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ABSTRACT: We have combined X-ray diffraction, neutron diffrac-
tion with polarization analysis, small-angle neutron scattering (SANS),
neutron elastic fixed window scans (EFWS), and differential scanning
calorimetry (DSC) to investigate polymeric blends of industrial
interest composed by isotopically labeled styrene−butadiene rubber
(SBR) and polystyrene (PS) oligomers of size smaller than the Kuhn
length. The EFWS are sensitive to the onset of liquid-like motions
across the calorimetric glass transition, allowing the selective
determination of the “microscopic” effective glass transitions of the
components. These are compared with the “macroscopic” counterparts
disentangled by the analysis of the DSC results in terms of a model
based on the effects of thermally driven concentration fluctuations and self-concentration. At the microscopic level, the mixtures are
dynamically heterogeneous for blends with intermediate concentrations or rich in PS, while the sample with highest content of the
fast SBR component looks as dynamically homogeneous. Moreover, the combination of SANS and DSC has allowed determining
the relevant length scale for the α-relaxation through its loss of equilibrium to be ≈30 Å. This is compared with the different
characteristic length scales that can be identified in these complex mixtures from structural, thermodynamical, and dynamical points
of view because of the combined approach followed. We also discuss the sources of the non-Gaussian effects observed for the atomic
displacements and the applicability of a Lindemann-like criterion in these materials.

■ INTRODUCTION
The glass transition phenomenon arises as a loss of equilibrium
of the so-called α-relaxation in a supercooled liquid upon
cooling. It manifests as a step in the specific heat measured by
differential scanning calorimetry (DSC). At the glass-transition
temperature Tg observed by DSC, the characteristic time of the
α-process as monitored by relaxation techniques like broad band
dielectric spectroscopy (BDS) assumes values of the order of
seconds. Despite the great effort performed by the scientific
community over the past decades, the vitrification phenomenon
is not yet completely understood. Nevertheless, materials with
enhanced properties are constantly designed driven by industrial
demand. Particularly interesting are mixtures of polymers where
the Tgs of the neat components are very different�so-called
dynamically asymmetric mixtures�offering thereby a great
tunability of the properties of the resulting compound by playing
with the composition. These polymer blends exhibit a complex
phenomenology.1,2 One main experimental observation in
polymer blends is the dynamic heterogeneity (finding of two
different characteristic times associated with two distinct α-
relaxations of the two components). This property�which
implies the presence of two different Tgs in the blend�is
thought to be a consequence of self-concentration (SC) effects,
i.e., to the fact that the local concentration around one segment

of one of the blend components is always richer in this
component due to chain connectivity. The other main
experimental finding is the broadening of the measured
relaxation functions, which is attributed to thermally driven
concentration fluctuations (TCF). These two ingredients, SC
and TCF, were incorporated in a model developed by us to
describe BDS and mechanical results3,4 on mixtures. The
systems investigated in those works were blends of styrene−
butadiene rubber (SBR) and polystyrene (PS). SBR and PS
display very different values of their Tgs, that of PS being much
higher. Miscibility of these two polymers is only possible if PS
oligomers are considered. Mixtures of SBR and oligomers of PS
can be viewed as simplified systems in the tire industry because
they simultaneously fulfill the desired decrease in rolling
resistance and increase of energy dissipation during braking to
optimize tire performance. Using PS oligomers, the high-Tg
component acts as a “plasticizer”. In practice, it is observed that
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when using these oligomers, the grip performance is improved.
It is also important to emphasize that even if the PS is not
employed for tire materials, its Tg and molar mass are very
similar to the ones of real plasticizers used in the industry, and
for that purpose, PS is very suitable as a model system. Recently,
we could also predict the calorimetric response extending the
samemodel to DSC results on these mixtures and taking as input
the information obtained by BDS on the α-relaxations behavior
in equilibrium and by small-angle neutron scattering (SANS) on
the TCF.5 Noteworthy, the model allows to extract the two
contributions to the calorimetric trace, i.e., the “effective Tg” of
each of the blend components (Tg,effSBR and Tg,effPS in the case of
those blends).
In addition to macroscopic methods like BDS, mechanical

spectroscopy, or DSC, scattering techniques provide a great help
to unveil the properties of the system at the microscopic level.
These techniques access spatial information at this level through
the analysis of the scattering vector (Q) dependence of the
scattered intensity. Several kinds of scattering experiments can
shed light on different aspects of the behavior of complex
systems like polymer blends:
(i) From a structural point of view, diffraction experiments at
highQ (around 1 Å−1), i.e., exploring local length scales of
the order of the typical intermolecular distances), inform
about the short-range order of the material. This
information is provided by neutron as well as X-ray
diffraction, with different weights of the pair correlation
contributions to the structure factor. In the case of the PS
oligomers previously investigated (molecular weight of
900 g/mol), as well as in the corresponding blends with
SBR, this kind of experiment revealed the presence,
together with the usual main peak at about 1.3 Å−1 related
to intermolecular correlations, of a “prepeak”. This feature
was tentatively attributed to the existence of nanodomains
arising from the nanosegregation of main-chain and
phenyl ring atoms already observed in high-molecular-
weight PS.6

(ii) Small-angle scattering experiments exploring the low-Q
region (equivalently, large length scales) offer the direct
observation of TCF in mixtures, revealing the amplitude
and correlation length of these fluctuations. These
magnitudes reflect the thermodynamics of the system,
allowing to determine the phase diagram; but also, as
mentioned above, TCF are believed to be responsible for
the broad dynamic response of the blend components as
reflected by the macroscopic techniques addressing
relaxational processes. These kinds of studies are
performed using neutrons as probe (SANS) and
enhancing the contrast between the two components by
mixing protonated and deuterated chains.

(iii) Also employing neutrons and through the analysis of their
energy transfer with the sample, quasi-elastic neutron
scattering experiments allow obtaining dynamic informa-
tion. In the case of blends, there is the possibility of
“labeling” a given component and selectively following its
microscopic dynamics at local length scales�in partic-
ular, the self-motions of its hydrogens�by deuterating
the other component. The time range explored in this
kind of experiments is of the order of picoseconds to
nanoseconds.

In connection with the question mentioned above about the
unsolved problem of the glass transition in glass-forming

systems in general, we note that the microscopic information
provided by neutron scattering on the atomic motions can be of
utmost help. In this direction, we recall a recurrent observation
when the atomic displacements at times of the order of tens of
picoseconds to nanoseconds are monitored in “simple” (no
mixtures) glass-forming systems: a clear change of the behavior
of this magnitude when crossing themacroscopic glass transition
detected by DSC. This finding has been reported for systems of
very different character, as e.g. in molecular liquids as in the
initial work of Fujara and Petry7 and later by Alba-Simionesco et
al.,8 or in polymers by Frick et al.,9,10 and can be considered as a
support for theoretical frameworks for the glass transition as the
so-called elastic models.11,12 The question arising when
considering now a more complex system as a dynamically
asymmetric mixture is: do the atomic displacements of a given
component at short times still “feel” its macroscopically
observed effective glass transition temperature?
In addition, the comparison of macroscopic and microscopic

results on polymer blends can address the question of the
relevant length scale involved in the glass transition. This is
achieved through the observed broadening of the macroscopic
signal due to TCF and because of the spatial information
provided by SANS on the same phenomenon. In previous works
this strategy has revealed this scale to be 1−2.5 nm for two
families of blends containing the same deuterated PS with a
molecular weight of 900 g/mol and SBR of different micro-
structures and molecular weights.5,13 Whether this range is also
found for different systems is an open question.
With these ideas in mind, in this work we have performed a

thorough investigation on similar blends, now composed by SBR
with a different microstructure and an even smaller oligomer of
PS of about 500 g/mol. With these samples we can check
whether the model used in previous works also applies in
mixtures with different characteristics in terms of SBR
microstructure, PS size, and dynamic asymmetry between the
components. We note that the smaller PS component improves
miscibility, while still keeping a noticeable dynamic asymmetry
in the system. We have applied different neutron scattering
techniques: diffraction with polarization analysis, SANS, and
elastic fixed window scans (EFWS), the latter addressing atomic
motions at the microscopic level and thereby heterogeneities
and non-Gaussian effects. Using X-ray diffraction, we have
checked also in these samples the presence of nanodomains. In
addition, we have performed in parallel a full DSC analysis in
terms of the above-mentioned model. X-ray diffraction results
and DSC analysis are presented in the Supporting Information
for the sake of space in the article. With this combined approach,
we have been able to determine and compare the different length
scales that are relevant from structural, thermodynamical, and
dynamical points of view in these complex mixtures.

■ EXPERIMENTAL SECTION
Samples. Protonated and deuterated styrene−butadiene rubber

(hSBR and dSBR, respectively) were synthesized by anionic polymer-
ization by the Michelin Company.14 The copolymerization was
initiated by BuLi in methylcyclohexane at 50 °C. The polystyrene
samples (hPS and dPS for the protonated and deuterated samples,
respectively) were purchased from Polymer Source. They were
synthesized by living anionic polymerization. Table 1 shows the
molecular weights and microstructural composition of the samples.
Though the molecular weights of the SBR samples are different, both
are high enough to discard possible impact of the size of these
macromolecules on their segmental dynamics. Parameters of interest
for the SANS investigation are compiled in Table 2. As shown by
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infrared (IR) spectroscopy, while the deuteration level of dSBR was
higher than 95%, the end groups of dPS were hydrogenated;
magnitudes of relevance for the scattering experiments have been
calculated accordingly.
Blends of different compositions, where one of the components was

protonated and the other deuterated, were prepared by solution casting
using tetrahydrofuran (THF) as a solvent. The compositions were
chosen such that the molar composition was the same independently of
the isotopic label and corresponded to approximate SBR weight
fractions of 80, 50, and 20% for the case of a mixture of fully protonated
components. 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. The nomenclature
and composition of the samples investigated can be found in Table 3.
Differential Scanning Calorimetry (DSC). DSC measurements

were performed on samples of approximately 10 mg placed in
aluminum pans using a Q2000 TA Instruments calorimeter. A liquid
nitrogen cooling system (LNCS) was used with 25 mL/min helium
flow rate. Data were acquired during cooling at 3 K/min from 353 to
93 K. Temperature-modulated experiments (MDSC) were performed
using a sinusoidal variation of 0.5 K amplitude and 60 s period.
Small-Angle Neutron Scattering (SANS). SANS experiments on

the blends listed in Table 3 were performed on the instrument D22 at
the Institut Laue-Lagevin (ILL) in Grenoble, France.15 Using an
incident wavelength λ = 6 Å and sample−detector distances (SSD) of
17, 5.6, and 1.5 m, a Q range between 0.003 and 0.58 Å−1 was covered.
Here, the modulus of the scattering vector Q is defined as Q = 4πλ−1

sin(θ/2), with θ the scattering angle. The samples with thickness of 1
mm were sandwiched between aluminum foils. Experiments were
performed first at 298 K. Then, the samples were heated at 385 K, i. e.,
well above the glass transition temperatures, and data were collected in
isothermal conditions at 385, 327, 282, and 267 K. The data were
reduced correcting measured intensities for the transmission, dead
time, sample background, and detector background (with B4C as a
neutron absorber at the sample position).
Elastic FixedWindowScans (EFWS). In EFWS the energies of the

incident and the detected neutrons after interacting with the sample are
identical. The recorded intensity includes contributions with energy
transfers smaller than the resolution of the spectrometer, δℏω. The
EFWS were performed at the IN13 backscattering spectrometer at the
ILL16,17 with λ = 2.23 Å. IN13 offers an energy resolution of δℏω ≈
8 μeV and covers a large Q range.18 The neat protonated samples and
the blends of both isotopic labels were investigated. The thicknesses of
the samples were chosen such that a transmission of about 90% was
expected. They were filling flat aluminum sample holders and placed at
135° with respect to the incident beam. The experiments consisted of
recording the elastically scattered intensity in isothermal conditions for

the different scattering angles, covering the effectiveQ range 0.52≤ Q ≤
4.5 Å−1. At every temperature considered, the measuring time was of
about 2 h. The samples were first cooled to 20 K, where the reference
measurement was performed. Thereafter, measurements were
performed in the temperature interval 50 ≤ T ≤ 300 K, with steps of
50 or 20 K (glassy state) and 10 K (around and above the calorimetric
Tg’s). The perpendicular transmission of the samples was determined to
properly subtract the background signal measured on an empty cell at
285 K. The results at each temperature were normalized to the
reference measurement at 20 K.
Diffraction with Polarization Analysis. Exploiting polarization

analysis, experiments by the D7 instrument19 at the ILL allowed
accessing the ratio between coherent and incoherent differential
scattering cross sections of the samples with 80 and 50% concentration
of SBR measured at IN13. With λ = 4.88 Å a Q range from 0.13 to
2.46 Å−1 was covered. Experiments were performed at 300 K. The raw
data were corrected for detector efficiency, flipping ratio, sample
container, and absorption.
X-ray Diffraction (XRD). XRD experiments were performed in a

Rigaku 3-pinhole PSAXS-L equipment at the Materials Physics Center
in San Sebastiań, Spain, using Cu Kα transition photons of λ = 1.54 Å.
The two-dimensional multiwire X-ray detector (Gabriel design, 2D-
200X) is a gas-filled proportional type detector offering a 200 mm
diameter active area with ca. 200 μm resolution. After azimuthal
integration, the scattered intensities were obtained as a function ofQ in
the range between 0.1 and 1.6 Å−1. Samples were placed in transmission
geometry, and experiments were performed at RT. The magnitudes
measured by the scattering techniques employed in this work on the
blend samples are presented in the Supporting Information. XRD
results are also shown in the Supporting Information.

■ RESULTS AND DATA ANALYSIS
SANS: Thermally Driven Concentration Fluctuations.

Representative SANS results are shown in Figure 1. With
decreasing Q, the data show a first clear increase followed by a
plateau. This regime is dominated by TCF in the mixture. The
amplitude of this contribution strongly increases with PS
concentration. For a given sample, as shown for the 50 h blend in
Figure 1c, the amplitude of TCF increases with decreasing
temperature. To characterize the TCF, the Ornstein−Zernike
(OZ) expression is usually invoked:

Table 1. Molecular Weights, Polydispersities, and Densities
of the Neat Components Investigated, and Weight
Percentages of Styrene (S), 1,2-Butadiene (1,2-B), and 1,4-
Butadiene (1,4-B) Monomers in the SBR Samples

sample
Mn

(g/mol)
Mw

(g/mol) PDI
d

(g/cm3) wt % S
wt %
1,2-B

wt %
1,4-B

hSBR 69900 76200 1.09 0.94 13.8 21.8 64.4
dSBR 38100 43100 1.13 1.06 18.0 18.9 63.1
hPS 500 600 1.20 0.99
dPS 500 550 1.12 1.07

Table 2. Composition, Mass, Volume, Their Average Number in the Chains, Scattering Length b of the Effective Monomers, and
Scattering Length Densities ρ for the Homopolymers

sample effective monomer Mo (g/mol) v (cm3) N̅ b (cm) ρ (cm−2)

hSBR [C8H8]0.077[C4H6]0.923 57.85 1.022 × 10−22 1317 0.5632 × 10−12 5.512 × 109

dSBR [C8D8]0.105[C4D6]0.895 65.46 1.025 × 10−22 658 7.081 × 10−12 69.07 × 109

hPS [C8H8]0.81[C4H10]0.19 95.26 1.580 × 10−22 6.3 1.680 × 10−12 10.61 × 109

dPS [C8D8]0.80[C4H10]0.20 101.20 1.570 × 10−22 5.4 8.309 × 10−12 52.91 × 109

Table 3. Composition of the Samples Investigated and Ratio
between Incoherent and Coherent Scattering Cross Sections

sample wt % hSBR wt % dPS wt % dSBR wt % hPS σinc/σcoh
hSBR 100 0 0 0 14.3
80h 77 23 0 0 10.8
50h 44 56 0 0 6.8
20h 19 81 0 0 3.9
dPS 0 100 0 0 2.2
dSBR 0 0 100 0 0.2
80d 0 0 82 18 1.8
50d 0 0 56 44 4.8
20d 0 0 22 78 8.8
hPS 0 0 0 100 12.2
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I Q
I

Q
( )

(0)
1 ( )OZ

OZ
2=

+ (1)

where IOZ(0)�the Q → 0 value of the function�is the
amplitude and ξ is the correlation length for concentration
fluctuations. The OZ function is in general a good
approximation of the structure factor of polymer blends in the
random phase approximation (RPA).20−24 We note that

applying the habitual RPA framework in the present system is
not trivial because the Debye function is not the most
appropriate functional form to describe the form factor of the
oligomers. Therefore, the OZ function has been chosen. Below
Q ≈ 0.015 Å−1, an additional contribution to the scattered
intensity is found which varies as ∝ Q−x with x ≈ 4. This kind of
behavior was also presented by SBR/PS blends with higher
molecular weight PS13 as well as in other dynamically
asymmetric mixtures as e.g. blends of PS and poly(vinyl methyl
ether) (PVME)25,26 or poly(ethylene oxide) (PEO) and
poly(methyl methacrylate) (PMMA).27 The origin of this
contribution to the scattering is controversial.13,25−27 It has been
tentatively attributed to well-defined or “sharp” boundaries due
to the presence of large domains,25 to excess inhomogeneity
resulting from stress−diffusion coupling during temperature
change,26 or to pronounced long-range density fluctuations.27

Its interpretation is beyond the scope of our work; in addition,
without a model, it is impossible to extract any relevant length
scale for this feature. Therefore, we have just parametrized it
with a Porod-like power law ∝ Q−4 added to the OZ. A
background (BG) is also considered to describe the SANS
results:

I Q A
Q

I
Q

( )
(0)

1 ( )
BGexp 4

OZ
2= +

+
+

(2)

The good quality of this kind of description can be appreciated
in Figure 1. For the highest temperature, Figure 1c shows the
separate contributions involved.
The correlation length ξ is rather small and does not

appreciably and systematically depend on the isotopic label ; at
RT ξ ≈ 5−7 Å in SBR-rich blends, 8−9 Å in 50/50 blends, and
around 20 Å in PS-rich mixtures. As can be seen in Figure 2, it
increases with decreasing temperature, this tendency being
particularly strong in the samples with highest concentration of
PS. The inverse values of the OZ amplitudes IOZ(0) follow well a
linear dependence as a function of the inverse temperature (see
Figure S3.1). The amplification of the concentration fluctua-

Figure 1. SANS results on (a) hSBR/dPS and (b) dSBR/hPS blends at
298 K and the compositions indicated. (c) Results on the hSBR/dPS
blend with 50% composition at different temperatures. Solid lines are
fits of eq 2; for the highest temperature, the fit components are shown
(dotted line: power law∝ Q−4; dashed line: Ornstein−Zernike; dashed-
dotted line: flat background).

Figure 2. Temperature dependence of the correlation length for
thermally driven concentration fluctuations.
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tions and the increase of the associated correlation length with
decreasing temperature point to phase separation of the
mixtures at low temperatures (upper critical solution temper-
ature (UCST)-type phase behavior). The spinodal decom-
position temperature Ts was determined to be the value at which
IOZ(0) tends to diverge by assuming an extrapolation as IOZ−1(0)
∝ 1/T (see Figure S3.1). The resulting values are compiled in
Table 4 together with calorimetric results (see later). The SANS

experiments also allow determining the Flory interaction
parameter between the two components, as shown in the
Supporting Information.
From the insight into TCF by SANS, we can also deduce the

mean-squared concentration fluctuation ⟨δφ2⟩ in a given sample
volume. On the basis of previous works of Fischer et al.,28,29

Colby and Kumar et al.30 proposed the following expression for
⟨δφ2⟩ in an incompressible binary blend:

v v

4
S Q QF Q Q( ) ( ) d2 A B

2 0

2= [ ]
(3)

where vA and vB are the monomeric volumes of the two species
(see Table 2), S(Q) is the structure factor, and F(Q) is the form
factor of the volume considered. Assuming for it a sphere of
radius Rc and using the OZ approximation for the structure
factor�which, as shown above, provides a very good
description of the SANS data�eq 3 can be expressed as

v v S
R
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(4)

Here, R R /c c= . Thus, using this expression, SANS 2=
can be calculated for different values of Rc, with the input of the ξ
and S(0) values deduced from the SANS experiments. The latter
are obtained from the OZ amplitudes as S(0) = IOZ(0)/
[vo(Δρ)2], where v v vo A B= and Δρ the difference in
scattering length density. Some examples of σSANS(Rc) are
shown in Figure S4.8.
Elastic Fixed Window Scans: Microscopic Insight into

Proton Displacements. We now move to the component-
selective and microscopic information offered by the EFWS
experiments. Figure 3 shows the elastically scattered intensity
recorded in the EFWS for the different samples investigated at
selected temperatures, normalized by its value at a very low
temperature (20 K). This magnitude decreases with increasing
temperature andQ. As explained in the Supporting Information,

the intensity scattered by our samples in the Q region explored
by these experiments is predominantly of incoherent nature (see
D7 results in Figure 4) and has its origin in the hydrogens. This
means that for the homopolymers it reflects the atomic (H)
displacements in the bulk system, while in the blends it
selectively reveals those of the sample labeled with hydrogens. In
particular, the results on the left panels of Figure 3 are sensitive
to the hSBR component in the blends, while those on the right
panels to the hPS component. Though not strictly exact,31−34

the EFWS results can be considered as an approximation to the
incoherent intermediate scattering function Iinc(Q,t) of the
hydrogens in the sample at the instrumental resolution time tR =
ℏ/δℏω (see, e.g., refs 35−37). In the IN13 configuration, δℏω ≈
8 μeV and thus tR ≈ 80 ps.
In general, Iinc(Q,t) can be expressed as an expansion in Q2:
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(5)

Here the leading Q2 term is determined by the atomic mean-
squared displacement ⟨r2(t)⟩�the second moment of the van
Hove self-correlation function Gs(r,t). The second term in the
expansion accounts for deviations from the Gaussian form of
Iinc(Q,t) (equivalently, of Gs(r,t)) through the second-order
non-Gaussian parameter α2(t). α2(t) is defined in terms of the
even moments of Gs(r,t) as t r t r t( ) 3 ( ) /(5 ( ) ) 12

4 2 2= .
⟨r2(t)⟩ is the mean-squared displacement (MSD) of the atom.
Usually a temperature-dependent prefactor Io accounting for
multiple scattering effects and normalization uncertainties38−40

has to be considered when dealing with experimental EFWS
results; thus, assuming that the elastic intensity is an
approximation of the scattering function at tR, the EFWS can
be described by

I Q T
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where the effective MSD r r t( )R
2 2

R and the effective non-
Gaussian parameter t( )2

R
2 R . The first term of the

expansion is usually enough to describe the EFWS results for
small Q values. In a glassy solid the ⟨r2(tR)⟩ can be identified
with the average atomic (H) displacements within the cage
imposed by the neighbors. However, at high temperatures the
meaning of the effective MSD has to be cautiously considered.
When quasi-elastic contributions become of the same order as
the instrumental resolution the ⟨rR2⟩ values are affected by them.
In fact, they depend on the considered instrumental resolution
(time-dependent MSD). In general, the effective MSD results
reflect the decay of Iinc(Q,t) through fast processes (vibrations
and rapid motions) and also relaxational processes.
We fitted eq 6 to the EFWS results (see Figure 3). As shown in

panel a for the example of pure hSBR, the hugeQ range covered
by IN13 clearly demands for the use of the second term in eq 6
accounting for deviations from Gaussian behavior. Very good
descriptions of the experimental data were obtained in this way.
The resulting values of the fitting parameters ⟨rR2⟩ and α2R are
displayed in Figure 5. Panel a shows the results for neat hSBR
and the hSBR component in the blends, and panel b shows those
on hPS and the hPS component in the mixtures. In all cases the
effective MSD ⟨rR2⟩ increases with temperature, while the α2R
values reflecting deviations from the Gaussian behavior
decrease. At low temperatures, in the glassy state, all results

Table 4. Spinodal Decomposition Temperature Obtained
from SANS and Average, Initial, and Final Temperatures and
Widths of the Calorimetric Glass Transitions Obtained from
DSC

sample Ts (K) Tg (K) Tg,init (K) Tg,fin (K) ΔTg (K)

hSBR 207.0 202.4 211.3 9
80h 118.6 216.1 210.2 221.3 11
50h 188.5 229.8 221.4 238.0 17
20h 235.5 239.4 229.8 249.3 19
dPS 249.8 243.8 255.8 12
dSBR 208.8 203.5 213.9 10
80d 82.5 216.5 210.2 222.9 13
50d 178.3 228.6 219.2 237.7 19
20d 232.3 252.2 241.8 264.2 22
hPS 269.6 264.1 274.1 10
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for ⟨rR2⟩ are practically identical, within the uncertainties, to
those of the neat polymer. This could be expected because
blending does not appreciably affect dynamical processes
involved in the glassy state, like vibrations or secondary
relaxations.2 At a given temperature that depends on
composition, the effective displacements within the mixtures
start to differ from those in the homopolymer. In the high-
temperature region, the SBR ⟨rR2⟩ decreases with increasing PS

content in the blend, while the PS effective displacements
increase with increasing amount of surrounding SBR.
Calorimetric Results: Component Contributions to the

Specific Heat. The glass transition manifests as a step in the
specific heat. Even in homopolymers, this process usually
extends over a given temperature range, and therefore to
properly characterize it, not only the average value of the glass
transition temperature has to be determined but also its width.41

The average Tg value is usually determined from the inflection

Figure 3. EFWS results obtained on the protonated neat components (hSBR (a) and hPS (b)) and on blends with decreasing SBR content (80% (c, d),
50% (e, f), and 20% (g, h)); panels on the left (a, c, e, g) correspond to hSBR/dPS samples, where the scattered intensity is dominated by the SBR
component, and on the right to dSBR/hPS samples (b, d, f, h), where the results mainly reflect PS dynamics. Different colors correspond to different
temperatures indicated in (b). Representative error bars are shown for the 280 K data. Dotted lines are fits of eq 6; the dashed line in (a) shows the
description if only the leading term in eq 6 is considered.
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point of the spectific heatCp (correspondingly, from the position
of the maximum in the T derivative of Cp). The initial (Tg,init)
and final (Tg,fin) transition temperatures are representative for
the temperatures where Cp departs from the glassy and
“equilibrium” supercooled-liquid behavior, respectively. They
are determined using constructions as that illustrated in Figure
S1. The width of the glass transition is defined as ΔTg = Tg,fin −
Tg,init. The values of the temperatures characterizing the glass-
transition processes in the different systems investigated are
listed in Table 4. The value of Tg is always higher than Ts: upon
cooling, the sample becomes a glass before demixing.
The SBR homopolymers present similarTg andΔTg values for

both isotopic labels:Tg = 207K (hSBR) and 209 K (dSBR);ΔTg
= 9 K (hSBR) and 10 K (dSBR). In the PS samples the Tg values
differ more: Tg = 250 K (dPS) and 270 K (hPS), with ΔTg = 12
and 10 K, respectively. Isotopic effect may be one the reasons for
the difference in Tg values; however, the main origin in the PS
case can be attributed to the difference in the molecular size of
these oligomers. From theMw values we can infer that in average
the hydrogenated molecule has six phenyl rings while the
deuterated one has five. On the other hand, the Tg values of the
SBR and PS homopolymers used for the blends differ each other
by 43 K (hSBR/dPS blends) and 61 K (dSBR/hPS blends),
allowing to categorize the mixtures as dynamically asymmetric.
The Tg and ΔTg values in the blends increase with PS content
(see Table 4). The width of the glass transition is not symmetric
with composition: while the PS-rich blends show a very broad
glass-transition process, the DSC traces in SBR-rich mixtures are
not significantly broadened with respect to SBR homopolymers.
We disentangled the two contributions to the DSC glass-

transition process, corresponding to each of the components,
applying the model mentioned in the Introduction to the

present case. The bases of themodel and the procedure followed
in its application are explained in detail in the Supporting
Information. Here we just mention that it assumes a quasi-static
Gaussian distribution of concentrations centered around the
bulk composition of the blend, arising from TCF, and also
implements the ingredient of the “self-concentration”. The
description obtained for the DSC response is excellent, as can be
appreciated in Figure S4.7. The only fitting parameters used
were the self-concentration φself of the two components,
accounting for SC effects, and the standard deviation of the
TCF σ. The values for φself were assumed to be independent of
temperature, concentration, and isotopic labeling, obtaining
φselfSBR = 0.03 and φselfPS = 0.21. The values of σ were assumed to be
independent of temperature. They turn to be concentration-
dependent and are plotted in Figure 6. The deduced values of
the effective glass-transition temperatures of the two blend
components are listed in Table 5 and represented as triangles in
Figure 7.

Figure 4. Ratio between the coherent and incoherent differential
scattering cross sections determined by diffraction with polarization
analysis (D7) on the blend samples investigated by IN13 with 80 and
50% SBR composition. The Q range covered by the IN13 experiments
is marked by the horizontal solid arrow. Dotted horizontal arrows mark
the theoretical value of the ratio between coherent and incoherent
scattering cross sections σcoh/σinc for the different samples, which
should be the high-Q asymptotic limit of the measured magnitude.

Figure 5. Effective mean-squared proton displacement (filled symbols,
scale on the left) and effective non-Gaussian parameter (empty
symbols, scale on the right) deduced from the fits of eq 6 to the IN13
results on the hSBR/dPS samples (a) and on the dSBR/hPS samples
(b). Different symbols correspond to different SBR compositions
indicated; lines connecting points are guides for the eye.
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■ DISCUSSION
Microscopic Trace of the Glass Transition. The micro-

scopic insight into the hydrogen displacements provided by the
EFWS can be compared with the results of the “macroscopic”
DSC technique. This is done in Figure 8 for the two
homopolymers. In both cases, the hydrogen ⟨rR2⟩ follows well
a linear temperature dependence in the glassy state above 150 K:
⟨rR,g2⟩ (Å2) = −0.551 + 0.00563T [K] for hSBR and ⟨rR,g2⟩ (Å2)
= −0.450 + 0.00498T [K] for hPS. At a given temperature,
additional contributions to the extrapolated low-T linear
behavior can clearly be detected in ⟨rR2⟩. As can be appreciated
in Figure 8, the onset temperature of these contributions (solid
arrow) is located in the neighborhood of the calorimetric glass
transition (dashed-dotted arrow). With these results we
corroborate in our homopolymers such a commonly found
coincidence (see, e.g., refs 7−10). The MSD at times of the
order of tens of picoseconds thus constitutes a sensitive probe to
detect motions involved in the supercooled liquid regime, when
the dynamic arrest induced in the glassy state is released. This

microscopic magnitude clearly reveals at which temperature the
environment of H nuclei softens enough for accommodating
atomic displacements characteristic for the supercooled liquid
that are not allowed in a frozen medium. We can thus identify
this temperature with the “microscopic” Tg in the system and
shall denote it as Tgm. For hSBR Tgm = 207.5± 2.5 K, and for hPS
Tgm = 271.0 ± 4 K.
A connection between the α-relaxation process�with

associated characteristic times of the order of seconds in the
vicinity of the glass transition�and mean-squared displace-
ments in the picosecond−nanosecond time scale is apparently
surprising, but it has been repeatedly reported in the literature; a
seminal work in this direction is the study on selenium by
Buchenau and Zorn.42 However, we note that while the α-
process is slow, the barrier transitions underlying this relaxation
are fast. This is at the basis of the so-called elastic models.11,12

It has been suggested that the well-known Lindemann
criterion that applies for crystalline systems can be extended
to inhomogeneous systems43 and even proteins.44,45 A
Lindemann-like criterion for the glass transition can be deduced
in a straightforward way in the framework of elastic models,11

and also invoking different arguments (see, e.g., refs 46 and 47).
We recall that the Lindemann criterion predicts the melting of
crystals on the basis of the relative magnitude of thermal atomic
fluctuations and the crystal lattice constant. When this
magnitude exceeds about 0.1−0.2, melting occurs. The
analogous parameter in glass-forming systems related to the
glass-transition phenomenon (ΔLg) would be the ratio between
the root of the mean-squared fluctuation MSF at Tg and the
average intermolecular distance dchain. TheMSF in the harmonic
approximation MSD = 2MSF, and T dMSD( )/2 /Lg g chain=
would be an estimation of the Lindemann parameter. Taking
into account the values of the effective MSD at the glass-
transition temperature (see Figure 8) and the values of dchain
determined from the X-ray diffraction experiments (dchain =
4.7 Å for SBR and 4.8 Å for PS; see the Supporting Information),
we can determine dMSD/2 /Lg chain= = 0.12 for hSBR and
0.14 for hPS. Thus, the value for hSBR is slightly smaller than for
hPS, and both are in the range reported for crystals, as
mentioned above, as well as for the melting of proteins.45 Our
findings would also support the results obtained by Leporini et
al.48 However, the existence of a universal Lindemann criterion
as predicted in ref 48 was not confirmed in some molecular
liquids.8 Interestingly, by investigating in ref 8 the MSD at
various temperatures and pressures for a number of molecular
glass-forming liquids, an intrinsic Lindemann criterion was
found for any given liquid. The existence of an intrinsic
Lindemann criterion is in fact predicted by the above-mentioned
elastic models.11,12

The atomic displacement at times of some tens of picoseconds
can thus be considered as an important magnitude related to the
glass-transition phenomenon in the material, even in complex
systems like polymers. Let us now consider the more
complicated case of the blends. As can be appreciated in Figure
5, in the blends a qualitatively similar behavior of ⟨rR2⟩ as for the
homopolymers is found, though the onset of additional
displacements with respect to the glassy behavior occurs at a
different temperature. In analogy with the homopolymers, and
taking into account the selectivity of the EFWS experiments to
the protonated component in the mixture, we can identify this
temperature as the “microscopic Tg” of the labeled component
in the blend; in the terminology used for macroscopic results as

Figure 6. Composition dependence of the standard deviation of the
distribution of concentration obtained from the DSC analysis (crosses:
hSBR/dPS blends; diamonds: dSBR/hPS blends) and deduced from
SANS results for a relevant length scale of 3 nm (filled circles: hSBR/
dPS blends; filled squares: dSBR/hPS blends).

Table 5. Glass Transition Temperature and Effective Glass-
Transition Temperatures of the Two Components Obtained
from the Application of the Model and Microscopic Glass-
Transition Temperature Determined from the EFWS

sample Tg (K) Tg,effSBR (K) Tg,effPS (K) Tg,ef fm,SBR (K) Tg,effm,PS (K)

hSBR 206.3 207.5 ± 2.5
80h 214.9 214.6 218.4 214.5 ± 4.5
50h 228.6 227.1 230.7 224.5 ± 3.5
20h 238.7 235.0 240.7 237.5 ± 3.5
dPS 249.0
dSBR 208.2
80d 215.6 215.1 220.4 210.0 ± 3.0
50d 228.2 226.6 232.0 231.5 ± 3.5
20d 251.0 247.7 252.5 259.5 ± 5.5
hPS 268.8 271.0 ± 4.0
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from BDS and DSC, it would thus be the “effective microscopic”
glass-transition temperature Tg,effm . For a quantitative analysis of
the EFWS results, we have calculated the “excess in effective
mean-squared displacement” with respect to the expected value
in the glassy state ( r r rR,e

2
R

2
R,g

2 ). The latter has
been assumed to be independent of composition and equal to
that previously determined for the corresponding neat
polymer�we recall that we observed indistinguishable effective
MSD, within the uncertainities, in the glassy state for all samples
of a given family (see Figure 5). The results for ⟨rR,e2⟩ are shown
in Figure 9. From this representation we have determined the
effective microscopic glass transition for both blend components
at the different concentrations investigated. In this estimation,
the uncertainties associated with the extrapolation of the low-
temperature value (gray areas in Figure 9) and initial slope of the
high-T behavior have been considered. This leads to define
intervals of temperatures within which the microscopic Tgs
would be located. We have then taken the middle of the interval
as the corresponding microscopic Tg values. The results are
listed in Table 5 and represented in Figure 7 together with the
calorimetric results. Tg,effm,SBR determined for the hSBR component
from the EFWS coincides, within the uncertainties, with the
“macroscopic” effective Tg,effSBR deduced by the application of the
model to the DSC results (see Figure 7a). In the case of the
dSBR/hPS mixtures, where Tg,effm corresponds to the onset of PS
liquid-like displacements, its location seems to be close to the
“macroscopic effective Tg,eff” of the PS component for medium-
high PS content and close to the “macroscopic effective Tg,eff” of
the dSBR component for the highest dSBR content (see Figure
7b). Thus, for the samples with medium or rich content in PS we
find that the microscopic and macroscopic effective glass-
transition temperatures coincide for PS as well as for SBR. In a
given blend, these temperatures are different T T( )g,eff

SBR
g,eff
PS< ,

and thus we deduce that the dynamics at the microscopic level is
heterogeneous. Conversely, for the sample where SBR is the
majority component, Tg,effm of PS is close to Tg,eff of dSBR (see
Figure 7b). This temperature is expected to coincide with Tg,effm

of dSBR (as it does for the opposite labeling, Figure 7a). In the
case of the SBR-rich (80%) sample, thus, we find a

homogeneous dynamic behavior at microscopic level. We note
that in these conditions Tg,effhPS is higher than its microscopic
counterpart, implying that the loss of equilibrium observed by
DSC occurs at higher temperatures. Between these two
temperatures, i.e., Tg,effm,PS ≈ Tg,effSBR < T < Tg,effPS , the system is
“liquid-like” at microscopic level but the PS component is
“glassy-like” at macroscopic level.
In a previous work,3 we applied EFWS to isotopically labeled

samples of SBR and PS oligomers with 900 kg/mol with 50/50
composition. We found out that the signature of microscopic
glass transition occurred when the (broadened) distribution of
macroscopic effective glass transition temperatures of the
tagetted component started to present significant values.
Those results support our present finding on the intermediate
concentration samples. In a recent work49 on amixture of a high-
Tg resin with SBR (being SBR the majority component), we
noted a coincidence of the microscopic glass transition
determined from EFWS for the resin with the overall
calorimetric Tg of the blend. Though the model was not applied
to the DSC data to determine the effective glass transitions, we
can expect that this result implies that also in that mixture both
components experience their microscopic transition at the same
temperature, as we find in the present case for the SBR-rich
blend. We also mention a previous related work by Alba-
Simionesco et al.,50 where a comparison of DSC and neutron
scattering results was performed on a blend of high- and low-
molecular-weight PS chains. However, in that work the
components’ responses were not determined individually.
The change from heterogeneous to homogeneous behavior as

a function of composition would be expected, in principle, to be
gradual. Exploring intermediate concentrations in the medium
to SBR-rich composition range would be interesting in order to
characterize such a crossover and could be subject of future
research.
Furthermore, we may ask how the Lindemann criterion

applies in the blends. Figure 10 shows the effective MSD of each
component in the blend at its “microscopic” effective glass
transition. The ⟨rR2⟩ values shown in the blends by both PS and
SBR are clearly different from the values observed when they are

Figure 7. Composition dependence of the effective glass-transition temperatures identified on the systems based on hSBR and dPS (a) and on dSBR
and hPS (b). Triangles represent the effective glass-transition temperatures obtained from the application of the model to the DSC results (up-triangle:
SBR component; down-triangle: PS component). Dotted lines are the Gordon and Taylor equations accounting for self-concentration effects (see the
Supporting Information). The values of the microscopic effective glass-transition temperature Tg,effm determined from EFWS for the protonated
component are represented by the circles. Error bars in these results arise from the uncertainties in their determination.

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.2c02368
Macromolecules 2023, 56, 2149−2163

2157

https://pubs.acs.org/doi/10.1021/acs.macromol.2c02368?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c02368?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c02368?fig=fig7&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c02368/suppl_file/ma2c02368_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c02368?fig=fig7&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.2c02368?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


in their respective pure forms. This suggests that the miscibility
of the components takes place at the molecular level. We can
also say that within the uncertainties the displacements of both
components when they feel the microscopic softening are very
similar. This would allow us to propose a kind of mixing rule for
the Lindemann criterion in the blends.
“Microscopic” vs “Macroscopic” Self-Concentration.

The value of the self-concentration for PS determined from the
DSC analysis is φselfPS = 0.21 independently of the isotopic label.
For dPS900 oligomers of 900 g/mol, the value found was 0.19−
0.20. Thus, there is no strong dependence of this magnitude on
molecular weight. For the case of SBR, the value found for φselfSBR
= 0.03 is rather small, lower than those reported for other SBR
components in this kind of blend: φselfSBR = 0.145 and φselfSBR =
0.20.4,13 There is no clear correlation of φselfSBR with its molecular
weight (Mw = 10.6 kg/mol in ref 5; Mw = 23.5 kg/mol in refs 4

and 13). A possible correlation could be found with the
microstructure: the present samples, displaying a smaller value
of φselfSBR, have a larger content in 1,4-butadiene units and a
smaller content in styrene units.
From the EFWS we have deduced that the microscopic

effective glass-transition temperatureTg,effm of SBR coincides with
the “macroscopic” one. Thus, for the fast component we observe
a small “microscopic” self-concentration, similar to that
“macroscopically” found. This finding provides additional
support for the validity of the model used for the DSC analysis
and corroborates the low value of φselfSBR. The much lower
molecular weight of the polystyrene oligomer used in this work
could be the reason for such a small value. Preliminary results

Figure 8. Effective mean-squared proton displacement (filled symbols,
scale on the left) and temperature derivative of the segmental part of the
reversible heat flow from DSC (empty symbols, scale on the right)
corresponding to the neat protonated systems: hSBR (a) and hPS (b).
The dashed lines represent the linear dependence of ⟨rR2⟩ in the glassy
state above 150 K (⟨rR,g2⟩) and in the supercooled state (between Tg
and Tg + 30 K approximately). From their crossing, the Tgm value is
obtained (marked by the solid arrow). The vertical arrows show the
average (dashed-dotted), initial, and final (dotted) calorimetric glass-
transition temperatures, and the corresponding horizontal arrows mark
the values of ⟨rR2⟩ at these temperatures.

Figure 9.Temperature dependence of the “excessMSD”, defined as the
difference between ⟨rR2⟩ and the expected “glassy” value of this
magnitude for the corresponding neat component (linear law fitting of
rR

2 in the range 150 K ≤ T ≤ Tg, dashed lines in Figure 8). Panel a
shows the results on the hSBR/dPS blends, and panel b shows the
results on the dSBR/hPS mixtures. The dashed area shows
representative uncertainty in the reference level.
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obtained by mixing the same SBR with a higher-molecular-
weight styrene oligomer point in this direction. The PS slow
component shows a different behavior: for medium-high PS
concentrations, it displays an apparently large “microscopic”
self-concentration, similar to the macroscopic one. When it is
the minority component�at least in the explored 80% SBR
concentration�it “loses its identity” and becomes “animated”
by the fast SBRmajority component. For this composition, there
is a significant difference between the value of ⟨rR2⟩ of this
component at the temperature where it “feels” its microscopic
glass transition r T( (R

2
g,eff
m,PS = 210 K) = 0.63 Å2) and the

temperature where it “feels” its macroscopic glass transition
r T( (R

2
g,eff
PS = 220 K) = 0.74 Å2).

Non-Gaussian Effects and Their Origin. The values
obtained for the α2R parameter are shown as a function of
temperature in Figure 5 and in Figure 11 as a function of
composition (i) at 200 K, where all samples are in the glassy
state, (ii) at 230 K, and (iii) at 280 K, all samples above their
average macroscopic glass transition. As mentioned above,

t( )2
R

2 R if the normalized elastic intensity is a good
approximation of the scattering function at the resolution time
tR. The non-Gaussian parameter α2 accounts for deviation of
atomic displacements from Gaussian behavior. The deviations
reflected by this parameter can have diverse origins. First of all,
they can be due to intrinsic heterogeneities associated with
different motions in different locations of the polymer chain:
main-chain versus side-group motions, end-chain additional
fluctuations, particular dynamics at the different kinds of
monomers (styrene, 1,4-butadiene, and 1,2-butadiene in the
case of SBR, etc.);51,52 these effects are present both in the neat
polymers and in the blends. They are expected to be less
pronounced with increasing temperature�when usually char-
acteristic times tend to converge�but would persist even at
high temperatures. Second, as in any glass-forming system, non-
Gaussian events associated with the cage dynamics, before the
Gaussian subdiffusive regime is reached,53 contribute to these
deviations. For homopolymers and other glass-forming liquids,
MD simulations in a variety of systems54−60 show that the α2
parameter decreases with enhanced mobility (in particular, in

relation to the dynamics of the α-relaxation). Thus, when the
temperature increases, α2 decreases, indicating more Gaussian
atomic displacements. This is the behavior found for the α2R
parameter in our systems (see Figures 5 and 11). Third, an
additional source of contributions to deviations from Gaussian
behavior, now specific for the polymeric mixtures, is the
distribution of mobilities due to diverse environments
associated with concentration fluctuations. We note the similar
concentration dependence of α2R and the standard deviation of
the distribution of concentration determined from the SANS
analysis (compare Figures 11 and 6). Also, as above argued from
the comparison of the different effective glass-transition
temperatures, from σ we can deduce a more heterogeneous
microscopic behavior in the blend with high PS content than for
the high SBR concentrations, in accordance with the tendency
observed for α2R. Thus, even though the differences between the
normalized elastic intensity and the actual scattering function at
the resolution time tR may lead to an apparent enhancement of
non-Gaussian effects,31 the observed α2R values show the trends
expected for the underlying true non-Gaussian parameter.
Relevant Length Scales in the Game. We can now

compare the magnitudes of the different length scales identified
in these samples that are relevant for diverse structural,
dynamical and thermodynamical aspects, compiled in Figure
12. With regard to the structural aspects, we consider first the
results provided by our X-ray experiments, which are described
in detail in the Supporting Information. The average
intermolecular distances obtained from the main peak position
are in all cases dchain ≈ 5 Å, in the range reported for other glass-
forming polymers like 1,4-PB.61 Moreover, our study confirms
also in this small PS oligomer and these blends the nanodomain
picture previously reported for other systems with bulky side
groups: inherent to the presence of these groups62 (phenyl rings,
in this case), structural heterogeneities arise due to nano-
segregation of main-chain and side-group atoms giving rise to a
nanodomain peak. In the present PS oligomers, the nanodomain
peak is less pronounced than in higher molecular weight
samples, but even for so short PS chains nanosegregation is clear
(see Figure S2.1). The results are similar to those found for the
higher-molecular-weight (900 g/mol) oligomers. For the

Figure 10. Composition dependence of the proton effective mean-
squared displacement of hSBR (circles) and hPS (squares) at the
corresponding “microscopic” effective glass transition deduced from
the IN13 results.

Figure 11. Composition dependence of the non-Gaussian parameter
for three different temperatures. Circles correspond to SBR in hSBR/
dPS samples and squares to PS in dSBR/hPS samples.
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present neat SBR samples this peak is not resolvable (see Figure
S2.1), but in a previous work13 we reported the existence of a
weak peak for SBR in the Q range around 0.3 Å−1. This peak
seems to be resolvable only beyond a threshold content of
styrene units in the copolymer. This is about 20 wt % styrene,
which was the case of the SBR in ref 13; here we have only 13.8
and 18%. Nanodomains persist in the blends (see Figure S2.1).
In the mixtures, the peak would arise from the presence of
styrene phenyls from both PS and SBR. Here we find in fact that
in the blend with 80% SBR content, having thus a global content
of styrene of about 30−34%, the peak is already visible (Figure
S2.1). The inter-nanodomain distance D defined from the
position of the nanodomain peak (see the Supporting
Information) is represented in Figure 12. It increases with
SBR content, having more linear chain portions. For
intermediate to high PS concentration, this distance remains
around 1 nm and can reach up to about 2 nm for pure SBR with
high enough styrene content.13 This is the approximate value of
the Kuhn length (lK = 17 Å) in PS.

21,63 The value of lK in SBR is
expected to depend on the microstructure and is not known for
the present samples; from the literature we could also expect
values in the 1−2 nm range (lK = 12 Å, from ref 63; lK = 16 Å,
from ref 13). Another structural parameter to be considered is
the size of the structural units involved. For the oligomers, the
end-to-end vector distance Re

2 is expected to be smaller
than 2 nm, which is the value estimated from the 900 g/mol PS
in ref 13. For the SBR chains involved in the present samples,

Re
2 would be of the order of 23 nm for hSBR and 17 nm for

dSBR, considering the reported value of 0.7 for the ratio
R M/e

2 , whereM is the molecular mass.64 This means that this
length is much larger than any other of the characteristic lengths
represented in Figure 12.

We now move to the dynamic aspects. The spatial
information provided by SANS allows, as explained above, to
estimate the width of the distribution of TCF as a function of the
explored volume through eq 4. We recall that for the sake of
simplicity the volume considered is a sphere of radius Rc. We call
the such estimated width σSANS(Rc). This function depends on
concentration. On the other hand, from the DSC analysis, we
deduce concentration-dependent values of σ (we call them
σDSC), which account for the observed loss of equilibrium of the
α-process. Thus, comparing the values obtained from both
techniques (see Figure S4.8) and imposing σSANS(Rc)≈ σDSC, we
can estimate what is the relevant volume “seen” in the DSC
experiments. In this way, we find 2Rc ≈ 30 Å for this relevant
length scale for the glass transition (see Figure 6). This value is in
the same range found in our previous works on blends of PS
oligomers of 900 g/mol and SBR of different microstructure
(2Rc ≈ 25 Å,5 2Rc ≈ 20 Å13). Note that in those cases the value
of 2Rc was deduced from the study of the dielectric response, i.e.,
corresponding to the dynamics of the α-relaxation in
equilibrium. The similarity of the 2Rc value with the Kuhn
length of the polymers was brought forward in those works, as
suggested in ref 65. However, the present results rule out lK to be
behind this length scale. The oligomers in our blends are smaller
than a Kuhn segment (containing seven monomers), and the
2Rc value is similar to or even larger than those found in the
previous cases. Thus, the size 2Rc cannot be related to any
particular length scale associated with the chain size or
conformation. On the other hand, 2Rc exceeds by a factor of
about 20 the relevant length scale characteristic for the
“microscopic” glass transition, as observed from the EFWS. This

may be defined as r T( )R
2

g= . As can be inferred from the
above discussion, this characteristic length remains of the same
order (around 1 Å) independently of choosing Tg or Tg,eff for its
definition. We note that the atomic displacements at such
relatively short times around the glass transition are character-
istic for the local motions within the cage imposed by the
neighboring chains, while characteristic times observed close to
Tg for the α-process by relaxation methods such as dielectric
spectroscopy are of the order of 1 s. In our case, they are
τBDS(Tg) = 2.3 s (hSBR), 100 s (hPS), 2.9 s (dSBR), and 41 s
(dPS) (see the Supporting Information). In fact, the character-
istic time at the calorimetric Tg is the magnitude invoked in the
proposed model5 to connect the component segmental
dynamics in the blend above Tg with the way the equilibrium
is lost when cooling toward the glassy state. We note that 2Rc
values in the nanometer scale have been reported for polymers
and other glass-forming systems.66

Finally, we consider the relevant length scale for TCF�the
correlation length ξ. It strongly depends on concentration (see
Figures 2 and 12), but for SBR contents about or higher than
50% it remains below 1 nm in the whole T range investigated.
For high SBR concentrations, the values of ξ even approach the
intermolecular distance dchain. Thus, under these conditions, the
correlation length ξ is smaller than the chains’ dimensions�or
similar to the smallest one�implying that the chains are
randomly mixed. Only for the highest PS concentrations
approaching the glass transition can the correlation length
exceed the dimensions of the oligomers, being thus the mixture
locally inhomogeneous.23,67

Figure 12. Composition dependence of the different characteristic
length scales identified in this study: intermolecular distance dchain
(diamonds), inter-nanodomain distance D (circles) for hSBR/dPS
(filled) and dSBR/hPS (empty) samples; pure SBR (with dot)
corresponds to the results reported in ref 13; correlation length ξ
(triangles; hSBR/dPS samples (up) and dSBR/hPS (down)) and
average displacement at about 80 ps (crosses: SBR; pluses: PS). The
range of the relevant length scale for the α-process, 2Rc, is marked with
the gray area. The arrow marks the Kuhn length lK of polymeric PS and
the red area the range of lK reported for SBR. The blue region shows the
estimate of the end-to-end distance of the PS500 oligomers. Data
correspond to T ≈ 300 K.
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■ CONCLUSIONS
For the homopolymers, we have demonstrated that the EFWS
reflecting atomic displacements at some tens of picoseconds are
sensitive to the onset of liquid-like motions across the
calorimetric glass transition, even if the relaxation times
associated with this phenomenon are of the order of tens of
seconds, corroborating thereby previous findings. These
displacements are of the order of 1 Å at the glass transition,
supporting a Lindemann-like criterion. The microscopic insight
into atomic displacements of a selected component in the blend
has allowed determining its “microscopic” effective glass
transition in the mixture. The values obtained were compared
with the macroscopic counterparts deduced from the DSC
analysis with a model based on TCF and SC. For the fast SBR
component, we always find a coincidence of microscopic and
microscopic effective glass transition temperatures. For the slow
PS component, the situation is more complex. For the sample
rich in SBR, the microscopic glass transitions of both
components are similar, indicating that at this microscopic
level the mixture is dynamically homogeneous. This leads to a
kind of paradoxical situation in the sense that PS looses its
equilibrium (as deduced from DSC) at a higher temperature
than that where it undergoes its microscopic glass transition.
This implies that there is a temperature range where this
component feels a “liquid-like” microscopic environment but
behaves “solid-like” from a macroscopic point of view. On the
contrary, for intermediate and high PS contents, macroscopic
and microscopic effective glass transitions of PS coincide (being
thus different from those of SBR), and the system is
heterogeneous at the microscopic level. We note that for high
PS concentrations the system is close to phase separation.
Heterogeneities are one of the sources of the non-Gaussian
effects deduced for the atomic displacements. We have also
found that the Lindemann-like criterion might also be applied
for blends, where a simple mixing rule for the effective atomic
mean-squared displacements determines the condition for glass
transition.
Our comparative study has also allowed determining the

characteristic length scale of the α-relaxation to be about 30 Å.
This is similar to the values previously found for blends involving
different components with different sizes. Its relation with the
Kuhn length can be ruled out from this work because the
oligomers do not meet this size. Inherent to the presence of
bulky side groups in the chains, structural heterogeneities at the
nanoscale arise due to nanosegregation of main chains and side-
group atoms. They persist even though the small size of the
oligomers and the dilution of phenyl rings with blending but are
not expected either to be relevant to determine the characteristic
length scale of the α-relaxation, which is apparently universal for
glass-forming systems.
In addition to the above findings of basic interest, from an

applied point of view we have shown that the model proposed to
describe the effect of blending on experimental observables like
DSC, BDS, or mechanical spectroscopy also works for a system
of industrial interest with different characteristics than those
where the model was previously applied, in terms of PS size
(here below the Kuhn segment), SBR microstructure, and
dynamic asymmetry. In addition, with the EFWS we provide
microscopic and independent support for the validity of this
model that allows predicting materials’ properties and thus
valuable information in the industrial field.
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