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By using quasielastic neutron scattering (QENS) with isotopic labeling we have investigated the
component dynamics in a miscible blend of polyethersulfone (PES) and poly(ethylene oxide) (PEO)
with 75% content in weight of PES. Due to the large difference in the glass-transition temperatures,
T,’s, of the two polymers (TPEO~220 K, TPES~382 K) the dynamic asymmetry in the system
dramatlcally increases when approachmg the average T, of the blend, <Tble“d> For the fast (PEO)
component, this leads to a behavior which hints a crossover from typlcal glass-forming liquidlike
dynamics at high temperatures to confined dynamics close to (Tzle"d> induced by the freezing of the
segmental motions of the slow PES. The features of the confined PEO motion observed by QENS
are similar to those of the secondary y-relaxation detected for pure (semicrystalline) PEO. A neutron
diffraction study of the short-range order of the homopolymers and the blend suggests that this
coincidence could be due to similarities in the intermolecular packing of PEO and PES polymers. ©

2008 American Institute of Physics. [DOI: 10.1063/1.2918497]

I. INTRODUCTION

Blends based on thermodynamically miscible polymers
are to date one of the most efficient and economical means to
produce new materials with tailored properties. Thus, the dy-
namical behavior of each component in binary polymer
blends has attracted increasing interest and the question of
the dynamic miscibility, i.e., how exactly the molecular mo-
tions of each component in a miscible blend are modified by
blending, has come into focus (see, for instance, Refs. 1-10).
By now, dynamic heterogeneity is a well established feature
of polymer blends, which refers to the observation of two
different characteristic timescales for segmental relaxation,
each of them corresponding to the dynamics of each compo-
nent modified by blending. A large experimental effort has
been devoted to the phenomenological characterization of
this effect and, nowadays, it is commonly accepted to be
mainly a consequence of the enhancement of the local con-
centration around a given segment on its own component due
to chain connectivity (the so-called self-concentration
effect).”!!

The dynamic heterogeneity induces a dynamic asymme-
try in the blend system which is magnified under extreme
conditions. At atmospheric pressure, three ingredients allow
tuning this asymmetry: (i) the blend composition (dilution of
one of the components), (ii) the difference in the dynamics of
the pure polymers (larger differences in the original glass-
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transition temperatures, Tg’s, lead to more distinct timescales
for segmental relaxations), and (iii) the temperature (due to
the non-Arrhenius-type temperature dependence of the
a-relaxation, the dramatic increase of the timescale of each
component approaching its own glass transition leads to the
enhancement of the asymmetry when cooling down). Thus,
playing with these ingredients a huge dynamic asymmetry
may be induced in the system, leading to the possible emer-
gence of confinement-like effects on the dynamics of the
minority low-T, component when approaching the average
glass transition of the blend, (Yblend> First experimental evi-
dence of this behavior was reported from dielectric spectros-
copy (DS) studies for poly (vinyl methyl ether) (PVME)
(T°YME=249 K) blends with high concentrations of polysty-
rene (PS) (755—373 K)."? Although in those conditions a
confinement length cannot be easily defined, a value of about
10 A (i.e., double the intermolecular distance) was suggested
for extreme dilution of PVME in PS. However, dielectric
spectroscopy does not provide the spatial information neces-
sary to fully characterize the dynamics of the fast compo-
nent.

The required space/time resolution at molecular level is
offered by neutron scattering techniques, which allow, in ad-
dition, the selective study of one of the blend components by
deuteration of the other polymer chains. This strategy has
been repeatedly used to investigate the segmental relaxation
of blend components in miscible blends of compositions
close to 50%/50%."*'" However, in these systems, the pos-
sible confinement effects induced by the differences in glass-

© 2008 American Institute of Physics
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transition temperatures of the homopolymers would be ex-
pected to be less evident, mainly in the high temperature
range accessible by QENS.

The first direct microscopic observation of the confined-
like blend dynamics by neutron scattering was realized on
poly(ethylene oxide) (PEO) in blend with poly(methyl meth-
acrylate) (PMMA) with a low concentration of PEO.'® The
T,’s of these homopolymers differ by almost 200 K. This
system was studied by quasielastic neutron scattering
(QENS) using the backscattering technique in a sample
where the high-T, majority component (PMMA) was fully
deuterated. In this way, the scattering intensity is mainly
dominated by the incoherent scattering from PEO hydrogens
which allows tracking of the self-motion of this fast compo-
nent. In the whole temperature region explored by the QENS
study on PEO/PMMA, confinementlike effects were noticed
for the PEO component.18 These effects were deduced from
the extremely stretched functional forms shown by the scat-
tering functions. In fact, broad distributions of relaxation
times with 7-dependent width had to be invoked in order to
describe the experimental results. Moreover, deviations of
the timescales with respect to the expected behavior in regu-
lar blends (e.g., provided by the Lodge and McLeish model’
based on self-concentration ideas) were found. The combina-
tion with fully atomistic molecular dynamics (MD) simula-
tions suggested the occurrence of localized and heteroge-
neous motions of PEO within the frozen PMMA matrix in
this regime.18 Extremely broad distributions of relaxation
times were also reported for PEO in blends with PMMA at
different concentrations (10%-30% PEO) from a QENS in-
vestigation of Garcia Sakai et al."® There, the concept of
local composition was emphasized as a key ingredient for the
PEO dynamics. In those experiments, the PEO dynamics was
selectively studied using partially protonated blends in a
similar way as in Ref. 18. In another work of the same
group,20 the collective dynamics of fully deuterated blends
(dPEO/dPMMA) was addressed by means of neutron spin
echo. The analysis of the structure factor decays with a
single stretched exponential delivered very small stretching
parameters. Deviations of the such obtained characteristic
times towards the p-relaxation of pure PMMA were also
reported in the neighborhood of (Tglend>. We note that those
experiments are not selective for the PEO component in the
blend and the interpretation of the results is thus extremely
complicated without the help of, e.g., MD simulation to dis-
entangle the different contributions to the structure factor.

Confinement effects on PEO dynamics upon blending
were also found in a selective QENS investigation of the
system hPEO/d-poly(vinyl acetate) (PVAc) (20%/80%),
where the difference between the homopolymers T,’s is
about 100 K.*! In that work, the results showed the existence
of a crossover temperature located at =70 K above the calo-
rimetric (T’;lend), for the dynamics of PEO in the blend: at
high temperatures, the PEO behavior is rather close to that
expected for a “standard” glass-forming system in super-
cooled regime, whereas signatures of confined dynamics
were observed when decreasing the temperature toward
<Tblend>‘

8
The effect of blending on the majority high-T, compo-
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nent was also investigated in blends of PMMA/PEO,I&ZZ’23
and PVAC/PEO.* Maranas and coworkers™>* found that the
dynamics of PMMA in hPMMA/dPEO blends was simply
controlled by the distance above the glass transition of the
blend. The PVAc component in hPVAc/dPEO showed a per-
fectly regular behavior in the framework of the self-
concentration model.”* It means that the dynamics of the
majority high-T, component does not seem to show any sig-
nificant deviations from the standard behavior observed in
regular blends. We mention also the study on 1,4-cis-
polyisoprene (PI) in blend with 1,2-polybutadiene (PVE)
with a composition of 70% PI-30% PVE (i.e., highly asy-
metric in composition), where the dynamics of both compo-
nents were selectively addressed by QENS." It is notewor-
thy that, in this case, the majority component (PI) is that of
the lowest T, (i.e., more mobile). Interestingly, in this blend,
the segmental relaxation of the minority component (PVE)
was found to resemble that of PIL.

The confinementlike features for the low-7, component
are a consequence of the nonequilibrium situation reached in
the vicinity of (Tzle“d). There, the chain and segmental dy-
namics of the matrix could be considered as completely fro-
zen on the time scale of the segmental motions of the fast
low-7, component. In that situation, localized and rather het-
erogeneous motions of the fast component are expected. In
fact, a recent study on PEO/PMMA blends addressing the
single chain dynamics of PEO (extending thereby the range
of observation towards larger length scales) strongly sug-
gests the existence of a broad distribution of monomeric fric-
tion coefficients.”” In that work, it is shown that such a dis-
tribution can be deduced from the heterogeneous segmental
(short-scale) motions of PEO in the blend. On the other
hand, it has been found that the short-scale dynamics of PEO
in PMMA and PVAc show very similar features in the low-
temperature region close to (Tglend> (for the time scale and
also for the width of the relaxation time distributions).21
Thus, the question arises: is the localized process reported
for PEO completely independent of the nature of the sur-
rounding polymer? In this case, the localized motions would
be universal for PEO and the location of the crossover from
“standard” to confined dynamics would depend exclusively
on the relaxation time of the high-7,, component’s segmental
motions. However, other ingredients related, e.g., with the
structure at interchain level and/or specific interactions be-
tween the two components may also play a role in this game.

With these ideas in mind, we have investigated the dy-
namics of the PEO component diluted in another blend,
namely, with polyethersulfone (PES), which is a well-known
engineering thermoplastic. Again exploiting the advantages
of QENS combined with isotopic labeling, we have studied
with a backscattering spectrometer a blend of protonated
PEO with deuterated PES (dPES). In this way, we could
access the PEO dynamics at time scales in the nanosecond
range and length scales of the order of typical interchain
distances. Though the deuterated dPES used was a rather
low-molecular weight polymer, the difference in 7,’s of the
two homopolymers is still very high, about 160 K. The
QENS measurements were performed in a wide temperature
range—above and below <T§le“d>—where it was possible to
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FIG. 1. DSC traces for the PEO/dPES blend sample (solid line) and for the
pure dPES sample (dashed line). The cooling rate was 10 K/min. The insert
shows the chemical structures of PEO and PES.

observe two distinct behaviours of the self-motion of PEO.
In addition to the investigation of the dynamics, we have
addressed a structural study on both, dPES and the blend by
using neutron diffraction. Thereby, the short-range order of
the two systems has been scrutinized. In the case of the
blend, this study has been realized by using polarization
analysis, which has allowed the separation of coherent and
incoherent contributions to the total scattered intensity. Such
information is also very important to assure a proper analysis
of the QENS data. On the other hand, the comparison of the
structural properties revealed by the structure factors of the
polymers involved in the various blends considered in our
discussion, PES, PMMA,18 PVAc,21 and PEO,26 can help to
understand the origin of our results.

Il. EXPERIMENT
A. Samples

The samples investigated in this study are fully deuter-
ated polyethersulfone (dPES) and a blend of protonated poly
(ethylene oxide) (PEO) and dPES consisting of 25% PEO in
weight. The deuteration level of dPES was about 93%, as
deduced from proton NMR in DMSO-d6 (CD3;SOCD3). For
the preparation of the blend, dried PEO and dPES were dis-
solved in deuterated dimethylformamide (DMF) in appropri-
ate quantities to obtain a 5% solution that has been slowly
casted in a dessicator under vacuum at 333 K. The miscibil-
ity in PEO/PES mixtures obtained under such conditions was
investigated by Guo and Higgins.27 It was found that PEO
and PES are miscible in a wide range of temperature and
composition. Moreover, there was no hint of PEO crystalli-
zation for PEO content <50% in the blend at room
temperature.27 The molecular weights M,, of the polymers
involved are M, (dPES)=9 kg/mol and M, (PEO)
=43 kg/mol. The polydispersities (M,,/M,) are 1.05 and 1.5
for PEO and dPES, respectively. The glass-transition tem-
perature T, of both samples was determined by differential
scanning calorimetry (DSC) measurements considering the
middle points of the DSC scans at 10 K/min, as shown in
Fig. 1. We found 7¢"*°=382 K and (7},"*""*%)=316 K, be-
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ing in the last case the step in the heat capacity much more
extended in temperature as is typical for polymer blends.
Each sample was vaccuum heated near 7, for at least 24 h
prior to the measurements, in order to remove any moisture
content.

B. Neutron scattering measurements

Information on the structure and dynamics of a sample
can be obtained by analyzing the change in energy (E=fiw)
experienced by neutrons scattered into a given solid angle
between Q and Q+dQ.%*>' The modulus of the momentum
transfer O (Q=k;—k;) is determined by the scattering angle
6 and the wavelength of the incoming neutrons A as Q
=47 sin(6/2)/\. The measured double differential scattering
cross section ¢*c/JQJE contains incoherent and coherent
contributions.

The incoherent cross section (#o/IQIE);,. is given by
the product of the incoherent scattering cross section o, and
the incoherent scattering function S;,.(Q,®), (P a/IQIE);n.
=N(k;/ k;) TincSinc(Q, )/ (41). N is the number of nuclei in
the sample. S;,.(Q,w) is related via Fourier transformation
with the intermediate incoherent scattering function, S,(Q,1).
Its double Fourier transform is the self-part of the Van Hove
correlation function, G,(r,7). In the classical limit, G,(r,?) is
the probability of a given nucleus to be at a distance r from
the position where it was located at a time ¢ before. Thus,
incoherent scattering looks at correlations between the posi-
tions of the same nucleus at different times.

The coherent scattering deals with relative positions of
atomic pairs, i.e., the collective features. Its double differen-
tial cross section can be expressed as

Fo ) ko,
Af Ycoh
— =N S ,W), 1
((99(915 - k; 4 coh(Q o) (1)
where S, (Q,w) can be written as S.,(0,)

=S(Q)§C0h(Q,w). The coherent differential scattering cross
section (do/d€)).,, accessible in a diffraction experiment
(isolated by polarization anlysis) reveals structural proper-
ties,

N
do Teon 1 -
— =—25(0)=— bb.e i ). 2
(aQ)coh i 5@ =3\ 2 b @

ij=1

Here, the b, stand for the coherent scattering lengths for neu-
trons (see Table I). r;;=r;—r; is the vector connecting atoms
i and j at the same time, and the brackets denote the thermal
average. The Q— limit of the coherent differential cross
section is determined by the coherent cross section o,

N
do 1 o,
lim|—] =—> 5= 3
Q*?w( ﬂQ)Coh N% ! 477 ( )

The other function in Eq. (1), §Coh(Q, w), is the normal-
ized coherent cross section (area=1) carrying the dynamical
information. Correspondingly, the Fourier transform
S.on(0.1) takes the value 1 for time equals 0.

In a sample with different kinds of isotopes their contri-
butions to the scattered intensity are weighted by the corre-
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TABLE L. Scattering length (fm) and coherent and incoherent cross sections
(barns) of the isotopes involved. The cross sections are also given for the
samples investigated (in units of barn/monomer) assuming 100% deutera-
tion for dPES.

Nucleus/sample b Teon Tine
H -3.7406 1.7583 80.26
D 6.671 5.592 2.05
C 6.6460 5.559 0

(0} 5.803 4232 0

S 2.847 0.9880 0
hPEO/dPES

[(C,H,40),(C1,D303S) 551, 91.204 330.072
dPES

[C,D505S], 125.128 16.419

sponding incoherent cross sections and scattering lengths.
Table I shows the values of these functions for the different
nuclei involved in our samples. It can be realized that the
incoherent scattering cross section of hydrogen is much
higher than the rest of the cross sections in the samples.
Therefore, the intensity scattered by the blend PEO/dPES is
clearly dominated by incoherent contribution of PEO protons
( gﬁpEO)/aﬁfO/dpES:OﬂZ, taking into account the 93% deu-
teration of dPES). Thus, quasielastic experiments on this
sample provide information on PEO dynamics in the blend
by following its hydrogen motions. However, as dPES is the
majority component in the blend, there is a non-negligible
(mainly coherent) contribution of dPES to the scattered in-
tensity. On the other hand, the scattering of the pure deuter-
ated sample dPES is predominantly coherent and, as the
cross sections of the constituting nuclei are very similar, the
differential cross section measured in a diffraction experi-
ment directly delivers the structure factor of this homopoly-
mer.

1. Structural studies (diffraction): D7 and D20

To determine the coherent and incoherent scattering
cross sections of the blend sample, we used polarization
analysis at the diffuse scattering spectrometer D7 at the In-
stitut Laue-Langevin (ILL), in its diffraction mode. Incoher-
ent scattering arising solely from spin disorder flips the neu-
tron spin with probability of 2/3, while coherent scattering
leaves the spin unchanged. Therefore, using polarized neu-
trons, it is possible to separate both kinds of contributions to
the scattered intensity. For the measurements, the incident
wavelength was set to 4.8 A enabling a range of scattering
vectors Q up to 1.95 A~!. The experiments were performed
at 130, 250, 300, 350, 400, and 450 K.

The structural characterization of dPES was realized on
the two-axis diffractometer D20 located at the ILL and char-
acterized by a very high neutron flux. Using an incident
wavelength of 1.3 A the total differential cross section
(highly dominated by the coherent contribution, see Table I)
was investigated in the Q range of 0.6—9.3 A~'. A cylindrical
vanadium sample holder was used to avoid Bragg peaks
from the container. The measurements were performed be-
tween 100 and 400 K every 50 K with measuring times of
20 min at each temperature, providing excellent statistics. In
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both diffraction experiments, the contribution from the
sample holder was measured and properly subtracted from
the original data.

2. Dynamics study (quasielastic): IN10

The QENS measurements on the blend PEO/dPES were
carried out by means of the IN10 backscattering spectrom-
eter at the ILL. The incident energy is changed by applying a
Doppler shift using a moving monochromator crystal. Using
A=6.271 A, the energy window of the experiment was set to
—12.3 peV=fhw=12.3 peV, accessing seven different Q
values in the range between 0.50 and 1.96 A~!. The energy
resolution was about 1.1 eV [full width at half maximum
(FWHM)]. The sample, directly casted inside a flat alu-
minium container, had a thickness of 0.5 mm providing a
transmission of 90%. It was positioned at 45° with respect to
the incident beam. We investigated temperatures from
250 to 400 K every 25 and 420 K, with measuring times of
the order of 20 h at each temperature. As NS spectrometers
offer a limited energy resolution, the measured functions are
affected by the instrumental resolution function R(Q,w).
Thus, the experimentally accessed quantity has to be com-
pared with the convolution of the model function and the
resolution, Io, ~1(Q,®) ® R(Q,w). R(Q,w) is the obtained
spectrum when purely elastic (Aw=0) scattering events take
place in the sample [i.e., it is the “image” of S(w)]. In this
case it was determined from a measurement of the sample at
5 K. Background corrections were performed by subtracting
the scattering from the empty cell. The detector efficiency
was corrected by a vanadium measurement. For the data cor-
rection, we used the standard program SQW available at the
ILL.

lll. RESULTS AND DATA ANALYSIS
A. Structure

Figure 2(a) shows the temperature dependence of the
ratio between the coherent and incoherent differential cross
sections measured by D7 on the blend. These data are of
utmost importance for the analysis of our quasielastic results.
They show that, as expected (Table I), in the Q range cov-
ered by IN10 (0.5 A'<0=<2 A™") the incoherent signal is
in average about three times stronger than the coherent one
for all temperatures investigated. In addition, we can extract
valuable structural information from these results, provided
by the Q dependence of the coherent signal.32 Its dramatic
increase in the low-Q region is due to the contrast between
deuterated and protonated chains, and contains information
on the dimensions of the chains and the interaction between
them (see, e.g., Refs. 33 and 34). On the other hand, in the Q
range above =~0.5 A~!, the oscillations of the measured in-
tensities reflect the short-range order present in the sample.
As the coherent scattering arises mainly from the deuterated
dPES component constituting the 75% in weight of the
sample, it basically mirrors there the structure factor S(Q) of
this component in the blend (o7=%/ o= (.755). The main
feature observed is a broad peak centered at about 1.5 A‘l,
which does not appreciably depend on temperature below
300 K (i.e., in the glassy state of the blend). A slight shift of
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FIG. 2. (a) Ratio between the coherent and the incoherent intensities ob-
tained from D7 measurements for the blend PEO/dPES at different tempera-
tures: 130 K (empty diamonds), 250 K (full diamonds), 300 K (pluses),
350 K (empty circles), and 400 K (full circles). In (b) the coherent cross
section obtained for the blend at 130 K (full squares) is compared with those
estimated for the fully deuterated homopolymers: dPES at 150 K (empty
squares) and dPEO (empty circles) (Ref. 26). For the calculation of the
absolute units in the blend and dPES, the 93% deuteration level of dPES has
been considered. This has also been assumed for subtracting the incoherent
level of the dPES D20 data. In the case of dPEO, the data have been
multiplied by an appropriate factor to get approximately the theoretical limit
at high Q.

the peak position toward lower Q values can be envisaged at
350 K and a clear increase in intensity is observed at
400 K.** Such behavior suggests a predominantly intermo-
lecular nature of this main peak, since only the interchain
correlations are expected to appreciably evolve above the
glass-transition temperature of the system (see, e.g., Ref. 35).

The comparison of the blend data with the structure fac-
tor of the pure homopolymer dPES measured on D20 is done
in Fig. 2(b). The main peak of S(Q) in dPES is located at
Q=~1.44 A~'. This value is rather close to that where the
blend shows the main peak, suggesting that the short-range
order in this polymer is hardly affected by the presence of
PEO chains—at least for the concentration here investigated.
A further comparison with the structure factor of PEO mea-
sured on the deuterated sample dPEO (Ref. 26) [Fig. 2(b)]
reveals that the intermolecular packing is rather similar also
in both homopolymers. After such observation, it appears
logical that the main interchain distances remain the same
when the two polymers are blended.

B. Dynamics

As can be appreciated in Fig. 3 for a representative Q
value, the IN10 spectra are broadened with respect to the
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FIG. 3. Neutron scattering spectra obtained by IN10 on the PEO/dPES
sample at 0=1.45 A~" and several temperatures: 250 K (a), 300 K (b),
350 K (c), and 400 K (d). The dashed-dotted lines show the contribution of
the fast component (PEO) modeled through a log-normal distribution of
relaxation times. The solid lines show the sum of such quasielastic compo-
nent and the coherent contribution, which in (a), (b), and (c) is just elastic,
while in (d) it shows a broadening depicted by the dashed line (Fourier
transform of a KWW function with 8=0.5). The dotted lines show the
instrumental resolution obtained at 5 K (normalized to match the data in the
maximum).

instrumental resolution even at temperatures well below the
calorimetric glass transition of the blend ((TEEO/ dPES)
=316 K). This broadening can also be appreciated in a linear
representation of the data directly compared with the reso-
lution, as shown in Fig. 4. The quasielastic intensity—
indicative for a decay of the intermediate scattering function
at timescales in the nanosecond range—increases with in-
creasing temperature. For an intermediate temperature, Fig. 5
shows how the spectra evolve with momentum transfer.

As expected from the values of the cross sections of the
blend components (Table I) and experimentally proven by
the D7 measurements [Fig. 2(a)], the IN10 spectra mainly
reveal the incoherent scattering from PEO hydrogens (the
rest of the incoherent scattering, due to dPES deuterons, can
be neglected compared to it). However, Fig. 2(a) shows that
a non-negligible part of the neutrons are scattered coherently
(reflecting mainly dPES correlations) and this has to be also
considered to properly describe the full IN10 curves. We
may decompose our spectra into two main contributions,
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FIG. 4. The same data as shown in Fig. 3(a) are plotted in linear scale. In
this case, the relative intensities between the data at 250 K and the reso-
lution have not been modified for comparison. The maximum of the scale is
5% of the elastic intensity of the 250 K data (see full scale in the insert).

1(Q,®) = fopo(Q)SEFEOPY () 1) + fooh(Q)Scon(Q, ).
(4)

The first—and dominant—one is attributed to the incoherent
contribution from the PEO hydrogens and its weight,
Sfreo(Q), can be approximated by the incoherent cross section
determined from the D7 study. The second one corresponds
to the contribution associated with the coherent scattering
and weighted by f,,(Q), that is obtainable from the coherent
cross section measured by D7. The scattering functions

Sﬂ’f EOblend(() ") and S,,,(Q,w) are normalized (total area
=unity), and their parametrization requires the choice of a
functional form.

Following the analysis previously applied to the QENS
results on PEO in other blends [with PMMA (Ref. 18) and
with PVAc (Ref. 21)] we have assumed that the coherent
contribution is elastic close and below (Tgle“d>, where the
structural relaxation of PES should be either too slow to be
detected by QENS or even frozen. The correctness and pos-
sible consequences of this approximation will be discussed
later. However, at high temperatures, the coherent contribu-
tions from the segmental PES dynamics might be fast
enough to contribute to the quasielastic scattering in the
IN10 window. It is well known that the relaxation function of
the a-relaxation (slow decay of the correlations) in a glass-
forming liquid is usually described by stretched exponential
or Kohlrausch-Williams-Watts (KWW) functions. Equiva-
lently, this functional form has been found to be adequate to
account for the intermediate scattering function associated
with this relaxation,36 and its Fourier transform describes the
scattering function in the frequency domain,

t B
SKWW(0, w)=FT exp[— (m) } . (5)

Here, the characteristic time 7,, may depend on both 7" and
Q. In the relatively high-temperature range above the glass
transition usually explored by NS, the S values are found
between 0.4 and 0.6 for most of the polymers investigated.36
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FIG. 5. IN10 spectra obtained for PEO/dPES at 325 K and different Q
values: 0.50 A~! (a), 1.18 A~! (b), and 1.96 A~! (c). Lines like in Fig. 4.

Therefore, a typical value of 8=0.5 has been assumed for the

coherent contribution S,.;,(Q, ) above (Tgle“d)

In the case of the low-T, component (PEO) we expect a
different scenario when approaching (TEEO/ dPES) There, this
component is in a situation clearly different from that of the
supercooled liquid state: PEO segments are surrounded by a
more or less rigid polymer that is frozen as compared to the
PEO characteristic time scale for structural relaxation. There-
fore, it is expected that dPES imposes strong geometrical
constraints (confinementlike) on the rapid PEO segmental
motions. In confinement the structural relaxation is often ob-
served to be modified®” and behaving similar to more local
relaxations such as, for instance, the secondary (Johari—
Goldstein B) relaxation”® or the methyl-group rotations.*’
The relaxation function (or scattering curve) of this type of
processes is usually well described by broad and symmetric
distribution functions of relaxation times directly connected
with Gaussian-type distributions of activation barriers (het-
erogeneous behavior). Therefore, we can expect that also in
the present conditions the PEO slow dynamics is no longer
described by a KWW function and a log-normal distribution
g(log 7) of relaxation times seems to be a more appropriate
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phenomenological function for Sﬂ’cPEO/ blend( ) ) 121821 1
the frequency domain, the scattering function is built by the
superposition of Lorentzian functions appropriately weighted
by g(log 7)

o0

1
54Q.0)= | sllog ) ————d(log 7. (©)

where the distribution is characterized by the width o and the
position of its maximum log 7,

[ (log 7—log 7'0)2:|
- 20° '

Finally, we have to take into account that the functions
assumed in Egs. (5) and (6) describe the slow decay of the
intermediate scattering function which takes place after some
picoseconds. In fact, in order to reproduce well the total in-
tensity of the spectra, we have to consider the decay of the
correlation functions produced by the fast dynamical pro-
cesses (vibrations, Boson peak,.. .36’41) in the microscopic re-
gime below =2 ps. In the dynamic window accessed by
IN10, this can be parametrized in terms of a Debye—Waller
factor (DWF),*

DWF = exp(- 2 0?), (8)

1
g(log 7) = ——exp (7)
270

N

which affects the amplitudes of the functions in Egs. (5) and
(6) when building the normalized SLPEO®lend(0) ) and

§coh(Q s w)7
SHLPEORIN () ) = DWFppoS4(Q, ), )

mnc

Seon(Q, @) = DWEpesSKVW(0, w). (10)

In principle, the values of DWFprq and DWFpgg could be
different. However, the values usually found for the effective
vibrational mean-squared displacement, (), in polymers
can be considered rather similar within some limits (see, e.g.,
Ref. 13). Therefore, in order to reduce the number of fitting
parameters in our analysis, we have assumed the same am-
plitudes for both scattering functions.

Taking into account all the above considerations for the
terms involved in Eq. (4), the experimental IN10 data were
fitted with the convolution of this expression with the reso-
lution function. As can be seen in Figs. 3 and 5, the descrip-
tion of the scattering curves obtained by this procedure is
very good.

IV. DISCUSSION

The analysis of the QENS spectra showed that the co-
herent contribution attributable mainly to dPES can be suc-
cessfully described by an elastic peak for temperatures of the
order of 350 K and below. Contrarily, at 375 K and above,
the spectra cannot be longer described assuming an elastic
contribution with the relative weight determined from the
diffraction data. Thus, we have to allow the coherent contri-
bution to be quasielastic in this high-temperature range. As
can be seen, e.g., in Fig. 3(d), this contribution can be well
accounted for by assuming Eq. (5) with 8=0.5. The corre-
sponding NS relaxation times decrease with increasing tem-
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FIG. 6. (a) Calorimetric results for the blend PEO/PES. The shadowed area
indicates the broad glass-transition region. (b) Temperature dependence of
the characteristic times obtained for the two blend components in PEO/
dPES by QENS at 0=1.45 A~! (empty diamonds: PEO; full diamonds:
dPES). The DS time scales (inverse of the maximum frequency) of dPES in
the blend are displayed for comparison as full inverted triangles. The
dashed-dotted line through these points is a VF fit. The same VF has been
shifted to match the QENS dPES data. The ends of the vertical dashed-
dotted line indicate the two limiting approaches considered for the coherent
contribution at 350 K. They lead to the error bar shown in the corresponding
PEO time scale. The solid lines show the relaxation times of pure PEO
[curved: segmental time, Arrhenius: y process by DS (Ref. 51)]. The y
process is extrapolated towards high temperatures by the dotted line. The
dashed line corresponds to the expectation for the PEO dynamics in the
blend with dPES from the Lodge and McLeish model. Squares and circles
show the timescales observed by QENS for PEO in blends with PMMA and
PVAc, respectively.

perature, as can be seen in Fig. 6 for a Q value of 1.45 A~!.
We note that this Q value is close to the partial structure
factor peak Q.. revealing mainly dPES interchain correla-
tions in this system, and therefore these spectra are sensitive
to the dPES structural relaxation. Figure 6 shows also the
characteristic relaxation times for the dielectric a-relaxation
of dPES in the blend measured by standard dielectric relax-
ation techniques. The line through the points is a typical
Vogel-Fulcher (VF) descn’ption,43

B
T—T0>' (1

nT)=r, exp(

We observe that dPES dipoles relax with a longer character-
istic time than that obtained by QENS close to Q,,.x- A pri-
ori, it cannot be predicted whether the time scales observed
by different techniques (different projections of the
a-relaxation) are faster or slower with respect to each other.
For example, in the case of polybutadiene, dielectric spec-
troscopy and neutron spin echo on a fully deuterated sample
at Q. deliver similar time scales,™ while for polyisoprene,
the structural relaxation time scale at Q,,,,, is slower than that
observed for the dipole-dipole correlation function.*’ What it
is believed is that the temperature dependence of the differ-
ent projections of the structural relaxation should be the
same (see, e.g., Ref. 46). In this direction, we observe that
the temperature dependence of the QENS data is compatible
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FIG. 7. Q dependence of the amplitude of the scattering functions (Debye—
Waller factor) for the temperatures indicated. The error bars at 350 K show
the uncertainties associated to the assumptions about the coherent contribu-
tion (see the text). Lines through the points are fits to Eq. (8). The insert
shows the obtained values for the mean-squared displacement as a function
of temperature. The dotted lines are guides for the eye.

with the VF law describing the dipolar data, within the un-
certainties. The time scale obtained for 375 K (the lowest
temperature at which we can fit this component) could show,
however, a tendency to deviate towards a weaker depen-
dence.

At this point, we may comment that, in the case of PES,
the local dynamics is very rich, as shown by QENS measure-
ments in the glassy state.*” Its phenylene rings undergo os-
cillations and 7-flips which are thought to be the main re-
sponsible for the y-relaxation. The characteristic time scales
of both processes are accessible by the IN10 window in the
high-temperature range investigated. In principle, the ampli-
tude of the fast oscillations is not very significant and the
largest-amplitude motions (7-flips) of phenylene rings
should not give rise to quasielastic coherent signal—initial
and final configurations are identical. Therefore, we have not
considered them in our data analysis procedure. However,
we cannot discard that there could be some influence of these
motions in the dPES coherent signal at high temperatures. If
these local processes were coupled to the structural relax-
ation, the complex resulting process could indeed give rise to
a quasielastic contribution different from that corresponding
to the isolated a-relaxation (of course, impossible to model
without the help of, e.g., molecular dynamics simulations).
This could explain the large difference between the dielectric
spectroscopy and the QENS time scales. It could also be the
responsible for the possible deviation at 375 K towards
faster time scales as expected from the DS extrapolation.
Unfortunately, the uncertainties involved in the data analysis
do not allow us determining the extrapolation to low tem-
peratures of the time scale of the coherent signal. Therefore,
in the evaluation of the spectra at lower temperatures, we
have considered two limiting scenarios for the timescale of
the coherent contribution: (i) to follow the temperature de-
pendence deduced from the DS results (i.e., the dashed line
through the QENS data in Fig. 6, which leads to an elastic
contribution for the coherent part at 350 K and below) and
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FIG. 8. QO dependence of the width (a) and the time of the maximum (b) of
the log-normal distribution functions describing the PEO dynamics in the
blend at several temperatures: 250 K (empty circles), 275 K (full circles),
300 K (empty squares), 325 K (full squares), 350 K (crosses), 375 K (dia-
monds), 400 K (empty triangles), and 420 K (full triangles). The dotted line
in (a) shows the value 0=0.73 (closest distribution to that for a KWW
function with 8=0.5).

(ii) to follow an Arrhenius-type extrapolation of the QENS
data. The only temperature for which the second case leads
to a quasielastic broadening is 350 K. The ends of the verti-
cal dashed-dotted line in Fig. 6 show the two extreme values
considered for this temperature. For the lower temperatures
investigated, both approximations are elastic.

For several temperatures, Fig. 7 shows the O dependence
of the amplitudes obtained from this fitting procedure. In the
case of 350 K, the error bars cover the two extreme scenarios
considered (elastic and quasielastic coherent contribution).
These amplitudes follow well a DWF-type dependence [Eq.
(8)], revealing the mean-squared displacement, (u?), associ-
ated to the fast dynamical processes in the system (shown in
the insert). The values obtained for {(u?) are of the same order
as those obtained, e.g., in the cases of the homopolymers
head-to-head polypropylene and poly(ethylene propylene)
and their blend.”” We note that the sharp increase of this
function above the low-temperature (glassy) estimation starts
already at temperatures below the average glass-transition of
the blend, i.e., closer to the glass-transition temperature of
pure PEO.

Turning to the dynamics of PEO hydrogens in the blend,
the analysis of the QENS spectra allowed determining the
width o and position of the maximum 7, of the distribution
of relaxation times g(log 7) in the framework of our model.
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The results obtained are shown in Fig. 8. Let us first focus on
the high-7" regime investigated between 375 and 420 K.
There, the values of o were found to be close or even slightly
below 0.73. This is the value of the width of the distribution
g(log 7) closest to the distribution g£=0'5(10g 7) correspond-
ing to a KWW relaxation function with $=0.5. We note that
this is the expected spectral shape in the case of a polymer in
equilibrium well above the glass transition, free of any con-
finement effect—in fact, PEO homopolymer shows such
spectral shape in the high-temperature range.18 Therefore, in
this temperature region, we can assume that the PEO com-
ponent behaves as a “standard” glass-forming polymer and
have fixed the value of o to 0.73. The Q dependence of the
such obtained characteristic times is compatible with the be-
havior expected in such a situation: an assymptotic Gaussian
Q dependence 7 Q~?# in the low-Q region and deviations
to a weaker dependence above =1 A-! (see, e.g., Refs. 48
and 49). At lower temperatures, the width of g(log 7) dra-
matically increases with decreasing temperature. The o val-
ues shown for 350 K in Fig. 8 correspond to the case when
the coherent contribution is considered as elastic. For sim-
plicity, we have not included the values obtained assuming
the other approximation, which are of the order of 15%
higher. It is worth noting that, at 250 K, o takes values from
3 to 6 decades. Within the uncertainties, this parameter
seems to have some tendency to increase toward lower Q
values (equivalently, larger length scales). A similar tendency
has been reported for PEO in blends with PVAc.?' Simulta-
neously, within the uncertainties, the Q dependence of the
characteristic time seems to remain close to Q™. Taking into
account the large deviations of the spectral shape with re-
spect to a KWW with 8=0.5, such dispersions imply severe
deviations from Gaussian behavior.”® These features—Ilarge
broadening, non-Gaussian behavior—can be interpreted as
signatures of heterogeneous and localized (confinedlike) mo-
tions detected by IN10.

Nowadays, it is well known that in a polymer blend in
equilibrium the segmental a-relaxation time of one of the
components is usually well described by the same VF ex-
pression [Eq. (11)] of the corresponding homopolymer but
with a different value of T, (or T,). This new (effective) 7,
(Tg) value can be calculated, for instance, in the framework
of the Lodge and McLeish model' based on the self-
concentration ideas. This was the procedure followed by us
in our previous works to estimate the expected behavior of
PEO in PEO/PMMA and PEO/PVAc blends.”! Here, we have
followed the same procedure, in which we assume a value of
0.15 for the self-concentration of PEO. Figure 6 shows both
the VF law for pure PEO and that corresponding to PEO in
PEO/PES blend. As can be seen, the data obtained for PEO
in the blend are compatible with this curve only at high
temperatures. We note that the temperature dependence of
the PEO characteristic time scales is much weaker and, be-
low =325 K, it strongly deviates from the behavior expected
for its segmental relaxation. Note that, in principle, in this
range the coherent signal is elastic even if we consider pos-
sible local contributions. In fact, it is also noteworthy that the
value of the timescale obtained for PEO in the blend at
350 K is rather insensitive to the approach considered for the
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coherent contribution: the error bar obtained is of the order
of the point size shown in Fig. 6. In the low-temperature
range investigated, the PEO time scale seems to approach,
within the experimental uncertainties, the extrapolation of
the timescales obtained for the so-called secondary y-process
in semicrystalline PEO (percentage of crystallinity of the or-
der of 70-80) as obtained by dielectric spectroscopy.5 " This
can be realized from Fig. 6, where the QENS results at O
=1.45 A~! are displayed together with the dielectric data re-
ported in Ref. 51. We also note that, as in the case of our
neutron scattering results, the y-relaxation function measured
by dielectric spectroscopy is a rather broad and symmetric
process. However, whether or not the microscopic motions
of PEO in the blend here investigated correspond to those
involved in the 7y-relaxation of PEO is a question that de-
serves further work and which is beyond the scope of this
paper.

Before going on with the discussion on the results, we
comment on the reliability of the values obtained in our data
analysis procedure, in particular, of those corresponding to
the low-temperature region. The approach followed involves
two contributions (coherent and incoherent) and the choice
of a functional form for the PEO hydrogens scattering func-
tion (log-normal distribution). At low temperatures, we have
justified the elastic assumption of the coherent contribution,
which is fixed. Then, we allow only three parameters to float:
the DWF, the width, and the time scale of the distribution. Of
course, these parameters are coupled. However, we can im-
pose a consistency in the obtained values. In this sense, ob-
taining a reasonable Q dependence of the amplitude (with a
sensible (%) value) can be taken as a criterion to set bounds
for the shape of the function. Then, it turns out that the o
values have to increase when Q decreases (Fig. 8). Once the
shape of the function is determined within some uncertainty,
the estimated error for the time scale is not so large—note
that the broadening of the spectra at low temperature is sig-
nificant in the intermediate-Q range [Figs. 3(a) and 4]. For
example, for the points shown in Fig. 6 the errors amount to
*0.3 decades for 275 K and *0.7 decades for 250 K. Con-
cerning the choice of the log-normal distribution function,
we have considered the, in principle, simplest functional
form one can assume. We are aware that the function could
be much more complex; in fact, molecular dynamics simu-
lations point to very stretched functional forms with some
crossover from a convex to concave behavior with increasing
Q.IO’]8 Unfortunately, the limited dynamic window of back-
scattering instruments prevents a more sophisticated ap-
proach for the functional form of the PEO correlation func-
tion. However, our analysis clearly show—beyond all the
possible involved uncertainties—that there is a qualitative
difference between the dynamical features of PEO at low and
high temperatures.

Thus, as in the case of the blends with PMMA (Ref.
18)—and more evidently with PVAc (Refs. 21 and 24)—we
seem to witness a crossover in the dynamics of PEO from
“standard” glass-forming polymerlike at high temperatures
to a different regime characterized by extremely broad dis-
tributions of relaxation times and strong deviations from
Gaussian behavior and from the typical VF-temperature de-
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pendence when freezing. As above mentioned and proposed
in previous works,"®?! we interpret this behavior as a conse-
quence of the freezing of the segmental motions of the sur-
rounding slow and majority component (dPES in this case).
The concept of dynamical asymmetry (ratio between the
characteristic time scales of the components in a multicom-
ponent system) plays the essential role in this scenario. In
miscible polymer blends, the dynamical asymmetry is in-
duced by the intrinsic dynamic heterogeneity due to self-
concentration effects. Well above <T§16"d) the dynamic asym-
metry is not very large: we can see from Fig. 6 that the
relaxation time observed for dPES is less than two orders of
magnitude slower than the incoherent time scale of PEO hy-
drogens. However, as the temperature decreases towards
(T‘;le"d) (which is mainly determined by the majority compo-
nent dPES), the structural relaxation of the slow component
rapidly freezes and the dynamic asymmetry increases (note
that this should happen independently of any additional local
contribution as the 7-flips of the rings). As can be seen in
Fig. 6, in the temperature region of the glass transition of the
blend, the difference between the time scale of the structural
relaxation of dPES and PEO in the blend (dynamic asymme-
try) increases up to more than six orders of magnitude.
Therefore, in this temperature range the rearrangements of
the surrounding environment of PEO are so slow compared
to its own segmental motions, that this component is some-
how confined within a rigid matrix. Consequently, PEO mo-
tions become localized and heterogeneous and show the fea-
tures of confined motions.

Do these observations depend on the nature of the other
blend component? Figure 6 compares the results obtained in
the three blends investigated by QENS until now. The PEO
motions in PEO/PMMA (Ref. 18) and PEO/PVAc (Refs. 21
and 24) (which time scales are represented by squares and
circles, respectively) were also found to deviate from the
Lodge and McLeish prediction under high dynamic asymme-
try conditions. PEO seems to behave in a very similar way
surrounded by slow or frozen PMMA and PVAc. However,
obviously its motions are slower in a rigid PES environment
and might be related in some way to the y-relaxation process
of semicrystalline PEO. It is worthy of remark that the
v-relaxation of PEO is also observed (unchanged) by dielec-
tric spectroscopy in blends of amorphous PEO with other
components.ZI’52 Therefore, it has been assigned to motions
of noncrystalline segments of PEO. Thus, we suggest that in
the case of this blend, the local motions performed by PEO
in the rigid PES surrounding are very similar to those taking
place in the amorphous regions of pure PEO below its glass
transition. Apparently, PES provides an environment for
PEO which seems to be effectively very similar to its own,
and therefore the confined motion shows the features of the
secondary process in the pure polymer. We emphasize that
this is not the regular case, as demonstrated for PEO in
PEO/PMMA,'® and PEO/PVAc.”

We may seek the reason for this qualitative difference in
the intermolecular packing in the different samples. As we
have previously discussed, the first structure factor peak pre-
sumably revealing interchain correlations is roughly at the
same position in both polymers, PES and PEO [see Figs.
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FIG. 9. Comparison of the static structure factors for the polymers consid-
ered: PMMA at 300 K (full circles) (Ref. 18), PVAc at 400 K (triangles)
(Ref. 21), PES at 300 K (crosses), and PEO (empty circles) (Ref. 26).

2(b) and 9]. This would suggest very similar intermolecular
distances and packing. On the contrary, as can be seen in Fig.
9, the structure factors of PMMA and PVAc display pro-
nounced peaks at significantly smaller Q values, correspond-
ing to much larger interchain distances™* and consequently
showing looser packing than pure PEO. For this reason, the
free volume available for PEO segments in PMMA and
PVAc matrices is probably bigger than in PES surrounding
and even in pure PEO environment. This would allow the
occurrence of fast motions for PEO—note that they could be
even faster than in the homopolymer. We would like to men-
tion that, apparently, this is the case of the blends of PVME/
PS, where PVME confined motions faster than in pure
PVME have also been 1rep01rted.]2’55

In addition, the existence of polar interactions between
the two blend components in the blend PEO/PES could be
another reason for such a difference, with the PEO segments
that are slowed down due to their interaction with the slow
PES matrix. Note that such interactions are not reported for
PEO/PMMA and PEO/PVAc blends. We could also suggest a
possible coupling to some local motion in the blend (given
the richness of PES local processes) as the reason for this
different behavior in PES/PEO mixtures.

V. CONCLUSIONS

QENS with isotopic labeling has allowed us to selec-
tively study the PEO hydrogen dynamics in the diluted blend
PES/PEO. In the neighborhood of (Tglend>, the behavior of
the fast (PEO) component hints to a crossover from standard
polymer meltlike dynamics at high temperatures towards a
glassylike dynamics characterized by an Arrhenius tempera-
ture dependence and extremely broad distributions of relax-
ation times. In fact, the observed features of the PEO mo-
tions in this region, where these segments move within the
rigid PES network, are very similar to those of the secondary
v-relaxation in neat semicrystalline PEO. Thus, the confine-
ment effects in this blend show clear differences with respect
to those found for PEO in blends with PVAc and PMMA. In
those cases, the local PEO motions were clearly faster than
the y process. The origin of this observation might be sought
in an excess of free volume offered by PVAc and PMMA
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matrices to PEO segments with respect to that available in
the neat system. Apparently, the stronger interactions with
PES and mightbe the more closely packed surround lead to a
localized dynamics of PEO in the blend with PES which is
rather similar to that observed in the amorphous regions of
pure semicristalline PEO.
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