (b) of the
Ornstein—Zernike contribution to the SANS patterns as functions of
Tg/ T, where Tg is the calorimetric average glass-transition temper-
ature of the corresponding sample. Lines in (a) are linear fits. The

code for the SBR weight fraction of the different blends is shown in

(b).

discern whether the spinodal temperature is below or above
the calorimetric average glass transition. Actually, we discarded
the lowest temperature (265 K) results for the 30 wt % sample,
because this temperature is very close to the average
temperature of the blend and total equilibrium was not
assured, even with the long equilibration time employed in the
measurements. From Figure 4a we can see that the signatures
of TCF are amplified with decreasing temperature. At the same
time, the correlation length & increases (see Figure 4b). These
observations point to phase separation of the mixtures at low
temperatures (UCST-type phase behavior). The values of T
were obtained as the intercept of the linear fit of the data in
Figure 4a with the x-axis. These values are represented in
Figure 5 together with the calorimetric results on the
vitrification phenomenon. For all the compositions inves-
tigated, the value of T, is always higher than T;: upon cooling,
the sample becomes a glass before demixing. In other words, in
the supercooled liquid regime the blends are stable mixtures
from a thermodynamic point of view.

SANS results also allow determining the effective interaction
parameter between components y. The y-values obtained (see
Supporting Information, SI) are lower than those reported for
blends of the same PS oligomers and SBR of different
microstructure (lower styrene content, leading to a lower glass-
transition temperature and thereby enhanced dynamic
asymmetry).”" This result reflects an improved compatibility
of the components when the copolymer has more chemical
and dynamic similarity with the oligomer. On the other hand,
we note that the analysis of the Q_—de?endence of our SANS
results in terms of the habitual RPA*** is not trivial due to the
oligomeric character of the PS component. This would require
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Figure S. Average glass-transition temperature for the SBR/PS blends
obtained from DSC (T, circles) and spinodal decomposition
temperature deduced from SANS (T, squares). Bars on Tg-values
display the limits of the calorimetric glass transition range (initial and
final temperatures of the heat flow step as seen in Figure 1), and bars
on T, data represent the estimated uncertainties in their
determination.

the description of the form factor for a finite number of
monomers with some chain stiffness. This kind of analysis is
beyond the scope of the present work.

4.3. Modeling the Dielectric Response with the Input
of SANS. Once we confirmed that in the supercooled liquid
regime the investigated mixtures were stable against phase
separation, BDS experiments were performed and described
using the simple model presented above; see the SI for details.
The dielectric relaxation modeling was based on assuming that
the relaxation shape and intensity of the neat components and
those of these components inside each of the regions “i”
forming the mixtures are the same. The dielectric a-relaxation
of each neat component can be described by a Havriliak—
Negami equation™® with temperature-independent shape
parameters (see the SI). These characteristics are maintained
for the contribution of the considered component to the
relaxation of the blend, the relaxation time being the parameter
assumed to be affected by blending.

In this way, we have applied the modeling strategy to the
BDS results in the blends (see the SI). The parameters
involved are the self-concentrations of both components @S58
and ¢ly determining the local composition in each region and
the widths ¢ of the distributions of concentration associated
with the spontaneous fluctuations, described by means of
Gaussian functions, g(¢;), eq 1. In previous works, the
composition-dependent values of & were obtained from fitting
the BDS experimental results. However, with the information
from SANS experiments that provide direct insight on the
TCFs we can independently obtain information about ¢. Based
on previous works of Fischer et al,”** Colby, Kumar, et al.*®
proposed that in an incompressible binary blend the mean-
squared concentration fluctuation ¢° is given by

2_ V¥ / « 2

o' = [T s(Q) QF@) e )
where v, and vy are the monomeric volumes of the
components A and B and F(Q) is the form factor of the
considered volume. As discussed above, the segmental
dynamics has a cooperative character and involves the
correlated motion of many units. Thus, the relevant volume
for calculating o from SANS data would be directly connected
to the region where the correlated motions occur. Nowadays
there is increasing evidence that the correlated motions giving
rise to the structural relaxation in the supercooled liquid
regime occur in string-like entities.*’ ™ Moreover, it has been
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proposed very recently that the same entities could also be
involved in other universal characteristics of the amorphous
materials, particularly the so-called Boson peak.*’ Despite
these results, for the sake of maintaining the spirit of simplicity
in our approach, and following previous works,”*”*" the
relevant volume for the segmental dynamics has been assumed
to be a sphere of radius R.. Within this approach, if as in the
present case an OZ function (see eq 9) is used to describe the
structure factor S(Q), eq 11 can be expressed as

2o W SO [ 30+ R/ R/E-T | e
8t R} 2R/E} |R/E+ 1

(12)
Here S(0) = Io;(0)/(Ap)?% with Ap being the difference in
scattering length density of the two components. Introducing
the values of v,, vz, and Ap corresponding to our blend
components (see the Experimental Section) and the values
experimentally determined for I5,(0) and & (Figure 4) we can
calculate the concentration-dependent o-values for a given
value of the relevant length scale 2R. Figure 6 shows the
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Figure 6. Concentration dependence of the width of the Gaussian
distributions of concentration fluctuations deduced from the SANS
results assuming different values for the relevant length scale 2R,
(filled symbols). Empty symbols correspond to values obtained by
fitting BDS data (see Figure S4) without constraints, at temperatures
where the dielectric loss peak is well centered in the experimental
frequency window.

results obtained for some explored values of 2R, using the
SANS data at 298 K (the highest explored temperature).
Despite the fact that I5,(0) and & change very clearly with
temperature in the temperature range investigated, for each
value of 2R, o-values obtained at lower temperatures resulted
to be very similar, within typical uncertainties (see Figure S8).
Thus, in good approximation o-values can be considered as
temperature independent. Taking these results into account,
we looked for the a priori unknown relevant length scale for
the a-relaxation 2R..

In a first step we analyzed representative BDS curves of the
four mixtures allowing the three parameters @Sat, @ryp and o to
vary freely. In this way, we obtained composition-dependent o-
values that were compared with those deduced from SANS
(see Figure 6). From this comparison it is clear that the
obtained values from BDS are close to SANS values for 2R, =
25 A. Consequently, in a second step we fixed the o-values to
those obtained from SANS for 2R, = 25 A, namely (see Figure
S9), 655 = 0.09, 6,4 = 0.11, 645 = 0.115, and 6, ; = 0.10 (where
the subindex refers to the nominal SBR weight fraction). The

new fitting of the BDS data was performed allowing ¢35t and
cpfeslf to vary but imposing temperature- and composition-
independent values as an additional condition. As can be seen
in Figure S4 of the SI, S5F = 0.14 and @55 = 0.19 allow an
overall very satisfactory description of the BDS results.
Therefore, this approach allows obtaining a good description
of BDS data that is based on three temperature- and
concentration-independent quantities, the two self-concen-
tration values and the relevant length scale for the a-relaxation.
Note that in the followed method the uncertainty in 2R_ is +$
A and the estimated uncertainties for SBR and PS self-
concentration values were respectively +0.04 and +0.05.

When comparing the self-concentration values obtained by
this analysis with literature results, we found that they are
within the usual range.16 Nevertheless, the involved
uncertainties prevent a detailed comparison. Moreover, it is
noteworthy that the present approach involves many a priori
assumptions, and the best values for the fitting parameters
could be influenced by the limited validity of some of these
assumptions. Concerning the relevant length scale for the a-
relaxation, the value 2R, = 25(+5) A we have found is also in
the nanometer range, which is, for instance, where evident
confinement effects on the segmental dynamics have been
reported.”’ Concerning the possible increase of this length
scale by reducing temperature,”” which is usually invoked for
explaining the temperature dependence of the relaxation times,
the uncertainties involved in our approach also prevent
resolving it.

4.4. Connecting the Segmental Dynamics Modeling
with the DSC Behavior of SBR/PS Blends. In an equivalent
way to that followed for the BDS modeling, for the calorimetric
description we will assume that the observed behavior is the
result of the superposition of contributions to the segmental
heat capacity from different regions and within each region the
result of the individual contributions from the blend
components. Thus, the whole calorimetric signal can be
obtained by summing up the respective contributions of SBR
and PS:

SBR PS
5-Cp piend(T) = 5-C,7(T) + 5-C,°(T) (13)

Also, in parallel with the BDS modeling, the contribution of
each component in a region i of the blend is taken having the
shape and amplitude corresponding to the pure component
and weighted by its concentration. Thus, the segmental heat
capacity as a function of temperature for each component can
be calculated as

#,SBR )2

sCNT) = ) g(@)@iAC g”T

1
1+ e(T;,XSBR_T)/(SSBR (143)
%P5 2
. . 8i
(T = X gl (1 — g AC] =
DS S
14 T D00 (14b)

where we have assumed that in the description of the
segmental heat capacity the only parameter affected by
blending is Tg This approach is in line with the BDS
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modeling where we considered that in each region in the blend
only the relaxation time of the components is affected. The
usual identification of the glass transition temperature with that
where the characteristic time for polymer segmental motions
takes a given value (commonly in the range 1—100 s) provides
the way of connecting DSC and BDS modeling. Using the neat
polymers DSC and BDS data allows us to connect the DSC T
value and the dielectric relaxation time evaluated at this
temperature 7(Ty) for the two components. From the analysis
of the data of the pure polymers SBR and PS (see the SI) we
found, respectively, that the relationship between the dielectric
a-relaxation time and the calorimetric T is zSBR = 7SBR( T¥) =
1.68 s and TPS = TPS(T*) =112 s. We will assume that these
connections remaln vahd in each region of the blend, and in
this way T values appearing in eqs 14a and 14b can be
calculated from the BDS modeling (Table 3). Figure 7

Table 3. Parameters Involved in the Description of the
Dielectric a-Relaxation of the Blends That Are Also
Relevant for the Corresponding Description of the
Calorimetric Data

sample D T,/K Tnax(TE) /5 Dol
SBR 8.6 176.7 1.68 0.14
PS 6.3 239.8 11.2 0.19
5 slow-component in region i

o neat slow component

T

o

g

logt

Figure 7. Schematics of the temperature dependence of the
characteristic times of a neat component and the corresponding
component in a given region of the blend. The lines with arrows show
how the connection between BDS relaxation time data and the T}
value is done.

illustrates this assumption for the high-T, component. From
the calorimetric T of the pure polymer, the dielectric
relaxation time 7,.= T( T*) is first evaluated as above-mentioned
(blue arrows). Afterward the temperature T; where the same
component located in a given region i of the blend contributes
to the heat capacity jump is calculated from the corresponding
relaxation time curve as obtained by the dielectric modeling
(red arrows). This means that, in the present approach, for
each component there is a one-to-one correspondence
between the local dielectric relaxation time characterizing the
segmental dynamics and the glass transition temperature
determining the temperature range where the thermodynamic
local equilibrium is lost.

After establishing this connection between the local
segmental dynamics of each component and the glass
transition temperature, the DSC curves were evaluated using
the model describing the BDS results (see the SI). For the
DSC calculations the local composition was described in terms
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of the same values of the self-concentrations @S58 and @5
(Table 3) and the distributions of concentration by means of
same Gaussian functions g(¢;) with the o-values obtained from
the SANS results, i.e., with 2R, = 25A: 0,5 = 0.09, 6,4 = 0.11,
0ys = 0.115, and 6,3 = 0.10. Thus, the evaluation of the DSC
curves for the blends can be made with no additional free
parameters. The resulting curves are shown in Figure 8 in

Segmental Heat Capacity (J/K/g)

T (K)
200 220 240 260 280 300
T(K)

Figure 8. Segmental heat capacity for SBR/PS blends with the
indicated compositions. Solid lines stand for the output of the model
described in the text. Inset: temperature derivative of the segmental
heat capacity and corresponding output model (solid line) for the
wggr = 0.5 blend; dotted and dashed lines show respectively the
model contributions of SBR and PS components. Vertical lines
illustrate how the corresponding values of T, are evaluated.

comparison with the experimental data for the different blends
investigated, where an overall excellent agreement between the
two sets of data can be observed. In the particular case of the
blend with wggg = 0.5 the individual contributions from SBR
and PS components (see eq 13) have also been presented in
the inset as dotted and dashed lines, respectively.

5. DISCUSSION

In the previous section we have shown how the simple model
previously used to describe simultaneously the dielectric and
mechanical relaxation of industrial simplified mixtures of SBR
with a PS oligomer (up to wggg = 0.5)"° can also be extended
to the full composition range. Furthermore, based on the same
scheme we develop a way of connecting the segmental
dynamics of the mixtures with the DSC experiments. The
calculated behavior in this way provides a very good
description of the experimental DSC curves of this kind of
systems. Noteworthy, this approach is based on only three
temperature- and composition-independent parameters, in
addition to those required for the description of the neat
components. The microscopic insight provided by SANS has
made it possible to eliminate the freedom on the concentration
dependence of the width of the distribution of TCFs used in
previous works.””*’ In the way we have approached now the
modeling of the a-relaxation, the only unknown parameter
involved in the characterization of the TCFs is the relevant
length scale of segmental relaxation. Once this is fixed, from
SANS we can independently deduce the values of the widths of
the distributions of TCFs and impose them in the description
of the BDS results. The value obtained for the relevant length
scale, ~25 A, is close to that deduced by us in a recent work on
blends of the same PS-oligomers and a lower molecular weight
SBR of different microstructure, invoking the same frame-
work.*! Thus, as the respective self-concentration parameters
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of the components were taken as concentration independent,
the number of free parameters accounting for blending effects
1nvolved in the BDS description is, effectively, only three: ¢35,
@l%, and 2R. Despite the various assumptions and
simplifications involved in our approach, the parameter values
we obtained are in the range one could expect on the basis of
the fundamental understanding of the polymer segmental
dynamics.’

The presented modeling not only provides a good
description of the BDS data characterizing the segmental
dynamics of the blends at equilibrium but also, without extra
variables, allows obtaining the DSC behavior reflecting how
thermodynamic equilibrium is lost when cooling the mixtures
below the glass-transition range.

As a further test of the ability of the model in accounting for
the calorimetric behavior, Figure 9 shows the direct

288 | T T T T T
280
272
264
g 256 -
248
240
232

224

SBR

Figure 9. Comparison of the concentration dependence of the glass
transition temperature as determined from the experimental curves
(filled squares), the whole model curve (filled circles), and the
effective values from the model curves of the components (inverted
empty triangles for PS and empty diamonds for SBR). The lines are
the prediction of the Fox equation (eq 15) for the blends (solid line)
and for the components using the model ¢, values (dashed lines)
and calculated with egs 16.

comparison between experimental and calculated values of
T, as a function of blend composition, both series calculated
from the inflection point of the segmental heat capacity s-
C,(T) curves (peak temperatures in Figure SS5). A very good
agreement is obtained in this comparison. Interestingly, even if
the SANS results showed that this blend system is not
athermal, the whole set of data is very well described by the
Fox equation:”’

Blend SBR PS
VT, =¢/T, + (1 - ¢)/T, (15)

As shown before, the modeling provides not only the overall
DSC curves but also the individual contributions from SBR
and PS components (see, for example, dotted and dashed lines
in the inset of Figure 8). From the inflection point of the thus
calculated s-C (T) curves for the components, the so-called
effective glass- transmon temperature'® can be defined for each
component of the blend. These effective T, values have been
included in Figure 9. Here we can see that they can also be
very well described with the Fox-like equation (see dashed
lines in Figure 9) by using the effective concentration as
calculated with the same self-concentration values deduced
from the modeling of the BDS results, i.e.,
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I/T;I:E = [q)iﬁR + (1 Si?fR)q) /TSBR

101 - o)1 - T ”
I/T;Eff self + (1 self (1 - (/))]/TSBR

+ [(1 self)(p]/TPS (16b)

Note that these two equations are formally similar to eqs 6a
and 6b used in the model when evaluating the values of T, as
a function of the local concentration, but here we evaluate the
overall T, values of each component.

The presented results suggest that the loss of equilibrium in
a polymer blend as detected by the DSC glass-transition
phenomenon can be accounted for by the simple superposition
of contributions, each following a neat-polymer-like behavior
but occurring at different temperatures depending on the local
concentration around the considered component. Thus, in
every region of the blend the equilibrium is lost in a way that
can be considered as independent of the neighboring regions.
In addition, the glassy state would be reached in two steps
within each region, each associated with one of the
components.

The very satisfactory description of the evolution of the T,
values (global and effective) with composition evidences that
despite the simplicity of the present approach, it correctly
captures the connection of the component segmental dynamics
in the blend above T, (at equilibrium) and the way the
thermodynamic equilibrium is lost when crossing over to the
glassy state. This is to some extent surprising, since the model
of the dielectric curves was built to describe the equilibrium
dynamics, and the connection between the equilibrium
dynamics and how the equilibrium is lost below T, is made
in a very phenomenological way, using only the individual
polymer component for parametrization. The results suggest
that the 7, = 7(Ty) is an intrinsic magnitude of a given
material, which is not affected by blending.

The comparison of SANS and BDS results has allowed
establishing the relevant length scale for the segmental
relaxation in these blends, as monitored by dielectric
spectroscopy. The excellent agreement also with the DSC
traces shows that this would also be the relevant length scale
for the glass-formation process. The value found—2R, =
25A—is in the range usually assumed for the a-relaxation in
many glass-forming systems.”” Thus, with this work we provide
additional experimental support to the relevance of nanometric
length scales in the vitrification phenomenon. We note that 2R,
and & are completely independent magnitudes, the former
related to the dynamics of the a-relaxation associated with the
glass-forming character of the material, and the latter arising
exclusively in mixtures.

Taking into account the good quality of the description of
the DSC experiments using this simplified approach, it would
be eventually possible to extract the model parameters just by
using the DSC data of the blends. In such case, the dynamical
properties of the mixture could be anticipated from those of
the pure components based on rather routine experiments on
the blends. Exploring this possibility will be the subject of our
future work in this context.

6. CONCLUSIONS

We have investigated the thermodynamic, dynamic, and
structural properties of a simplified system of industrial interest
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consisting of blends of SBR and PS-oligomers. To this end,
three techniques, DSC, BDS, and SANS, have been applied. A
model based on the combination of two main ingredients,
namely, the self-concentration'® and the thermally driven
concentration fluctuations,”®*'"**?° has been invoked to
account for the effects of blending. This model had been
applied until now to describe the equilibrium dynamics as
monitored by BDS and mechanical spectroscopies.”””" The
main contributions of this work are (i) to use the microscopic
SANS insight into TCF to fully characterize their impact on
the broadening of the segmental dynamics observed by BDS
and (ii) to connect the modeling of the segmental dynamics of
the blends with the individual contributions of the blend
components to the DSC behavior. Thanks to this input, we
have been able to successfully describe blending effects not
only on the equilibrium dynamics of the a-relaxation in the
miscible state as monitored by BDS but also on the DSC
manifestation of the glass-transition phenomenon reflecting
how thermodynamic equilibrium is lost, by using only three
free parameters: the self-concentration of the components and
the relevant length scale of segmental relaxation. This approach
reproduces very well the experimental results in a wide range of
temperatures and compositions, supporting the validity of the
rather rough assumptions involved. The characteristic time of
each component evaluated at the glass-transition temperature
is apparently not affected by blending. In addition, the present
approach allows decomposing the DSC result into the
component contributions, providing the composition-depend-
ent values of the effective glass transition temperatures. They
can be consistently described by the standard Fox equation
using the self-concentration values, giving additional support to
our framework. Further support is provided by the excellent
agreement obtained invoking the same effect of TCF on both
BDS and DSC, pointing to the same relevant length scale for
the dynamics of the a-relaxation and the loss of equilibrium at
the glass transition. This length scale is about 2.5 nm, in
accordance with previous works on glass-forming systems.’”
Moreover, the values of self-concentration found are in the
range one could expect for this type of polymers for such
length scale, which gives basic support for the various
approximations involved in the modeling.
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