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ARTICLE INFO ABSTRACT

Keywords: The relationship between dynamic and spatial heterogeneity in polymer blends is still not fully understood, yet it
Polymer blend plays a crucial role in our understanding of their viscoelastic properties. Here, we report the results of an
PMMA investigation of the viscoelastic response of a set of poly(ethylene oxide) (PEO)-poly(methyl methacrylate)
E];:/gamic heterogeneity (PMMA)-dimethylacetamide (DMAc) ternary blends, with emphasis on the nominally miscible regime. The work
Miscibility reveals interesting deviations from time-temperature superposition (TTS) as evidenced through van Gurp-Palmen
DSC (vGP) analysis. While previous rheological studies on such systems have focused on the terminal regime, our
Rheology work extends through the Rouse- and towards the glassy-regime to broaden the range of dynamic behavior
WAXS probed. We find that PEO:PMMA(DMACc) blends show thermal and rheological compatibility at PEO mass
SAXS fractions below 30 % in the rubbery and terminal regimes. However, as the system dynamics go through the
USAXS Rouse-regime and approach the glassy or a-relaxation (glass transition regime) the vGP plots no longer form a

single curve, thus revealing a breakdown in TTS. These results both suggest that small-scale heterogeneities with
distinct temperature dependencies exist, i.e., the blends are immiscible, and that the vGP plots are much more
sensitive to breakdown of TTS than is the creation of the master curves themselves. Thus, it appears that the vGP
analysis provides a sensitive measure of dynamic heterogeneity, highlighting subtle deviations that are not seen
in standard TTS analysis. Additionally, in the system studied here, the ternary nature of the blends (PMMA-
DMACc-PEO) includes a solvent and this alters the Ty and relaxation dynamics, and we describe how this im-
pacts the reported outcomes. Our findings suggest that, as the polymer blends approach the a-relaxation, small-
scale heterogeneities influence the dynamics such that they show different temperature dependencies, leading to
dynamic heterogeneity. We also show results from wide-angle X-ray scattering (WAXS), small-angle X-ray
scattering (SAXS), and ultra-small-angle X-ray scattering (USAXS) investigations that support the observations
from the viscoelastic measurements.

spatial heterogeneity in complex systems, including polymer blends and
block copolymers, where the interplay of microstructure and dynamics
is of fundamental interest.

Poly(ethylene oxide):poly(methyl methacrylate) (PEO:PMMA)
blends have been extensively studied, with their thermodynamic

1. Introduction

There is a growing body of evidence suggesting that subtle deviations
from time-temperature superposition (TTS) or frequency-temperature
superposition (FTS) in polymers can be more effectively analyzed

using van Gurp-Palmen (vGP) plots than through traditional double-
logarithmic representations of viscoelastic master curves [1-5]. By
examining the phase angle (8) as a function of the logarithm of the
magnitude of the complex modulus (|G"|), vGP analysis can potentially
provide a sensitive means of identifying dynamic heterogeneity in
complex fluids [5]. This approach offers a promising framework for
identifying such heterogeneities and their relationship to underlying
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miscibility well-documented in terms of composition and temperature.
Above PEO's melting point, techniques such as differential scanning
calorimetry (DSC), small-angle X-ray scattering (SAXS) [6-9], and
small-angle neutron scattering (SANS) [10] demonstrate miscibility
across the entire composition range. Below the melting point, however,
PEO tends to phase separate and crystallize, with PMMA interfering with
crystallization [11-13]. Conversely, complementary investigations
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using DSC, dielectric spectroscopy [14], density analysis [15],
Fourier-transform infrared spectroscopy (FTIR) [16], and 13¢ solid-state
nuclear magnetic resonance (NMR) [17,18] reported no PEO phase
separation and crystallization for blends containing less than 30 % mass
fractions of PEO, below the melting point of PEO, suggesting that these
blends are miscible at lower PEO concentrations. These studies were
conducted on PEO:PMMA samples in which PEO crystallized, because
the cooling process was not rapid enough to avoid crystallization. If the
PEO phase separation and crystallization could be prevented, the blends
might retain their miscibility, though this was not attempted.

The prior studies focused on the thermodynamic miscibility of the
PEO:PMMA blends, while the dynamic compatibility (or heterogeneity)
remains less explored. However, rheological studies, including those by
van Gurp and Palmen [19], as well as Colby [20], have reported that
PEO:PMMA blends do not follow TTS under miscible conditions, i.e.,
above the melting point of PEO. This incompatibility was attributed to
the large difference in relaxation times between PEO and PMMA, and
the conclusion has also been supported by infrared dichroism and
birefringence studies performed simultaneously with dynamic studies
conducted by Zawada et al. [21] Furthermore, prior studies have
explored dynamic heterogeneity through the use of Cole-Cole plots [22],
where a slight breakdown in TTS can be observed in the terminal
regime. However, we contend that the vGP plot is superior for repre-
senting the broad range of dynamics investigated here where we
examine the behavior from terminal to glassy relaxations. Due to the
vast range of modulus magnitudes, the Cole-Cole type of analysis ne-
cessitates multiple “zoomed-in” subplots to capture the full breadth of
the data, while the vGP plot provides a visualization of the entire range
of data in one plot.

The apparent discrepancy between thermodynamic miscibility and
the observation of dynamic heterogeneity under identical conditions,
yet using different experimental techniques, may arise from nanoscale
heterogeneities that are undetectable by conventional techniques like
DSC but become evident in NMR experiments [17,18] that detect
possible heterogeneity below a length scale of 20 nm. By leveraging vGP
analysis to probe such possible subtle heterogeneities, we offer a new
perspective on the miscibility of PEO:PMMA blends and the broader
implications of polymer blend design. In the present study, DMAc was
incorporated into the PMMA phase to lower the glass transition tem-
perature of neat PMMA closer to that of PEO, thereby preventing po-
tential PEO degradation in the terminal regime, as shown subsequently.
The present work uses the ternary PEO:PMMA(DMACc) blend to broaden
the range of dynamics investigated. In the prior work on binary PEO:
PMMA blends, the studies focused on the terminal behavior. The current
work extends the prior studies by examining both the full range of dy-
namics from terminal, to rubbery, to Rouse, and towards the glassy (or
a-relaxation) regimes, thus providing insights into our understanding of
the interplay between microstructure and viscoelastic dynamics. These
ternary blends exhibit apparent TTS compatibility in their dynamics,
unlike the prior work on binary PEO:PMMA blends which show TTS
breakdown. However, they also show anomalous behavior in the cor-
responding vGP plots. Specifically, deviations in the phase angle from
expected trends suggest the presence of nanoscale dynamic heteroge-
neities. Such anomalies provide an alternative route to characterizing
blend miscibility and homogeneity, with implications for understanding
and tuning the properties of polymer blends. It also provides insights
related to conventional frequency-temperature superposition analysis.
In addition to the blend rheology, we also employed synchrotron-based
WAXS and SAXS measurements to examine a subset of the nominally
compatible blends and these results further support our conclusions.

2. Experimental methods
2.1. Sample preparation

Polyethylene oxide (PEO, M, =125,000 g/mol, PDI=1.88), poly
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(methyl methacrylate) (PMMA, M,, = 100,000 g/mol, PDI =1.33), and
dimethylacetamide (DMAc) were purchased from Thermo Fisher Sci-
entific Inc.” The molecular weight and polydispersity index (PDI) were
determined by gel permeation chromatography (GPC) from Resolve-
Mass Laboratories Inc. (Supplemental Information). Polymer blend
plaques of PEO:PMMA(DMACc) were prepared by a solvent casting pro-
cedure as shown in Fig. 1. First, the polymers were dissolved in DMAc by
continuous stirring at 50 °C for 24 h. Then, the pure polymer solutions of
PEO and PMMA were mixed at the appropriate ratios to produce mix-
tures of 0 % to 100 % mass fractions of PEO to PMMA in 10 % mass
fraction increments. An additional plaque of PEO at a mass fraction of 5
% was made as well. The PEO:PMMA(DMACc) blends with varying mass
fractions are denoted as PEO:PMMA (DMACc) for simplicity, representing
the mass fraction ratios of PEO to PMMA that were mixed. The actual
compositions of the ternary blends are given in Table 1. The mixtures
were then stirred for an additional 24h at 50°C to ensure uniform
mixing. After mixing, the solutions were poured onto a Teflon evapo-
ration disk and transferred to a 60 °C oven for 2 days to dry. Similar
treatments were applied to the pure PMMA and PEO materials to un-
derstand the impact of solvent on the results. The as-cast plaques had
thicknesses of approximately 750 pm and were cut out with an 8 mm
hole punch. Also, neat PMMA and neat PEO as received were used
without solvent treatment for comparison. The neat PMMA and neat
PEO samples were press-molded in an 8 mm mold at 115 °C and 65 °C,
respectively, to a final thickness of about 1 mm.

2.2. Rheological measurements

Dynamic oscillatory measurements were conducted using a TA In-
struments AR-G2 controlled-stress rheometer with an 8 mm parallel
plate geometry. All measurements were performed in the strain-
controlled mode using the manufacturer's software for strain-control
on the stress-controlled rheometer. Three identical samples were pre-
pared and tested from each of the same solvent-cast plaque to ensure
reproducibility. An example can be found in the Supplemental Infor-
mation (SI; Fig. S5). Compliance corrections were applied to the data
before further analysis [23,24]. Neat PMMA and PEO were thermally
molded from manufacturer-provided powders in an 8 mm diameter
mold, 1 mm thick, to serve as a reference for the solvent-cast plaques.
The temperature range for testing of the neat PMMA was 120°C to
200 °C, while neat PEO was tested from 60°C to 120 °C since PEO
crystallizes below 60 °C. For the solvent-cast plaques, 8 mm disc-shaped
samples were created using an 8 mm diameter punch. As described
subsequently, the plasticizer content of the PMMA produced from the
casting procedure was approximately 11%. The temperature range for
the PMMA(DMAc) and PEO plaques was 60 °C to 140 °C and 60 °C to
120 °C, respectively. The temperature range for the PEO:PMMA(DMAc)
plaque blends was 50 °C to 140 °C, except for the blend with 5 % mass
fraction of PEO, which was 60°C to 140 °C. The dynamic frequency
sweeps were performed over a frequency range of 0.1 rad/s to 100 rad/s
at a strain of 1 % for the terminal regime, and adjusted to 0.05 % for the
glassy regime, for all samples.

For the oscillatory temperature sweep measurements, a strain-
controlled rheometer, Advanced Rheometric Expansion System
(ARES), equipped with a 2KFRT transducer and liquid nitrogen for
cooling, was used with the rectangular torsion fixtures. Neat PMMA,
obtained from the manufacturer, was press-molded into a rectangular
shape and the solvent-cast PMMA(DMAc) (plaque) was cut into a rect-
angle, both with dimensions of approximately (24.90 x 12.6 x 1.2) mm.

2 Certain commercial products, commercial and open source software are
identified in this paper to specify the materials used and the procedures
employed. In no case does such identification imply endorsement or recom-
mendation by the National Institute of Standards and Technology, nor does it
indicate that the products are necessarily the best available for the purpose.
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Fig. 1. PEO:PMMA(DMACc) blend plaque preparation process.

Table 1
Compositions of the as-cast plaque samples.

Sample % mass fraction PEO % mass fraction PMMA % mass fraction DMAc
0:100 0 89 11
5:95 4 85 11
10:90 9 81 10
20:80 18 73 9
30:70 28 64 8
40:60 37 56 7
50:50 47 47 6
60:40 57 38 5
70:30 67 29 4
80:20 78 20 2
90:10 89 10 1
100:0 100 0 0

Temperature sweeps at a heating rate of 2 °C/min were performed from
(=50 to 75) °C for the PMMA(DMACc) plaque made by solvent casting
and from (—50 to 135) °C for the neat PMMA. The test was conducted at
a strain of 0.05 % with a frequency of 1 rad/s.

2.3. Differential scanning calorimetry

Differential scanning calorimetry (DSC) was carried out using a
Mettler Toledo DSC823e system equipped with a Freon intercooler
under a nitrogen purge. The instrument was calibrated for temperature
and heat flow before each run using the melting point of indium,
employing a heating rate of 10°C/min. Samples prepared from the
solvent-cast plaques were cut to size with a razor blade, while neat
PMMA and PEO sample powders were placed directly into the DSC pans.
Sample masses were 10.00 & 0.46 mg and the calorimetry scans for each
sample were run three times to ensure reproducibility. Initially, a
heating rate of 10 °C/min was applied from ambient temperature, fol-
lowed by an isothermal hold at 150 °C for 1 min to remove any prior
thermal history in the material. Subsequently, a cooling step at 10 °C/
min was executed to —70 °C. After completing the cooling scan, a second
heating run was performed at a rate of 30°C/min, from —70°C to
150 °C, to determine the apparent melting temperature (Tp,), melting
enthalpy (AHp), and glass transition temperature (Tg). Then, a second
cooling and heating sequence with the same rates and temperature
range was performed to ensure result reproducibility. The T; was ob-
tained using the limiting fictive temperature as determined by applying

the Moynihan area matching method [25] to the heating data. The
average and standard deviations of the measurements are given in
Table S1. Also, each sample was weighed before and after the experi-
ment to determine the weight loss attributed to residual solvent, mois-
ture, and/or degradation. These aspects are further discussed
subsequently.

2.4. Thermogravimetric analysis

Thermogravimetric analysis (TGA) was conducted using a Mettler
Toledo TGA 2 equipped with a Freon® intercooler and nitrogen purge
gas. Isothermal experiments at 175 °C and 140 °C were performed for
4hand 1 h, respectively, on samples cut from the polymer plaques, each
weighing approximately (17.5 + 2.2) mg. The resulting data was used to
determine the concentration of DMAc in the plaques after the solvent-
casting process.

2.5. Wide-angle X-ray scattering and small-angle X-ray scattering
measurements

Synchrotron-based wide-angle (WAXS), small-angle (SAXS), and
ultra-small-angle (USAXS) X-ray scattering experiments were performed
at the Advanced Photon Source, Argonne National Laboratory in the
USAXS facility on beamline 12-ID-E. All measurements were conducted
using 28 keV X-rays, providing a continuous g range from approximately
0.0001 A~! to 6}0\’1, with a beam size of 0.8 mm x 0.8 mm. The in-
strument employs Bonse-Hart optics for angular collimation and anal-
ysis, utilizing two CdTe detectors: an Eiger 1 M for WAXS and a Pilatus
100K for SAXS. More details about this instrument can be found else-
where [26].

3. Results and discussion
3.1. Characterization of the solvent in the PEO and PMMA plaques

To prepare the ternary blends, the solvent casting procedure
described above was used. To quantify the solvent content in the PMMA
and PEO phases, thermogravimetric analysis (TGA) was performed on
both the neat polymers and the solvent-cast plaques from DMAc. The
PEO and PMMA were prepared in the same procedure as the PEO:PMMA
(DMAc) blends by solvent casting from the DMAc as described in the
Sample Preparation section above. Fig. 2(a) shows how the mass of the
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Fig. 2. Normalized mass (M/My) of the solvent-cast PEO and PMMA(DMACc) 10 °C above the boiling point of DMAc at 175 °C (a) and at the highest experimental

temperature during rheometry at 140 °C (b) measured by TGA.

samples evolves over 4 h during an isothermal hold at 175 °C, which is
10 °C above the boiling point of DMAc. Even after an hour at 10 °C above
the boiling point, the samples continue to lose mass at a slow rate. After
4h, the PEO and PMMA lost 3.1 % and 11.2 % of their mass, respec-
tively. The quantity of DMAc remaining in the PMMA plaques suggests
that PMMA forms hydrogen bonds with DMAc, a phenomenon previ-
ously documented in the literature showing that PMMA can hydrogen
bond with solvents [27] such as DMAc. Consequently, the solvent-cast
PMMA plaque will be denoted as PMMA(DMAc) to emphasize that
this phase has properties distinct from those of neat PMMA. Addition-
ally, the 3.1 % mass loss in PEO is attributed to thermal degradation
rather than solvent evaporation, as evidenced by a consistent glass
transition temperature and rheological properties (in the temperature
range studied) between neat PEO and the PEO plaque, along with a
characteristic color change indicative of degradation for the TGA sample
of PEO.

Fig. 2(b) shows the results of the TGA experiments performed at the
highest rheological experimental temperature of 140°C for an hour.
Under these conditions, the PEO and PMMA(DMACc) lost 0.2 % and 2.8 %
of their mass, respectively. Most of the DMAc escapes from the samples
during the first 15 min. Given that a single frequency sweep experiment
at one temperature lasted approximately 9.5 min, we estimate that the
PEO and PMMA(DMAc) would lose approximately 0.07 % and 1.2 % of
their mass at this temperature, respectively. Note that the mass loss in
the PEO is attributed to degradation rather than solvent loss.

Additionally, in the TGA experiments, the samples are exposed to a
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surrounding nitrogen atmosphere, allowing DMAc diffusion from all
dimensions. In contrast, during the rheological experiments, DMAc can
only diffuse out through the edges of the 8 mm plates that have a gap or
plaque thickness of approximately 750 pm. This suggests that DMAc loss
during rheological experiments would be substantially lower than in the
TGA experiments due to these diffusion constraints. Notably, no bubbles
formed in the plaques during or after the rheological experiments,
indicating minimal solvent loss.

Since the PEO plaque showed signs of degradation but no evidence of
solvent loss, the PMMA(DMACc) plaque was selected to study solvent
stability during rheological testing. The PMMA(DMAc) plaque was
cycled from 140 °C to 50 °C and then back to 140 °C to examine rheo-
logical changes associated with solvent loss. Since the frequency ()
sweeps were conducted from high to low temperatures, starting at
140 °C and decreasing to 50 °C, it is reasonable to assume that the ma-
jority of DMAc evaporated at 140 °C, with minimal loss at lower tem-
peratures. This is supported by the data shown in Fig. 3. Fig. 3(a)
presents the results from the 140 °C experiments, and Fig. 3(b) shows
those from the 100 °C experiments. The tests were conducted sequen-
tially. While a shift in the data is observed at 140 °C, little to no change
occurred at 100 °C, indicating negligible DMAc loss at the lower tem-
peratures (The SI shows the 110 °C, 120 °C, and 130 °C scans in Fig. S6).
Comparing the 140 °C experiments at 0.1 rad/s, where the data shift is
most pronounced, reveals a 0.42-decade difference between the first and
second runs in storage modulus G'. Assuming that there is approximately
a 3 °C change in Ty per decade of frequency [28], this corresponds to an
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Fig. 3. Rheological experiments on the PMMA(DMAc) plaque at 140°C (a) and 100 °C (b). Here, G, G’, and o are storage modulus, loss modulus, and angular

frequency, respectively.
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estimated 1.3 °C shift in Ty, suggesting a slight alteration in the material
properties at the higher temperatures. Importantly, at the lower tem-
peratures, the material composition remains stable.

Understanding how the solvent influences the PMMA(DMACc) plaque
is important at lower temperatures, since the blend remains stable. To
examine this issue, we carried out temperature scans on the pure PMMA
and on the PMMA(DMACc). The samples were placed in the rheometer
and cooled to —50 °C and reheated at 2 °C/min. As seen in Fig. 4 as a plot
of the tangent of the phase angle (8) vs. T, the solvent has a clear effect in
decreasing the Ty of PMMA, shifting the relaxation dynamics closer to
those of PEO (where Tg = —50.5 °C). In addition, the f-relaxation of the
PMMA also shifts downwards in temperature. While there is a clear
decrease in Tg from 109.9°C to 57.8 °C and a decrease in the f-relaxa-
tion from 2.5 °C to —8.6 °C (Fig. 4 inset), the magnitude of the decrease
in the f-relaxation is not as large as the decrease in the T or a-relaxa-
tion, thus increasing the likelihood of overlap between the two mecha-
nisms. Since the relaxation dynamics of PMMA are shifted closer to those
of PEO, the rheological response of the PEO:PMMA(DMACc) is expected
to be different from the PEO:PMMA blend. Here, we examine a PEO:
PMMA(DMACc) ternary blend, in which the dynamic behavior of the
PMMA phase has been altered closer to that of PEO. This distinction is
particularly important when comparing our rheological data to values
reported in the literature and when interpreting our own results in the
following sections.

3.2. Comparisons with literature data for PEO:PMMA blends

In the following discussion, we compare the present rheological re-
sults with those from previous studies of the time-temperature super-
position (TTS) behavior of PEO:PMMA binary blends. For example,
Colby [20] carried out oscillatory shear experiments on a mass fraction
of 20.2 % PEO (235,000 g/mol) in PMMA (107,000 g/mol) sample at
(120, 137, 155, and 174) °C, i.e., well above the melting point of PEO
and at a composition where the blend is thought to be miscible. Their
data, digitized from the original publication, are shown in Fig. 5(a), and
we see that despite the nominal miscibility at these temperatures, there
is a clear breakdown of TTS. He attributed the breakdown to the PMMA
and PEO within the blends sensing the local environment differently, i.e,

1.6 T T T
02 o
]
1.2F . i
°-1/\/ :}
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e0.8 - f L Y i
S 0055 0 50 ! *
i g
04T & 0100 " i
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Fig. 4. The relaxation dynamics for the PMMA(DMACc) plaque in black squares
and PMMA from the manufacturer in red circles. Experiments were conducted
at a heating rate of 2 °C/min with 0.05% strain and 1 rad/s. The inset shows an
enlarged view of the f-relaxation range. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of
this article.)
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the polymer chain sees a heterogeneous environment with other chains,
leading to different temperature dependences of the global dynamics.

However, it is worth noting that the work by Colby may have had
issues due to residual solvent or how he treated the samples to remove
the solvent. In that work, he used acetone as the co-solvent in the blend
preparation, whereas in the present work, we used DMAc. Acetone has a
significantly lower boiling point than DMAc (viz., Tp, acetone = 56.2°C;
Tp, pmac = 165 °C) [29], but it also remains in the PMMA. To address
this, Colby employed an extensive sample preparation process. After
drying the samples for three weeks near the relevant Ty, the samples
were then molded 50 °C above Ty or Tp, followed by heating the samples
above 174°C under nitrogen to boil off the remaining solvent. The
process was repeated until no bubbles formed during the experiment. It
is our thought that this extensive, though meticulous, preparation could
have led to the degradation of the PEQO, and this would account for some
discrepancies in the superimposing of the curves or differences from the
present study. As a reminder, our TGA experiments showed that PEO
undergoes thermal degradation at 175 °C and lost approximately 2 % of
its mass after 4h under a nitrogen atmosphere. The timescales for the
Colby sample treatment subsequent to the three-week drying at 50 °C
were not reported. Regardless, Colby's data show significant differences
from our data and clearly do not follow TTS.

In another study, Van Gurp and Palmen [19] investigated the dy-
namics of a PEO:PMMA blend (molecular weights not given) with a mass
fraction of 35 % PEO at temperatures of (70, 90, 110, 130, 150, 170,
190, and 210) °C, as shown in Fig. 5(b). The results were similar to those
of Colby in that the curves did not superimpose; however, the curves had
dissimilar behavior. As seen in Fig. 5(a), the breakdown in super-
posability was of a different character. The G'(w) data seem superposed
while the G" (w) data seem to fall off of a master curve in a way that is
reminiscent of a f-relaxation [30-32]. Van-Gurp and Palmen attributed
the breakdown in TTS to local frictional force interactions within the
material. The local frictional force interactions refer to the forces be-
tween adjacent polymer segments that move relative to one another. For
instance, the different forces between PMMA and PEO dominant seg-
ments, a spatial heterogeneity, lead to the dynamic heterogeneity
response in the blend's behavior. Despite their experiments being per-
formed on an immiscible composition, the blend should have been
miscible at the elevated temperatures, above PEO's melting point, and
have been superimposable. It is interesting that both Colby and van Gurp
and Palmen performed experiments on compositions at temperatures
where they should be miscible according to DSC, but found a clear
breakdown in TTS. It is also of interest that the terminal flow regimes
and the roll-off from the rubbery plateau seem to superimpose, while the
response going towards the Rouse regime seems to exhibit the
non-superposing response.

One explanation may be a strong molecular weight effect between
the different molecular weights of PEO in this study (125,000 g/mol),
Colby's (235,000 g/mol), and perhaps van Gurp and Palmen's (given the
higher rubbery plateau seen in their data). Another explanation for why
our loss modulus superimposes, while Colby's and van Gurp and Pal-
men's do not, is the effect of the solvent in our samples. As noted earlier,
the a- and p-relaxations of PMMA are shifted to lower temperatures,
bringing them closer to the relaxation mechanisms of PEO. It is also
important to note that the Colby and the van Gurp and Palmen data only
cover the terminal to rubbery regimes, but do not extend into the Rouse
towards the glassy regime. To further investigate these differences, both
the phase behavior and rheological response are examined in the
following sections.

3.3. Phase diagram behavior

The phase diagram of the PEO:PMMA(DMAc) was determined from
DSC measurements, and the results are presented in Fig. 6. (The SI shows
a plot of the DSC heating traces in Fig. S1). The samples exhibit a single
T, from (0 to 20) % mass fraction of PEO, indicating miscibility within
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Fig. 6. Phase diagram for the PEO:PMMA(DMACc) plaques. Top and bottom
dashed lines represent the pure T, of PMMA and PEO, respectively. Black tri-
angles represent the T, of neat PMMA; black squares are the T; values of the
material containing DMAc solvent; red circles are the measured melting points
of the PEO. The dashed red and blue lines represent the three-component
Gordon-Taylor equation and the Lodge-McLeish model for the higher T,
values. The dotted red and blue lines represent the three-component Gordon-
Taylor equation and the Lodge-McLeish model for the lower T, values. (For
interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

this composition range, based on the assumption that a single endo-
thermic feature (i.e., a step change in heat capacity) is the signature of
miscibility. An additional point to note is that the PMMA(DMACc) that
did not contain any PEO has a T of 51.5 °C, which is significantly lower
than neat PMMA from the manufacture. This deviation is due to the
DMACc solvent retained during processing, which remains in the PMMA
phase but not in the PEO. As discussed in the previous sections, the
blends here are actually ternary blends where DMAc shifts the relaxation
mechanism of PMMA into the normal melting range of PEO as well as
closer to the PEO glass transition. At a mass fraction of 30 % PEO, a
distinct Ty value is observed at —35.2°C, while a small endothermic
peak corresponding to melting is observed at 53.8 °C, indicating phase
separation and immiscibility. The small endothermic peak in the 30 %
mass fraction PEO plaque seems to interfere with the PMMA(DMAC) Ty,

causing deviations in the baseline. As the PEO content increases beyond
30 % mass fraction of PEO, the melting of the PEO is observed more
clearly, and this obstructs the T, region of the dominant PMMA(DMACc)
phase, confirming the mixture incompatibility at higher PEO content
below the melting point of PEO. Notably, the lower Ty value observed in
the (30, 40, and 50) % mass fraction of PEO plaques gradually decreases
toward the Ty of pure PEO, at approximately —50.5°C, which agrees
with the literature [33]. For higher PEO compositions (60 % to 100 %
mass fraction), no T was recorded because the DSC instrument had a
low-temperature limit of (—75.0 °C) which is not sufficient to detect the
full glassy line below the T of the phase-separated PEO. In conclusion,
the blends are miscible at PEO mass fractions between 0 % and 20 %,
and immiscible at PEO mass fractions from 30 % to 90 % below the
melting point of PEO according to DSC. These findings are consistent
with previously reported literature [14,15,17].

A key point of discussion regarding the 30 % mass fraction of PEO
plaque is whether there are two glass transition temperatures. Due to the
distortion of the baseline in the DSC heat flow curves due to the T, and
melting endotherms obstructing one another, it is possible that there are
two Tgs, a dominant PMMA(DMACc) phase, and a dominant PEO phase.
In our work, we attributed the second endothermic peak to PEO melting;
however, in the work by Lodge et al. [34], two Tgs were reported for this
composition, and they questioned if this necessarily indicates immisci-
bility. In their work, they applied the Lodge-McLeish model [35],
Equations (1) and (2), to a PEO:PMMA blend, and their results suggested
that miscible polymer blends can exhibit two Ty values. They attributed
this to the local environments becoming enriched with the same species
due to chain connectivity, resulting in relaxation times, or T's, that
reflect the inherent mobilities of the individual components. However,
this interpretation has been questioned by Zheng and Simon [36], who
proposed that the model parameters might instead represent local con-
centration variations or interactions between the components, i.e.,
immiscibility.

(/]effdéf(ps + (1 - (/]s) (1)

1 1-
_ P + Peff )

T, ((peff) Ty Ty

It is also important to mention that Lodge et al. [34] used low mo-
lecular weight PEO (300 g/mol) and PMMA (10,000 g/mol) to mitigate
PEO crystallization in the blends. This aspect of the study, raised by
Zheng and Simon, suggests that the low molecular weight PEO may
behave more like a solvent, where the self-concentration effect, which
has an effective length-scale of approximately the Kuhn length cubed, is
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small and this leads to the possibility that the model accounts for more
than just chain connectivity. Overall, the phase diagram data from
Lodge et al. are consistent with our results, except that in our system, the
higher molecular weight PEO crystallizes at lower concentrations, and
we do not observe two Tgs. The debate over whether the two T signa-
tures result from the heterogeneities from concentration fluctuations or
chain connectivity remains unresolved. For the remainder of the present
discussion, we will explore the DSC response of supposedly miscible
blends and for the 30 % PEO mass fraction plaque.

Fitting the Lodge-McLeish model (Equations (1) and (2)), where ¢y is
the self-concentration, ¢t is the effective-concentration, Tg(defs) is the
glass transition of the mixture, and T,; is the glass transition of
component i, provides a good approximation of the upper and lower T,
values. The self-concentration of PEO and PMMA(DMAc) obtained from
our data are 0.75 and 0.79, respectively, which are larger than those
reported by Lodge et al. [34] (befrpro = 0.55 and defrpmma = 0.60). The
main differences between our blends and theirs are the presence of
having a matrix of PMMA(DMACc) rather than a pure PMMA phase and
the large disparity in molecular weights. Despite our self-concentration
values being larger, they remain on the order of the Kuhn length, which
Lodge et al. suggest is the expected scale for self-concentration.

Another widely used model for predicting the glass transition is the
Gordon-Taylor (GT) equation [37]. Because DMAc is present in the
polymer blend, a three-component GT equation was applied, as shown
in Equation (3). In this expression, T, represents the glass transition of

the mixture, kj; represents the ratio of the heat capacity jump between
AG);
- Wlp'

transition and weight fraction of the pure components, respectively.
PEO, PMMA, and DMAc were designated as components 1, 2, and 3,
respectively. The Ty for DMAc was estimated at two-thirds of its melting
point [38,39], approximately —104.4°C. Fig. 6 shows the
three-component GT model predictions for the upper and lower T
values.

component i and j (k; ), and Tg; and w; correspond to the glass

_ wy Tg,1 + klZWZTg.Z + k13W3 Tg.3

T,
8 w1 + kiows + kisws

3

The kpgo, pmma value was determined from the heat capacity jump
between the glassy to liquid states and was calculated to be 0.58. In
contrast, the kpgo, pmac could not be obtained directly and was therefore
treated as a fitting parameter. For the upper and lower Ty values, the
corresponding kpgo, pmac values were 1.14 and 9.21, respectively.
However, because the GT equation can only be fitted to the upper and
lower T, values separately and there is no mixing of the DMAc with the
PEO, the resulting kpro, pmac values should not be considered.

The T, values for the PEO mass fractions of 5 %, 10 %, and 20 %
samples show a decreasing trend from 55.4°C, 53.8°C, and 48.7 °C,
respectively. As illustrated in Fig. 6, the three-component GT model,
represented by the red-dashed line, does not align well with the data,
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while the Lodge-McLeish model, represented by the blue-dashed line,
aligns well.

Deviations from the three-component GT equation are expected
above mass fractions of 30 % PEO, where immiscibility begins. How-
ever, even within the miscibility range, the equation does not fully
capture the T behavior, indicating that the blend Ty does not conform to
the additive mass combination of the individual component T, as the
equation predicts. Instead, the blend's Tg is most likely influenced by
other factors, such as hydrogen bonding, where PMMA is known to
hydrogen bond with solvents, changing PMMA's thermal and mechani-
cal properties [27]. Both the GT and Lodge-McLeish model capture the
lower Ty values, yet are slightly different in their slopes.

3.4. Rheological response of the PEO:PMMA(DMAc) blends

The dynamic moduli, for the neat PMMA, PEO mass fraction of 0 %,
neat PEO, and PEO mass fraction of 100 %, are presented in Figs. 7 and 8
as master curves created through frequency-temperature superposition.
The data for the individual frequency scans are presented in the Sup-
plemental Information. The figures include the data for the press-
molded neat PMMA and the neat PEO, as well as that for the solvent-
cast plaques at mass fraction of 0 % and 100 % PEO that were cast
from the DMAc. These master curves highlight the differences between
the neat polymers and their solvent-cast counterparts. For the neat PEO
and 100:0 plaque (Fig. 7), no differences are observed as a result of the
solvent-casting process, consistent with the comments above that mass
loss in the PEO at higher temperatures is due to degradation. In contrast,
a significant discrepancy is evident between the neat PMMA and the
0:100 plaque (Fig. 8). This disparity is attributed to the presence of the
DMACc that remains in the PMMA following the solvent-casting process,
as discussed earlier.

The dynamic moduli master curves created by frequency-
temperature superposition for the different blended systems are shown
in Fig. 9. The superposition was performed by shifting the tan(8) curves
(SL; Fig. S7) to acquire the horizontal shift factors independently from
vertical shifts. Vertical shifting was applied as necessary to G' (and G").
The reference temperature was chosen to be the DSC determined Ty for
each composition. Since the reference temperature was outside the
range of temperatures studied, the Vogel-Fulcher-Tammann (VFT)
equation was used to determine the shift factors. The relevant temper-
ature was less than 5°C from the experimental temperatures studied.
The miscible samples, mass fractions of 5 %, 10 %, and 20 % PEO, and
the immiscible sample, 30 % mass fraction of PEO, showed good
superposability across all frequencies. The fact that the immiscible
samples show good superposability is not unexpected, as the rheological
tests were conducted above the melting point of PEO, 60.6 °C, where the
samples are thought to be homogeneous [7,9,17,40]. However, the 30 %
mass fraction of PEO sample also showed good superposability at the
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account for temperature effects on relaxation.



B.W. Tantorno et al.

~
T

o
T

IS
T

log(b;G'/Pa), log(b;G"/Pa)
w o
T T

)
T

N

o

log(b;G'/Pa), log(b;G"/Pa)
£ [s. ]

o
°. neat PMMA
. T,=104.8°C 1 3
E 2
(a)
il e o s v e g sy ey ey
-1-10-9 -8 -7 6 -6 -4 -3 -2 -1 0 1 2 3

log(a;wi/(rad/s))

{ TPy P T G T TPl DR R

T,=515°C ]

1
-11-10 -9 -8 -7 -6 -5 -4 -3
log(a;wi(rad/s))

s2=1 @ A4 2 3

Polymer 360 (2026) 130287

sl ¢ 0:100G' |
o 0:100 G" ,—.*'_'..:"
s Slelele)
o ¢ neat PMMA G' Sweto”
R > neat PMMA G"
St ]
g
o
sS4 6 1
g A
L)
(c)
N . . . .
=10 -8 -6 -4 -2 0

log(a;w/(rad/s))
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Comparison of the neat PMMA and 0:100 plaque (c). Closed and open symbols represent G’ and G’, respectively.

lowest temperature (50 °C), which is approximately 10 °C below the
melting point of PEO. This could be attributed to solvent in the samples
cast from DMAc, which affects the blend's relaxation behavior and in-
creases mobility within the plaques. Another explanation may be that
the blend did not have time to phase separate going from high to low
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temperatures during the rheological experiments.

To gain a deeper understanding of the behavior of the samples, we
examined the temperature dependence of the shift factors used to create
the master curves and depict log arvs. T in Fig. 10. The shift factors were
fitted to the VFT equation,
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Fig. 9. Dynamic modulus master curves from frequency-temperature superposition for the solvent-cast PEO:PMMA(DMAc) blends 5:95 (a), 10:90 (b), 20:80 (c), and
30:70 (d). The temperatures are 50 °C (@), 60 °C (@), 70 °C (@), 80 °C (®), 90°C ( ), 100°C ( ), 110°C (»), 120°C (@), 130 °C (@), and 140 °C (@®). Closed and open
symbols represent G’ and G, respectively.
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ar =Ae(T-Tx) 2)

where ar = 7(T)/zr, is the horizontal shift factor, T is temperature, Ty is
the glass transition temperature, 7 is the relaxation time at T, 77, is the
relaxation time at T, and A, B and T, are material-dependent constants.
The VFT fit-determined parameters are presented in Table 2. For pur-
poses of comparison, the reference temperatures were chosen to be the
T, of each sample as determined from DSC and are presented in Table 2.

From Table 2, we see that the VFT parameters are close to the
“universal” VFT parameters obtained upon calculation from the “uni-
versal” William-Landel-Ferry (WLF) parameters and the relationship
between the VFT and WLF equations [41]. The universal values of B and
(Tg — To) are approximately 2072 K and 51.6 K, respectively [42]. The
0:100 plaque is an outlier in that it shows a large difference in its VFT
parameters from the universal values. This difference is likely attributed
to the presence of DMAc and the possible overlap of the a- and p-re-
laxations of PMMA, as observed in the temperature sweeps in the pre-
vious section. Other contributing factors may include unknown
interactions between DMAc and PMMA or the introduction of density
fluctuations. The 0:100 sample is analyzed in greater detail in the
following section using van-Gurp Palmen (vGP) plots.

Furthermore, the vertical shift factors (by) for the polymer blends
and the 0:100 sample are unexpectedly large. While such magnitudes
are atypical, they are considered allowable in thermorheological
simplicity analysis according to the work from Markovitz [43]. These
large vertical shifts may stem from DMAc induced density fluctuations
or heterogeneities within the blends. However, the lack of a direct
correlation with compositional changes casts doubts on the density
fluctuations. Instead, the large vertical shift factors in the 0:100 sample
suggest that DMAc is shifting the a- and p-relaxation of PMMA closer
together, which has been shown in the previous section. At the same
time, superposability with TTS works with such large vertical shift fac-
tors; however, the vGP plots do not superimpose as shown below, these
plots seem to be more sensitive to the breakdown of TTS [4] than the
“master” curves themselves. Before further examining the vGP plots, the
dynamic fragility parameters of the blends are investigated.

The dynamic fragility m is a measure of the strength of the glass-
formation process that was popularized by Angell [44] and it is of in-
terest to examine the dependence of m on the blend composition. The
value of m is related to the slope of the plot of the log of the dynamic
variable (viscosity, relaxation time, shift factor) vs. Ty/T evaluated at
T=T,
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me dlog(ar)

(7)
T=Tg

Materials are categorized into strong and fragile glass formers, where
strong glass formers express close to Arrhenius behavior (close to
straight line on the “Angell” plot), while fragile glass formers follow a
strong VFT-type dependence on temperature (plots are strongly curved
upwards). The fragility parameter, m, can be calculated from the VFT
parameters using Equation (4) [45], where higher values are considered
to represent a more fragile glass former.
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From Table 2, we see that neat PMMA expresses a higher fragility
parameter than neat PEO, indicating that PMMA is a more fragile glass
former. Incorporation of DMAc into PMMA lowers the fragility param-
eter relative to neat PMMA, although it still remains higher than that of
neat PEO. Additionally, the fragility parameter decreases with
increasing PEO content, from mass fractions of 5 % to 30 % PEO, sug-
gesting that the blends exhibit stronger behavior with increasing PEO
content. Notably, the 0:100 plaque showed a stronger glass forming
behavior than PMMA(DMACc). Previous work [45] has reported a posi-
tive correlation between m and T, supporting this observation.
Although, the correlation was based on a broad scattering of the re-
ported data and the PMMA(DMACc) is an outlier within the trend.

3.5. Van Gurp-Palmen analysis of the rheological data

Van Gurp and Palmen [19] demonstrated that the validity of the TTS
principle can be assessed by plotting the phase angle (8) against the
complex modulus (|G*|). In this approach, when TTS holds, the data
collected at different temperatures collapses onto a single curve without
the need for shift factors. At low values of |G'|, the curve begins in the
terminal regime, where & is at 90°. As the material transitions through
the rubbery plateau, the curve reaches a minimum before rising again
through the Rouse and sub-Rouse regimes, where a maximum is
observed. Beyond this maximum, the curve approaches the glassy
regime, where & tends toward 0°. Moreover, Trinkle and Friedrich
highlighted the sensitivity of vGP plots in characterizing the poly-
dispersity of linear polymers [2], while Trinkle et al. have demonstrated
their effectiveness in classifying long chain branched polymers [46].
Collectively, these insights emphasize how the vGP plot can be used as a
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Fig. 10. Horizontal (a) and vertical (b) shift factors for the PEO:PMMA(DMAc) blends. PMMA (7), 0:100 (), 5:95 (a), 10:90 (m), 20:80 (®), 30:70 (@), 100:0 (<), and

PEO (%) plaques.
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Table 2

VFT and fragility parameters for the PEO:PMMA(DMACc) blends.
PEO:PMMA(DMACc) In(A/Pa.s) B (K) T (K) T, (K) m
Neat PMMA —-33.2+1 2155+ 230 313.1+6 377.9+0.3 84.1+17
0:100 —34.9+10 3580 + 3200 222.0 £ 60 3246+1.6 47.9+73
5:95 —-329+2 1588 + 290 280.4+7 328.6 £3.5 97.4+ 36
10:90 —26.5+2 1409 + 280 273.8+7 326.9+1.2 70.8+24
20:80 —28.8+2 1364 + 280 274.5+8 321.9+3.3 84.8 +£ 34
30:70 —249+1 1846 +£170 243.9+5 318.0+3.8 46.5+9
100:0 —-23.2+0.5 1524 + 220 156.5+15 222.4+0.1 34.0t16
Neat PEO —23.1+21 1524 + 8600 156.5+ 570 222.7+0.3 33.7£610

powerful tool for gaining a clearer understanding of material behavior.

Building on this framework, the vGP plots in Fig. 11 reveal a clear
breakdown of TTS in the polymer blend plaques. The neat PMMA shows
good superposability through the three regimes (terminal, Rouse, and
glassy). In contrast, the 0:100, 5:95, 10:90, and 20:80 blends show good
superposability in the terminal regime but a lack of superposition in the
Rouse to glassy regime. The 30:70, 100:0, and neat PEO plaques show a
lack of superposition throughout all the regimes. Interestingly, while
neat PMMA exhibits favorable superposability, the solvent-cast PMMA
plaque shows reduced superposability, suggesting that DMAc influences
the vGP plots and leads to the large vertical shift factors seen in Table 2.

To further probe these deviations, the vGP plots were “corrected” by
multiplying the complex modulus by the same vertical shift factors as
those used in creating the time-temperature superposition master
curves. By “correcting” the vGP plots with the vertical shift factors
calculated by shifting G, superposition should be expected since the
master curves created by frequency-temperature superposition do not
show obvious breakdown in the TTS principle. The vGP modulus
“correction” does produce superposable behavior in the terminal
regime; however, deviations persist near the Rouse to glassy regime as
T, is approached. This can be seen in Fig. 12. Here, the neat PMMA, neat
PEO, 100:0, and 30:70 blends are superposable in all three regimes,
while the 0:100, 5:95, 10:90, and 20:80 are superposable in the terminal
regime and still fail to superpose in the Rouse to glassy regime. Notably,
these deviations are not apparent in the TTS master curves but become
evident in the vGP analysis, demonstrating the enhanced sensitivity of
vGP plots for detecting subtle deviations from TTS.

The origin of this breakdown appears to be linked to the transition
into the glassy state, where the temperature dependence of distinct
relaxation times, potentially associated with spatial heterogeneities,
becomes stronger and influences the dynamics near the glass transition
temperature (Tg). These results suggest that, despite being previously
described as miscible, the blends experience a breakdown in TTS and
may not be fully compatible at the assumed compositions. An additional
observation is the breakdown of superposability in the 0:100 plaque,
even after vertical correction. While this effect is absent in the neat
PMMA plaque near to Ty, it is clearly evident in the solvent-cast coun-
terpart. Although both plaques show good superposability in their TTS
master curves, the vGP plot for the 0:100 plaque demonstrates poor
superposability near Tg.

This behavior may be attributed to DMAc influencing PMMA dy-
namics by causing the a- and f-relaxation to overlap. Other potential
factors include density fluctuations. However, Chen et al. [47], inves-
tigated ring and linear polymer melts and solutions, observing that vGP
plots become more superimposable with the addition of solvent,
negating the influence of density or concentration fluctuations. While
this is contrary to our observations and solvent-polymer interactions can
differ, it suggests that DMAc may not be the sole contributor to the TTS
breakdown. Other potential mechanisms for failure of TTS are discussed
subsequently.

Given the sensitivity of vGP plots to subtle dynamic heterogeneities,
it is important to examine how our results align with previous mecha-
nistic interpretations of TTS failure. Haley and Lodge [48] considered
the problem in terms of the self-concentration concept proposed by

10

Lodge and McLeish [35] with a PEO (300 g/mol): PMMA (10,000 g/mol)
blend and attributed the breakdown of TTS to the different temperature
dependences of their terminal dynamics, i.e., PEO and PMMA have
distinct temperature dependencies that lead to the breakdown of TTS.
They also found that the terminal and segmental dynamics of PEO could
not be directly correlated and had different temperature dependencies.
However, in their study, like Colby's study, all rheological data were
collected at high temperatures, well above the T, of the blend. At this
higher temperature, they reported a breakdown in TTS, while our study
shows superposability in TTS, as well as in the more sensitive vGP plots.
One issue for Haley and Lodge [48] is that their PEO was very low
molecular weight and the PMMA was also an unentangled oligomer,
thus the expected dynamics are not the same as those of terminal flow of
an entangled system that one would see with the higher molecular
weight polymers of this study and those of Colby [20] and of van Gurp
and Palmen [19].

On the other hand, a breakdown of TTS is observed in the vGP plots
in the present study as the temperature approaches the Tg. This phe-
nomenon could be attributed to the increasing divergence in the tem-
perature dependencies of the PEO and PMMA dynamics at lower
temperatures [49]. While this explanation accounts for the behavior of
polymer blends containing solvent, it does not describe the breakdown
of TTS observed in the vGP plot for the 0:100 plaque. One possible
explanation for the breakdown in the 0:100 plaque is that the solvent
decreases the Ty, thereby reducing the temperature gap between the
alpha and beta relaxations in PMMA. This reduced separation could
allow the p-relaxation to disrupt the superposability of the curves,
leading to the observed breakdown in TTS in the segmental relaxation
regime. This idea is supported by the differences between the vGP plots
of the neat PMMA and the PMMA(DMACc) systems (Fig. 11a and b and
12a,b). To investigate the possibility of spatial heterogeneity in the
polymer blends being a cause of a breakdown of TTS approaching T,
small-angle X-ray scattering was performed on the samples.

3.6. Results of X-Ray scattering from the blends

To further support the behavior seen in the rheological responses of
the PEO:PMMA(DMAc) blends, we now discuss results from X-ray
scattering experiments that provide insights into the spatial homoge-
neity and heterogeneity of several of the blends used in the rheological
analysis. All of the scattering experiments were carried out at room
temperature.

Fig. 13(a) presents the WAXS patterns for the neat polymers as well
as the same series of blends with mass fractions of 100 %, 40 %, 30 %, 20
%, 10 % and 0 % PEO. The results indicate that neat PEO and the 100:0
are crystalline, whereas neat PMMA and the 0:100 plaque are amor-
phous. Additionally, the blends with 10 %, and 20 % PEO appear
amorphous, while the blends with 30 %, and 40 % PEO exhibit slight
crystallinity. The presence of crystallization peaks suggests that PEO has
phase separated and crystallized within the blends. The WAXS results
corroborate the DSC data in Fig. 6, as crystalline PEO diffraction peaks
first appear in the 30 % PEO blend, confirming the samples with a mass
fraction of 30 % PEO and above are immiscible below the melting point
of PEO.
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Fig. 11. vGP plots for the PMMA (a), 0:100 (b), 5:95 (c), 10:90 (d), 20:80 (e), 30:70 (f), 100:0 (g), and PEO (h) plaques. The temperatures are 50 °C (@), 60 °C (@),
70°C (@), 80°C (®),90°C ( ),100°C( ),110°C (»), 120°C (@), 130 °C (@), and 140 °C (@) except for PMMA that follows 120 °C (@), 130 °C (@), 140 °C (@), 150 °C

(#), 160°C (), 170°C (), 180°C (@), 190 °C (@), and 200 °C (@).
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Fig. 12. Vertically (modulus shift factor by) corrected vGP plots for the PMMA (a), 0:100 (b), 5:95 (c), 10:90 (d), 20:80 (e), 30:70 (f), 100:0 (g), and PEO (h) plaques.
The temperatures are 50 °C (@), 60 °C (@), 70 °C (@), 80 °C (®#), 90°C ( ), 100°C( ), 110°C (»), 120 °C (@), 130 °C (@), and 140 °C (@) except for PMMA that follows
120°C (@), 130°C (@), 140°C (@), 150°C (=), 160°C ( ), 170°C (), 180°C (@), 190 °C (@), and 200 °C (@).
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Fig. 13. WAXS patterns (a) and USAXS patterns (b) for the neat polymers and blends.

Fig. 13(b) presents the USAXS patterns for the same samples, while
the corresponding SAXS patterns are provided in the SI. Comparing the
SAXS patterns of neat PEO and the 100:0 plaque, the lamellar stacking
for neat PEO is approximately 26 nm, whereas the 100 % PEO plaque
shows a larger lamellar stacking of approximately 35 nm. This difference
is not attributed to the solvent, as TGA and rheological data confirm its
absence in the 100:0 plaque. Instead, the difference in lamellar stacking
likely arises from differences in sample preparation: neat PEO was
prepared by hot pressing PEO powder into a mold, while the 100:0
plaque was solvent cast from DMAc and not further treated. These
different preparation methods influence the crystallization rates, lead-
ing to differences in lamellar size and potentially lamellar stacking [50].

Interestingly, despite the presence of crystallization in some blends
as indicated by WAXS, lamellar stacking is not apparent in their SAXS
patterns. Examination of the USAXS data in Fig. 13(b) shows that
samples with higher PEO content exhibit increased scattering intensity
and larger heterogeneities. To characterize the largest discernible length
scales, we performed a Guinier analysis [51] of the low-q scattering. The
resulting heterogeneity length scales for samples with mass fractions of
40 %, 30 %, 20 % and 10 % PEO are (443 £16) nm, (219 £6) nm,
(65 + 4) nm, and (25 + 2) nm, respectively. This trend demonstrates that
the largest discernible heterogeneity length scale increases with higher
PEO content, and these values are substantially larger than the ~3 nm
length scale typically associated with dynamic heterogeneity in
glass-forming systems.

A particularly interesting observation is that the samples with mass
fractions of 20 % and 10 % PEO, which were deemed miscible based on
DSC and WAXS, have weak but discernible small-scale heterogeneities in
the USAXS patterns. This provides a compelling explanation for the
breakdown of TTS observed in the vGP plots near Tg. Although DSC and
WAXS suggest miscibility, the USAXS data reveal heterogeneities at the
65nm and 25nm scale, aligning with the rheological observations of
TTS breakdown. These small-scale heterogeneities, consisting of PEO
and PMMA dominant phases, have different timescales that lead to the
breakdown of TTS. Therefore, the dynamic heterogeneity observed at
temperatures approaching Ty and below the melting point of PEO is most
likely caused by these nanoscale spatial heterogeneities in the blend.

On another note, both the neat PMMA and 0:100 plaque show a
similar Guinier turnover in the SAXS data at approximately 0.007 A~%,
indicating comparable nanoscale structural features in the two samples.
However, in the USAXS patterns, the neat PMMA follows a power-law
slope in the low-q regime, which indicates a larger structure on the
micrometer scale, while the 0:100 plaque does not. This is most likely
due to the differences in the material processing. The addition of solvent
in the 0:100 plaque results in decreased scattering intensity and a more
uniform scattering length density compared to neat PMMA. This effect
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may be attributed to the solvent acting as a plasticizer, facilitating
improved chain mobility and enhanced packing during solvent
evaporation.

4. Conclusions

This study provides new insights into the interplay of spatial het-
erogeneity and dynamic behavior in PEO:PMMA blends, where the
addition of DMAc modifies the PMMA phase, shifting its relaxation
behavior closer to that of PEO. The resulting ternary PEO:PMMA(DMACc)
blend shows excellent superposability under time-temperature super-
position (TTS) in that one can readily create smooth master curves for
both G’ and G” by a combination of horizontal and vertical shifting,
albeit with larger than generally observed vertical shifts for some of the
systems. At the same time, we find that plotting the phase angle against
the norm of the dynamic moduli (a van Gurp-Palmen representation)
leads to the observation of non-superposability, hence highlighting the
sensitivity of van Gurp-Palmen (vGP) analysis to subtle deviations from
TTS. While the thermodynamic miscibility of PEO:PMMA blends has
been well-documented, the present work provides a broader range of
dynamics spanning from the terminal flow regime to near to the glassy
or g-relaxation.

The lack of superposition in the vGP plot for the 0:100 sample is
particularly interesting. The large vertical shift factors observed in the
frequency-temperature superposition of the blends and the 0:100 sam-
ple suggest that DMAc is the primary driver of these shifts. While the
shift factors are applied to both the vGP plots and the TTS master curves,
the resulting breakdown in superposition is only apparent in the former.
One explanation for this discrepancy is the shifting of the a- and p-re-
laxations causing them to overlap. This convergence could lead to a
breakdown of superposition. Interestingly, there is no breakdown in the
30:70 sample in the master curve or vGP plot. Our results show that the
PEO:PMMA(DMACc) blends show unique dynamic behavior, with su-
perposition in the terminal regime and a breakdown in the glass regime.
For the thermodynamically determined miscible blends, deviations in
TTS, as seen by the vGP plots, suggest that small-scale heterogeneities
persist even at compositions previously considered homogeneous when
approaching the glass transition temperature. These results were further
supported by the SAXS patterns that show 70 nm and 25 nm length scale
heterogeneities in the previously considered miscible blends, at mass
fractions of 20 % and 10 % PEO. Therefore, small-scale heterogeneities,
with different temperature dependencies that are “stronger” near T,
exist in the supposedly miscible blends. This observation is interesting
given that the solvent shifted the glass transition temperature and
relaxation processes of PMMA closer to those of PEO. One would expect
that the blends would more easily be superimposable, given that the
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solvent shifted the individual components’ relaxation times closer
together. However, this suggests that the dynamic processes for the PEO:
PMMA(DMAC) ternary blend have different temperature dependences at
temperatures below the rubbery regime but similar temperature de-
pendences in the terminal regime. These differences become more pro-
nounced when approaching Tg.
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