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Abstract

Applying Small Angle Neutron Scattering (SANS) on isotopically labeled samples,
we have characterized the thermally driven concentration fluctuations (TCF) —one of
the main ingredients in the phenomenology of blend dynamics— in mixtures of Styrene-
Butadiene Rubber (SBR) and oligomers of Polystyrene (PS) with different composi-
tions. This system displays a large dynamic asymmetry and is thus a good model
to explore the tunability of properties of interest in the rubber industry. The SANS
experiments —complemented with neutron diffraction with polarization analysis— have
allowed to determine the UCST-behavior of the blend and establish its phase diagram.
We find a close vicinity of the spinodal and the vitrification lines for intermediate con-
centrations and samples rich in PS. This induces the freezing of the correlation length
for TCF when decreasing the temperature and has also an impact on the reported di-
electric response of these mixtures. Furthermore, we have deduced the relevant length
scale for segmental relaxation from the comparison of SANS and dielectric results. The
values found (&~ 1.5-2 nm) are close to the Kuhn lengths of the components. The rel-
evance of nanometric length scales in this system could also be tentatively attributed
to an underlying nano-domain structure associated to seggregation of phenyl rings and

main chains, supported by complementary X-ray diffraction experiments.



Introduction

Blending is a very common —and inexpensive— way to produce new materials with tuned
properties, starting from already existing polymers.! The dynamical behavior of the mix-
tures produced, however, becomes rather complex. If the glass-transition temperatures of
the two starting polymers are different —which is the propitious situation to access a wide
range for tunability— two dynamic responses associated to each of the components can still
be identified in their blends. This kind of systems are referred to as dynamically asymmetric
mixtures and the observed dynamic heterogeneity is attributed to intra-molecular connec-
tivity: since a given monomer is covalently bonded to other monomers of the same chain,
a certain fraction of the ‘averaging volume’ —the relevant volume for segmental relaxation—
is ‘self-concentration’ (SC). As a consequence, the mean composition experienced by this
segment is biased toward its corresponding pure component. The self-concentration con-
cept was raised as main ingredient of the phenomenology observed for polymer blends by
Kornfield et al.?? and incorporated in their model by Lodge and McLeish.* In addition to
this dynamic heterogeneity, blends response is characterized by a strong broadening of the
measured magnitudes (e. g. the dielectric permittivity or the mechanical relaxation) with
respect to the homopolymers results. The origin of this effect is believed to rest on the ther-
mally driven concentration fluctuations (TCF') existing in miscible blends. Their importance
was first put forward by Fischer et al.>® A concept implicitly involved in any model based
on the SC and/or TCF ingredients is the relevant length scale for segmental relaxation. We
shall call R, the radius of the spherical correlation volume surrounding a test monomer that
controls segmental relaxation. When models are applied to experimental data of blends,
values of R, of the order of 1-2 nm seem to be necessary for giving account for the dynamic
heterogeneity effect mentioned above. However, models exclusively based on TCF usually
demand for values of the order of 10-20 nm close to the glass transition 7,.”° Estimations
of the ‘cooperative length scale’ of segmental relaxation in polymers (see ”8) —which is the

meaning of R, in the TCF models— give values of the order of 1 to 3 nm close to 7,. The



combined effects of self-concentration and concentration fluctuations were simultaneously
taken into account for describing the dielectric response of ‘canonical’ polymer blends. %12
The obtained correlation sizes are then comparable to the Kuhn segment length of the chains,
apparently polymer-chain-specific and independent of blend partner and composition, even
close to the glass transition (1-2 nm).

Formulations of materials with industrial interest may involve macromolecules with intri-
cate repeating units, polydisperse in size/microstructure and/or internal architecture, among
other factors. One key question to design materials with the desired end-use properties is
whether the concepts and theoretical frameworks developed for academic blends can be ap-
plied also to describe the segmental dynamics of such ‘real’ systems. With these ideas in
mind, we have recently carried out an investigation!® on the dynamics of a mixture of high
interest in the tire industry, since it involves Styrene-Butadiene Rubber (SBR) as one of the
components. SBR —the main component of tires— is the synthetic elastomer with highest pro-
duction worldwide. In the binary system explored, SBR was mixed (50/50) with polystyrene
(PS). To improve miscibility, the PS was of low-molecular weight, containing 8 monomers
in average. This mass is slightly above that of one Kuhn segment (7 monomers) of PS,
the Kuhn length being ¢£5=18 A.'*'5 Even so, its glass-transition temperature (=280 K)
was still about 70 K higher than that of the SBR component (=213 K), qualifying thus the
blend as a dynamically asymmetric mixture. In that work, dielectric spectroscopy (DS) was
combined with quasielastic neutron scattering, in order to unravel the component dynamics
of the mixture. It was found that, in fact, the ‘academic’ concepts deduced for ‘canonical’
blends —impact of SC and TCF- also apply in this system. In a further work on this line, 6
the possibility of exploring an extremely broad frequency/temperature range offered by DS
was exploited in order to fully characterize the component dynamics of mixtures of different
concentrations in terms a model involving both the concepts of SC and TFC, and elaborate
a predictive approach for mechanical relaxation based on it.

The experimental works on blends invoking the importance of both TCF and SC, from



which the size of the relevant region of the segmental process has been deduced to be ~
(i, 2 are mainly based on DS experiments. This technique is very powerful due to the
above mentioned wide dynamic range accessible. However, a direct insight on concentration
fluctuations is only directly provided by scattering techniques. Concentration fluctuations
give rise to scattering at small angles for radiation with standard wavelength of the order of
some A. They can be particularly well investigated by means of neutron techniques (small
angle neutron scattering, SANS) on samples where one of the components is deuterated and
the other protonated. In this kind of samples, a high scattering contrast is induced between
the components, enhancing the neutron scattered intensity. In this work, we make use of

t1316 and focus

the previous knowledge acquired on the SBR/PS system of industrial interes
our efforts on addressing the fundamental question: what is the relevant correlation volume
for segmental relaxation for these blend components? Is it also in the range of the Kuhn
length? We can provide a univocal answer exploiting the microscopic insight offered by SANS
experiments supported by complementary neutron diffraction with polarization analysis. To
enhance the neutron contrast, the blends investigated consisted of hydrogenated SBR (hSBR)
and deuterated PS (dPS). Through the scattering vector (@)) dependence of the measured
SANS intensity we have directly determined the correlation length ¢ and amplitude of the
thermally driven concentration fluctuations in mixtures of different compositions. This has
allowed us, first of all, to determine the phase diagram of the mixture, qualifying it as
belonging to the UCST-type. We have found that phase separation and glass-transition are
simultaneously competing phenomena for samples rich in dPS. Furthermore, we compare
the SANS results with those obtained from DS performed on the very same systems. In this
way, we eliminate the uncertainties in the values of the relevant parameters involved in the
theoretical model, potentially arising from considering systems with different microstructures
or isotopic characteristics. This comparison reveals the value of R, in a straightforward way.
Even if one of the components, PS, is an oligomer of radius of gyration smaller than its

Kuhn length /x, we arrive to values for the correlation size 2R, of about 1.5-2 nm. These



values are close to (i of the blend components, since for the SBR used we determined
(x ~ 16A by SANS. Thus, the hypothesis of Lodge and McLeish would also be confirmed by
our results. We note however that in this particular blend system there is another ingredient
that emphasizes the relevance of nanometric length scales from a structural point of view:
the presence of nano-domains associated to the segregation of main chains and phenyl rings.
Their existence is manifested in a ‘pre-peak’ in the static structure factor, as supported by X-
ray diffraction results. Thus, this work supports, also in this simplified industrial system, the

control of nanometric length scales on the microscopic mechanisms behind the a-relaxation.

Experimental

Samples

Protonated styrene-butadiene rubber (hSBR) was synthesized by anionic polymerization by
the Michelin Company.'” The copolymerization was initiated by BuLi in methylcyclohexane
at 50°C. The deuterated polystyrene (dPS) sample was purchased from Polymer Source and
synthesized by living anionic polymerization. Table 1 shows the molecular weights, glass-
transition temperatures Tys as determined by DSC [see Fig. 1(a)] and densities of the pure
components used in this study. In Table 2 the compositions of their monomers and values of
relevant parameters for SANS are compiled. The microstructure of SBR was (mass %): 47%
1,4-butadiene, 33% 1,2-butadiene and 20% styrene. Blends of different compositions (20, 40,
50 and 70% in weight of dPS, wpg) were prepared by solution casting using Tetrahydrofuran
(THF) as a solvent. Their average glass-transition temperatures are listed in Table 3.

The obtained films were carefully dried under vacuum at 350 K for 24 h to remove the

solvent completely. Reference samples of the neat polymers were prepared in a similar way.



Table 1: Molecular weights, polydispersities, glass-transition temperatures and densities of
the homopolymers.

Sample M, (g/mol) M, (g/mol) M,/M, T, (K) d (g/cm?)
dPS 900 980 1.09 283 1.13
hSBR 22800 23500 1.03 214 0.95

Table 2: Composition, mass, volume, their average number in the chains and scattering
length of the effective monomers, and scattering length densities for the two homopolymers.

H Sample  Effective monomer M, (g/mol) v, (cm®) N b (cm) p (cm™2) H
dPS [Cng]o.gg[CgHg]o_lg 111 1.63X10722 9 96.58}(10713 5925X109
hSBR [CgH8]0.115[C4H6]0‘885 59.75 1044)(10_22 393 636X10_13 609X109

Table 3: Average glass-transition temperature, spinodal decomposition temperature, vari-
ance of the distribution of concentration fluctuations as deduced from DS and size of the
relevant region for DS for each blend component averaged over the temperature range inves-
tigated by SANS and in the homogeneous regime.

wps (dps) (Ty) (K) T (K) 4/(06*) (2Ro)r (A) (2Re)nomo (A)
020 017 221 154 0125 148+03  14.8403
0.40 036 229 208 0.153  20.2£1.2 18.94+0.3
0.50 046 232 241 0169  20.3£29  17.5+1.0
0.70  0.66 252 270 - - -

Small Angle Neutron Scattering

SANS experiments on the blends were performed on the instrument KWS-2 at the Forschungs-
Neutronenquelle Heinz Maier-Leibnitz (MLZ) in Garching. Using an incident wavelength
A = 5.27 A and three sample-detector distances (SSD): 1.15, 5.76 and 19.76 m, a Q-range
between 0.003 and 0.47 A™' was covered. Here, the modulus of the scattering vector @ is
defined as Q = 47 A~!sin(0/2), with 6 the scattering angle. The samples were sandwiched
between quarz plates and placed within a dedicated Cryofurnace equipped with sapphire win-
dows. The experiments were carried out by heating the samples at 385 K | i. e., well above
the effective glass transitions of both components, and collecting data in isothermal condi-

tions at different temperatures between 385 K and the glass-transition temperature of neat



hSBR, i. e., deep in the glassy state of all the blends. The azimuthally averaged scattered
intensities were obtained as function of (). The signal from the corresponding background
was measured and subtracted from the measurements. In addition, we also investigated at
room temperature the chain conformation of the homopolymers in their respective bulks in
order to determine the size of the chains. This was realized by using samples where 10% of
the chains were isotopically labelled against a sea of macromolecules of similar characteristics
regarding molecular weight and microstructure. In the case of SBR, the labelled 10% chains
were protonated and the matrix deuterated; for PS, the inverse labelling was used due to

scarce availability of deuterated stuff.

Diffraction with polarization analysis

Exploiting polarization analysis, experiments by the Diffuse Neutron Scattering Spectrom-
eter (DNS)'819 also at MLZ allowed accessing the ratio between coherent and incoherent
differential scattering cross sections of the samples. This analysis is based on the property
that the neutron spin is flipped with 2/3 probability in incoherent scattering due to nuclear
spin disorder, whereas no flip occurs in the case of coherent scattering.?® With A = 4.2 A a
Q-range from 0.2 to 4 A~! was covered. Experiments were carried out at 295 K. The raw
data were corrected for detector efficiency, flipping ratio, sample container and absorption

using MLZ standard programs.

X-Ray Diffraction

X-ray diffraction experiments were performed using a Rigaku PSAXS-L system located at the
Centro de Fisica de Materiales (CSIC, UPV/EHU) in San Sebastian, Spain. The MicroMax-
002+ X-ray Generator System is composed by a microfocus sealed tube source module and
an integrated X-ray generator unit which produces Cu K, transition photons of A=1.54 A.
The Two-Dimensional Multiwire detector 2D-200X offering a 200 mm diameter active area

with c.a. 200 micron resolution was placed at 25 cm from the sample. In this way we



measured diffraction patterns at RT in a Q-range from ~ 0.1 to 1.6 A~

Model for Blend Dynamics and its Application to Di-
electric Spectroscopy Results

The details about the model used and its application to the experimental data were presented
in the previous paper,'® where it successfully worked with blends of protonated SBR and
PS of similar, but not identical, characteristics to those here studied. Therefore, new DS
experiments were carried out on exactly the same samples investigated in this work. In the
following, we sketch the main lines and assumptions involved in the formulation of the model
used and summarize the results obtained for the present samples, addressing the interested
reader to Ref. ' for deeper details.

The model considers the combined effects of self-concentration (SC) and thermally ac-
tivated concentration fluctuations (TCF). It is assumed that the TCF evolve on a much
longer timescale than that of the segmental relaxation. Then, there would exist a quasi-
static distribution of compositions, described by a probability distribution ¢(¢,), where ¢,
is the concentration of the component o € {PS, SBR} (note that in the following we will
omit the specification of the isotopic labeling ‘h’ or ‘d’ in the nomenclature). For the sake of
simplicity, g(¢q) is assumed to be a Gaussian centered around the macroscopic composition
(@a):

g(¢a) =

(qba — <¢a>) ] (1>

1
w0 [_ 2(6¢?)
The variance (§¢?) is the mean-squared concentration fluctuation characterizing the TCF.
The dynamics of a given polymer segment of component « is controlled by the local concen-
tration in a region around the segment. This ‘effective’ composition is enhanced toward its
corresponding pure component « due to self-concentration. This effect is usually accounted

for introducing the self-concentration parameter ¢g,,,; then:



(,beff,a = ¢?elf + (1 - ¢?elf>¢01' (2)

where ¢, is distributed as dictated by Eq. 1. The local compositions around segments are

consequently also distributed, according to the Gaussian function

_ 2
PICRTS e —— [_weff,a (desra)’]

21(002%¢ 1 o) 2(0021.0)

centered on a shifted mean effective concentration determined by the SC,

(Peffa) = Poerr + (1 — Poep){(Pa) (4)
and of variance
(00251 0) = (1= ¢%17)2(69%). (5)

To deal with a reasonable number of free parameters in the application of the model,
we assumed the same (6¢?) for both components. As shown in Fig. 1, the model provides
a good description of the DS results on the blends investigated for concentrations rich in
SBR, with wpg up to 0.5. As it was found in Ref.1¢ for blends of fully hydrogenated similar
components, the results for mixtures with higher PS concentrations cannot be well described.
It will be later shown by the SANS investigation that phase separation takes place for
these samples. The values obtained for the parameters involved in the model were gbi}qf =

SBR__

st =0.2 (assumed to be independent of temperature and concentration), and the variances

given in Table 3.
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Panel (a) shows the calorimetry results obtained by cooling at 3K/min on the
the compositions indicated. The panels below represent broad-
band dielectric spectroscopy results obtained at a frequency of 0.1MHz on blends with wpg =
0.2 (b), 0.4 (c) and 0.5 (d) as function of temperature. Squares are experiemntal data; con-
tinuous lines are fits by the model, and the dashed and dotted lines show the contributions
originated by the SBR and PS components respectively.
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Results and Discussion

Structural Features of the Homopolymers

We start considering the results on the homopolymer samples. Figure 2 shows the SANS
results. As a fraction of the chains is isotopically labelled, the scattered intensity arises from
such contrast between the macromolecules and reflects the single chain form factor of the
chain in bulk.?! The poorer quality of the results obtained for PS is due to the small size
of the macromolecules and the low signal-to-background ratio (the sample was majoritary
protonated). Nevertheless, both sets of data can be reasonably well described by a Debye

function accounting for the random coil conformation expected for a chain in the bulk,

2 2202 -2
1(Q) x gp(Q) = =5 —— (eRgQ—1+RQ2>. 6
@ % (@) = o y (6)
The values for R, —the average radius of gyration of the macromolecule— obtained from the
fits of Eq. 6 were 6.3 nm for SBR and about 1 nm for PS. Thus, as expected from their
low molecular weight, the dimensions of the PS chains are rather small —its average end-to-
end distance, R, = /6 - R, ~2 nm is similar to the reported value of ¢, for PS. Taking

into account the microstructure of SBR, the Kuhn length obtained according to its chain

dimensions from these SANS results is /357 =15.6A.
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Figure 2:  SANS results on homopolymer samples containing 10% labelled chains: (a) SBR
melt and (b) PS melt. Lines are fits to the sum of a Debye-like form factor plus a background
and, for SBR, plus a low-Q power law I(Q)) o< Q~*, with = 3.4. This kind of contribution
usually arises in predominantly deuterated samples from the presence of microbubbles. The
three components are separately shown in (a).
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In the high-@ range, the DNS results (Fig. 3) reveal the short-range order. Since the
incoherent differential cross-section does not depend on (), the ratio between coherent and
incoherent scattered intensities measured by DNS reflects the ()-dependence of coherent
scattering, Ion ~ (X;; bib; exp(iQF,;)) (b; being the scattering length of nucleus i and 7;
the vector connecting the positions of nuclei ¢ and j, summed over all nuclei in the sample).
We note that the different isotopic composition of the samples implies that the weights of
the correlations involving pairs of atoms vary from one system to another (bo=6.65fm, by=-
3.74fm, bp=6.67fm). This makes the interpretation of the patterns very complicated, unless
molecular dynamics (MD) simulations are used to decipher them.?*2* The results on PS
display a first pre-peak at Q; ~0.6 A~! and a main peak at Q, ~1.4 A='. The existence of a
pre-peak in this Q-range is common in polymers with bulky side groups and can be attributed
to the nano-segregation of backbones and side-groups due to purely entropic effects.?® In the
particular case of PS, MD-simulations?® showed that indeed rings are located close to each
other in kinds of nano-domains, being 27/Q; ~10 A the distance between rings in different
domains and the peak at ()2 would mainly arise from correlations between neighboring rings
(separated by 27/Q, ~4.5 A). In SBR, we find a main peak at the same position —even
though for this sample, the weight of the correlations is different since it is protonated. This

2728 and, given the composition of our

peak is very similar to that of pure polybutadiene
SBR [89%molar in butadiene|, we shall attribute this peak to the same origin as proposed
in Ref.?” for the polybutadiene homopolymer: inter-molecular correlations from different

backbones. We note the increase of the intensity in SBR at @ <0.6 A~! that could hint the

presence of a prepeak at rather low ()-values.
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Figure 3: Ratio between the coherent and incoherent differential scattering cross section
obtained from DNS experiments of diffraction with polarization analysis on the pure ho-
mopolymers investigated in this work and their blends with wps=0.2 and 0.5. Results on a
high-molecular weight deuterated PS sample are also shown for comparison. The meaning
of the arrows is explained in the text.
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XR-diffraction experiments allowed resolving this prepeak, as can be seen in Fig. 4. It is
located at Q7 ~0.35 A~'. We recall that in the case of XR, the scattering lengths weighing
the pair correlations contributions are proportional to the atomic number and the atomic
form factor, and independent of isotopic labeling. We may attribute the prepeak observed
in SBR to correlations between phenyl rings, which would also form nano-domains in the
butadiene-like matrix. The separation between these nananodomains would then be of about

21/Qy ~18 A.

AR

\‘l

£y |
-
A

-
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Figure 4: Small Angle X-Ray Scattering results on SBR and PS homopolymers and mixtures
with different compositions. Data have been normalized to the value at the maximum
of the peak centered at Q2. The arrows mark the positions of the prepeak (@) for the
homopolymers.
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Finally, we note that DNS reveals a deficient deuteration of the PS sample. As shown in
Fig. 3, DNS results on a deuterated high-molecular weight PS sample —where the structural
short-range order would presumably be the same as for our oligomeric system— display,
accordingly, very similar ()-dependence. However, we find an overall scaling factor of about
6 between the two sets of data. The asymptotic Q — oo of the measured ratio I.on(Q)/Line
is given by the ratio between the coherent and incoherent scattering cross sections of the
samples, I.on(Q — 00)/Iine = Ocon/Tines With Geon(ineg = Zazoh(mc) /Ny (aéoh(mc): coherent
(incoherent) scattering cross section of atom i;2*3° N,: number of atoms in the system).
The theoretical value for fully deuterated PS is indicated by the solid arrow in the figure.
While the data for the high-molecular weight sample are consistent with this asymptotic
value, the lower ratio in the oligomer must be attributed to the presence of some hydrogens.
The experimental results would be consistent with an assumption of a deuteration level of
about 88% (dotted arrow). This correction has been considered in order to calculate the
values of parameters like the scattering cross sections or the scattering length density of the

samples that will be used later.

Results on the Blends

The DNS results on the blends at high @) are in fact consistent with the expected asymptotic
() — oo values calculated imposing the above estimated degree of deuteration for PS (see
dashed arrows in Fig. 3). As previously commented, since in the blend samples the PS com-
ponent was deuterated and SBR protonated, the interpretation of the high-@ (DNS) neutron
data in terms of short-range order features is even more intrincate than in the homopolymers.
Qualitatively, we can say that a prominent peak at about 1.4 A~ is still present in all sam-
ples. In the @) range where the homopolymers present a ‘pre-peak’; the results on the blends
display a strong increase caused by the high contrast between labeled chains and reflecting
concentration fluctuations that is better resolved in the SANS regime with KWS-2. Such a

scattering contrast is drastically reduced for XR. As can be seen in Fig. 4, for the blends

17



the low-() increase of the XR intensity is much weaker than that of neutrons. Consequently,
the short-range order structural features are much better distinguished in the XR patterns.
As observed for neutrons, the main feature is the peak at about 1.4 A~!. Based on the
previous arguments for pure PS and SBR, it shall be attributed to nearest-neighbor chains
also in the mixtures. In addition, we can also clearly distinguish a peak at about 0.7 A~
which intensity gradually decreases with increasing SBR concentration and finally becomes
a shoulder on the flank of the main peak. This peak would be the signature of PS-like nano-
domains persisting in the mixtures. An analogous but much weaker contribution could be
envisaged in the region around 0.35 A~!, that would reflect the SBR nano-domain evolution
upon addition of PS. Thus, the XR diffraction data strongly suggest the nano-segregation
of phenyl rings and main-chains also in the mixtures.

Now we consider the information on thermally driven concentration fluctuations (TCF')
provided by SANS. Representative SANS results for all the blend samples investigated are
shown in Fig. 5. With decreasing (), the data show a first clear increase followed by a plateau.
This regime is dominated by TCF in the mixture. In the explored range of compositions, the
amplitude of this contribution strongly increases with PS-concentration; for a given sample,
it increases with decreasing temperature. To characterize the TCF the Ornstein-Zernike

(OZ) expression is usually invoked:

lo2(Q) = 12240 g

Here ¢ is the correlation length and Ipz(0) —the @ — 0 value of the function— is the am-
plitude for concentration fluctuations. A further steeper increase of the intensity is found
below Q ~ 0.01 A=, where it varies as «x Q* with  ~ 4. The origin of such increase
of the intensity is controversial. If this Q-dependence is identified with a Porod law oc Q~*
arising from well-defined or ‘sharp’ boundaries, this intensity could be interpreted as a signa-

ture of the presence of large domains, as proposed in Ref.?! for blends of PS and poly(vinyl
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methyl ether) (PVME). For the blends of the same homopolymers, Koizumi suggested that
the low-(Q) intensity would be describable by a Debye-Bueche function which low-() asymp-
tote is a Porod-like law. He attributed this regime to excess inhomogeneity resulting from
stress-diffusion coupling during temperature change.®? Conversely, the increase in intensity
at low @ observed for blends of poly(ethylene oxide) (PEO) and poly(methyl methacrylate)
(PMMA) was attributed to pronounced long-range density fluctuations.?? In our case, the
interpretation of this intensity is beyond the scope of our work and we will just parametrize
it with a Porod-like power law. To describe the intensity measured in the whole experimental
window accessed in the SANS measurements, a background (BG) has to be also added. This
BG originates from incoherent contributions as well as for density fluctuations. Thus, the

total expression to fit the SANS data was:

A Iog(0)
Lewp(Q) = ot TrQeE T BG (8)

with x =4. The values of the BG and the correlation length ¢ are strongly coupled. In
particular for low PS-concentrations, where the signal is weak, their univocal determination
from the KWS-2 results alone becomes rather difficult due to the presence of a kind of peak
at @ =~ 0.35 A~' —the region where the above mentioned ‘pre-peak’ could be expected.
Therefore, the combination of SANS and DNS data can be of great help. Since SANS
experiments did not involve polarization analysis, the measurements include both, coherent
and incoherent contributions. Thus, to directly compare DNS and SANS data, we have
obtained the total intensity from the DNS data (providing I..;(Q)/Iine) as Liot(Q) = Line +
Lon(Q) = Line(1+ Leon(Q)/Line). Line is the incoherent cross section per unit volume that can
be calculated from the nuclear incoherent cross section values o?, . above defined. Figure 6(a)
shows representative results for a given sample and temperature. The overlap of the data

is very good in the common range Q > 0.13 A~', though the DNS results do not resolve

the peak at @ ~ 0.35 A='. As can be seen in this figure, the combined results are

19



well described by Eq. 8 with a value of BG nearly identical to the theoretical value of the
incoherent intensity. Therefore, in the fit of Eq. 8 we have fixed it to the corresponding

theoretical value of the incoherent contribution for each sample.

20



\ 220 < T(K) < 221
233 < T(K) < 240

10% |
: 255 < T(K) < 261

295 < T(K) < 297

“\, 381 < T(K) < 385

10° |

Figure 5:  SANS results on the blends with PS weight fraction of 0.2 (a), 0.4 (b), 0.5 (c)
and 0.7 (d). The different colors correspond to different temperatures as encoded in panel
(d). The solid lines are fits of Eq. 8 to the experimental data (in the highest temperature
investigated for wpg = 0.2, the fit has been restricted to @ >0.02 A~! assuming A = 0).
Dashed line in (c) represents, in logarithmic scale and arbitrary units, the form factor of a
sphere of radius 2R, =17.5A.
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Figure 6: (a) SANS and DNS results on the sample with wpg=0.5 at 297 K. Solid line is
the fit of Eq. 8, with the contributions shown separately. (b) Derivative of the SANS results
shown in (a) with respect to scattering vector, described by Eq. 9 (solid line).
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The description of the SANS results in these terms is satisfactory, as can be appreciated
in Fig. 5. The obtained values of the OZ amplitudes are represented in Fig. 7(a). This
fit also gives a first estimate of the values of the characteristic lengths £. Except for the
sample rich in PS, the such deduced values for ¢ are rather small, at most of about 2 nm.
As mentioned above, the BG would also contain contributions from density fluctuations.
The usual estimations of these contributions based on the isothermal compressibility lead to
small values, particularly when compared to the intensity of concentration fluctuations.3335
Conversely, as mentioned above, they have been reported to be stronger than expected in
blends of PEO/PMMA.?33 Therefore, in order to obtain estimations for the £-values indepen-

dent of the choice of the BG-value, we have considered a parallel analysis of the derivative

of the SANS intensity. For this magnitude, the fitting function equivalent to Eq. 8 reads:

dly(@ Az 2Ip£(0)£%Q ©)
dQ QU [1+(Q”

The derivative of the OZ function displays a minimum at @, = 1/(v/3€). Thus, calculating
the derivative of the intensity provides a sensitive tool to determine the correlation length
€. An example is displayed in Fig. 6(b). The values shown for ¢ in Fig. 7(b) are the average

of the values obtained through the two approaches. The error bars span between them.
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Figure 7: Inverse temperature dependence of the parameters characterizing the concentra-
tion fluctuations as deduced from SANS: inverse of the amplitude Ipz(0) (a) and correlation
length £ (b), for the different compositions investigated. Dotted lines in (a) show linear
dependences, which extrapolations to Ipz(0)™* = 0 mark the values of the spinodal tem-
perature T,. They are marked by the vertical dashed arrows, while the location of the average
glass-transitions determined for each sample by DSC is indicated by the continuous arrow

following the same color code.
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Phase Separation and Dynamic Arrest

The amplification of the concentration fluctuations with decreasing temperature points to
phase separation of the mixtures at low temperatures (UCST-type phase behavior). From
the temperature dependence of the parameter Ipz(0) representing the amplitude of these
fluctuations, the spinodal decomposition temperature 7T, can be determined as a function of
the sample composition. The representation shown in Fig. 7(a) was applied to obtain T,
as the value at which /pz(0) tends to diverge. The resulting values are compiled in Table
3 and represented in Fig. 8(a). This figure also displays the values of the temperatures at
which the behavior of Ipz(0) deviates from the mean field prediction Ipz(0)~! oc 77!, This
temperature, denoted as T}, could be a signature of crossing the binodal (coexisting) curve

in the phase diagram.343¢
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Figure 8: (a) Phase diagram showing the spinodal temperature T, the theoretical critical
temperature T, the temperature T, where the OZ amplitude deviates from the mean field
behavior and the average glass-transition temperature (7,). Dotted line connecting the
homopolymer glass transitions is the Fox-Flory equation. Dashed and dashed-dotted lines
represent the effective glass transition temperatures of the two blend components (see the
text). Dotted line through 7T and T, is a guide for the eyes. (b) PS-average volume fraction
dependence of the inverse of S(0) at the four temperatures indicated. Lines in (b) are fits to
Eq. 11. The inset shows the inverse temperature dependence of the y-parameter obtained
from these fits, described by the law x = -0.0747 + 41.45K/T.
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Accompanying the amplitude of the concentration fluctuations, the associated correlation
length ¢ also increases with decreasing temperature, as shown in Fig. 7(b). The tendency to
diverge of this parameter is only clear for the sample with highest concentration of PS. We
can compare the values of £ with the chains’ dimensions, ESBR ~63A, RLI;S ~10A, assuming
that they are not strongly affected by blending. ¢ is smaller than both sizes (or similar
to the smallest one) for the highest SBR composition, and for the highest temperatures
investigated for the wps=0.4 and 0.6 samples. In such conditions, the chains are randomly
mixed; otherwise, for larger correlation lengths than chain dimensions, the mixture is locally
inhomogeneous.®*® On the other hand, we note that & becomes ‘frozen’ at the temperatures
above designed as Tj,.

We can invoke the mean-field theory based on the Random Phase Approximation (RPA)3
usually applied to high-molecular polymer blends to obtain information about the interaction
parameter between PS and SBR. The RPA predicts that for a binary blend of interacting
polymer chains of species A and B with corresponding degrees of polymerizacion N4 and
Np, monomeric volumes v4 and v and average volume fractions (¢4) and (¢p) =1 — (¢4),

the structure factor S(Q) is given by 24373

1 (Ap)? 1 . 1 2
S(Q)  I(Q)  Nalda)vagp(Q) ~ Np(l—(¢a))vpgp(Q)  vo

(10)

where gp(Q) is the Debye function accounting for the form factor of each of the components
[Eq. 6], and v is the molar volume of a reference unit cell vy = \/vavp. In Eq. 10 we have
also introduced the relationship between S(Q)) and the intensity scattered per unit volume,
I(Q), through the magnitude (Ap)?: the square of the difference in scattering length density
p of the two components. In the () — 0 limit, Eq.10 results to be:

1 (A2 1 1 2

+

S0) - 10) ~ Naloayoa " Na(l—(6a))vs 1

The OZ function [Eq. 8] is a good approximation for Eq. 10. Thus, the previous fits of the
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SANS results yield I1(0) = Ipz(0). Using the values calculated for polymerization degrees,
monomeric volumes and scattering length densities of the blend components (Table 2), Eq. 11
was thus used to describe the composition dependence of the amplitude for concentration
fluctuations Ipz(0) for different temperatures and obtain the y-values (see Fig. 8). In the
whole temperature range investigated this parameter presents positive values, indicative for
repulsive interactions between the components. Its temperature dependence can be described
by the law x = -0.0747 4+ 41.45K/T as shown in the inset of the figure.

Mean field theory predicts for the interaction parameter at spinodal point y

_vo< L )
X =75 vaNaga  vpNp(l— ¢4)

(12)

Considering the parameters of our homopolymers, the calculated critical point is ¢pg.=0.84
with a critical value x,.=0.063. From the temperature dependence of y, a value of 301 K is
obtained for the critical temperature T,.. This theoretical value has been included in Fig. 8
(a). It is well compatible with the experimentally deduced values of the spinodal line.

In addition to the values of T and T}, deduced from the SANS experiments, Fig. 8(a)
includes the average glass transition temperature (7,) as determined by calorimetric mea-
surements. For samples rich in SBR, (7}) is higher than 7T,: upon cooling, the sample
vitrifies before demixing. The situation is opposite for high PS contents: T} is higher than
(T,). Thus, thermodynamically the blend would tend to phase separate before it losses the
equilibrium as observed by DSC. We note that there is no clear signature of a double glass-
transition associated to a phase-separated system in the DSC trace [see Fig. 1(a)] for these
compositions; however, as above commented, the DS results could not be properly described
by the model at the highest PS concentration here considered.

As can be seen in Fig. 8(a), for samples rich in SBR, the usually invoked Fox-Flory
equation TS ((¢4)) = TATY [[(da) T2+ (1= (¢4))T;'] fails in describing the experimentally

determined (7,). In this figure we have also included the effective glass transitions of both
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components, that due to self-concentration effects differ from (7,). We have obtained them
calculating through the Fox-Flory equation the glass-transition value corresponding to the
effective concentrations given by Eq. 4.% Apparently, for mixtures of wpg < 0.5 the DSC
traces manly reflect the vitrification of the SBR (low-7},) component. A similar behavior has
also been reported in another dynamically assymetric blend in Ref.?® On the other hand,
it is worth noting that for the highest SBR concentrations the temperature denoted as T
coincides with the effective glass transition temperature of the PS component. This could
point to identifying the loss of equilibrium associated to vitrification of this component as
the origin of the deviations from the mean field approach observed by SANS, and not to the
crossing of the binodal line. This would also be the reason of the ‘freezing’ of the correlation
length ¢ at this temperature. The other way around, approaching the binodal line could be
the trigger of specific properties in this temperature range —it could namely influence e. g.

the broadening of the observed calorimetric glass-transition.

Relating SANS and DS Results: Determination of the Relevant

Length for Segmental Dynamics

141

Based on previous works of Fischer et al.,% Colby, Kumar et al.** proposed the following

expression for the mean-squared concentration fluctuation in an incompressible binary blend:

(6¢%) = ¥ ”A“B (Q)dQ. (13)

where F(Q) is the form factor of the correlation volume. Assuming for it a sphere of radius
R., and using the OZ approximation for the structure factor —which, as shown above, provides

a very good description of the SANS data—, Eq. 13 can be expressed as:

iy = 2erm Sy SUEE) ety con | (14

(¢
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Here, R. = R./¢. Thus, the value of R. can be obtained if we know (§¢?) from dielectric
spectroscopy experiments and the values of S(0) and £ from SANS measurements.

To obtain the value of R, for a given sample at a certain temperature, we have calculated
the mean-squared concentration fluctuations expected from SANS experiments, i. e, using
Eq. 14 with the values of S(0) = Ipz(0)/(Ap)? and £ from the OZ fits, as function of the
variable R.. An example is shown in Fig. 9 for the case wpg=0.5 and T=385K. The value of
the relevant length scale for these conditions can be directly read off from this representation,
as that for which the curve assumes the value of (§¢*) obtained from the DS experiments (see
Table 3). In the example here shown, R, corresponding to (5¢?)=0.169? is about 8.4A. The
values of the diameter of the sphere, 2R.., obtained for the three samples where the analysis
of the DS results was possible are represented in Fig 10 as function of the distance from
the respective average glass transition. They range between 14 and 24A. Compared with
the correlation length &, this magnitude shows a much weaker temperature dependence.
In particular, it seems to be insensitive to temperature in the region above identified as
homogeneous according to the comparison between & and R, values. In this region, the
values of 2R, amount to 15-19A in average (see Table 3). We may consider these values
as those representative for segmental dynamics in equilibrium —free from effects associated
to phase separation and/or vitrification of the blend components. The form factor of the

corresponding sphere is depicted in Fig. 5(c) for illustration.
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5 10 15 20

Figure 9: Mean-squared concentration fluctuation as function of the size of the relevant
volume for segmental dynamics R., calculated according to Eq. 14 using the values found
from SANS. The dashed line shows the value obtained for this magnitude from dielectric

spectroscopy, and the vertical arrow marks the corresponding value for the relevant length
scale.
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Figure 10: Temperature dependence of the diameter of the correlation sphere 2R, for
segmental dynamics (empty squares) and the correlation length deduced from SANS for
concentration fluctuations (triangles) in the blends with PS weight fraction of 0.2 (a), 0.4
(b) and 0.5 (c).
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We compare the here obtained values for 2R, with those reported for components of other
polymer blends from the analysis of DS results based on the same theoretical approach. They
were about 8A for 1,4-polyisoprene and poly(butylene oxide), 8-20A for poly(vinyl ethylene),
10-12A for PVME and 32A for poly(2-cholorostyrene) (P2CIS) .'? The values found here
for SBR and PS are clearly larger, with exception of P2CIS. In that work, the similarity
between the diameter of the spherical correlation volume and the Kuhn length of the chains
was put forward. In our case, 2R, is also very much comparable to fx (£5° =18A'15 and
(38R =16A). We note that in our DS-analysis we have considered a unique (3¢?)-value for
both components, and thereby implicitly assumed the same correlation volume for segmental
relaxation in an incompressible blend. The result of a smaller value of 2R, for the sample
rich in SBR could be a hint that the correlation volume of the SBR component would be
smaller than that of the PS component. In fact, the value obtained for the SBR-richest
sample (~1.5nm for wpg=0.2) is very close to that of £3P%. Thus, our results would support
again the hypothesis of Logde and McLeish* about the relevance of the Kuhn length in the
determination of the correlation length for segmental relaxation. It is however also worthy
of remark that in the particular case of the polymer blends here investigated, we could
invoke another ingredient to rationalize the large values found for the correlation length
of segmental relaxation: the emergence of additional structural features of nanometric size
above mentioned, that give rise to the ‘pre-peak’ in the region 0.35-0.7A~".

Last, we note that when the system reaches the binodal / PS-effective glass-transition
temperature line, the value of the diameter of the spherical correlation volume seems to
converge with the saturation value of the correlation length for concentration fluctuations &
(see Fig. 10). Whether this is a general observation or a mere coincidence shall be subject

of future work.
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Summary and Conclusions

Applying SANS | neutron diffraction with polarization analysis and XR diffraction we have
carried out a structural characterization of SBR and PS oligomers and their dynamically
asymmetric blends. Direct access to thermally driven concentration fluctuations (TCF) has
allowed to determine the interaction parameter and establish the phase diagram. The system
is of UCST-type. We find a close vicinity of the spinodal and the vitrification lines for inter-
mediate to rich in PS concentrations. Phase separation would be the reason of the observed
failure of the application of the model combining self-concentration and TCF to the dielectric
results on blends with high PS content. On the other hand, approaching the effective glass
transition of the PS component —the slower one— in the blend would be behind the SANS
observation of the freezing of the TCF amplitude and correlation length. This effect could
be superimposed to crossing the binodal line for intermediate concentrations. Moreover, due
to the small size of the PS component, the mixtures would be homogeneous only either at
very high temperatures or for rather low PS concentrations. Under these conditions, the
value deduced for the relevant length scale for segmental relaxation —deduced from the di-
rect comparison of SANS and DS results— would be 2R, ~15-22 A. The observed increase of
this magnitude with decreasing temperature approaching the glass transition at intermediate
concentrations could be influenced by the approximation to phase separation. Noteworthy,
the size of concentration fluctuations and relevant volume for segmental relaxation seem to
converge there.

The value of 2R, is close to the Kuhn lengths of the components, as proposed by Logde
and McLeish. We also speculate that the underlying nano-phase separation in domains rich
in phenyl rings and in main chains revealed by the scrutiny on the short-range order could
impact the spatial extent for segmental dynamics of these polymers. In any case, it is worthy
of remark that the control length is in the order of the nanometer scale, in good agreement

with results on polymers and low-molecular glass-forming systems.”
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