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Abstract

Poly(methyl methacrylate) (PMMA)/Poly(vinylidene fluoride) (PVDF) blends are well known as polymer pairs with unique
and complex properties. Using low voltage scanning transmission electron microscopy (LV-STEM), we found that there
were previously unseen nanoscale structures inside them. The heterogeneous structures in the blends were formed on
the same scale that did not deviate from the size of a single molecular chain, regardless of the solution casting, melt mixing,
mixing ratios, and even amorphous or crystalline state of PVDF. The characteristics of these structures were discussed in
accordance with thermophysical properties and intermolecular interaction properties, which provides the following new
findings for the first time. First, the mixing ratio-dependent melting point depression exhibited by PMMA/PVDF blends is
due to the size of their interface region. Second, the complex thermophysical behavior of the solution-casting blends is
caused by the presence of ultrafine PVDF crystals. Finally, LV-STEM visualized the molecular miscibility of PMMA and

PVDF in the melt-mixing samples.

Introduction

Polymer blends, in which crystalline polymers are added to
amorphous polymer matrices, have been applied to various
products because of their ability to impart a sharp change in
physical properties due to the phase transition of the crys-
talline polymers while maintaining the high dimensional
stability of the amorphous polymer matrices. Here, physical
properties mean, for example, viscosity change due to heat.
One example among industrial products is the toner used in
multifunction printers. The purpose of adding crystalline
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polymers is to melt the toner in a short period of time and to
fix it to the paper, thereby achieving excellent energy-
saving effects [1]. To spread the effect of the added crys-
talline polymer throughout the blend, crystalline polymers
should be finely dispersed in the amorphous polymer matrix
on the order of nanometers. Therefore, for appropriate
material design, it is preferable to use polymer pairs that
exhibit miscibility in the molten state. In other words, we
should aim to design materials in such a way that a com-
patible solid-state is derived from a miscible molten state.
On the other hand, when the crystalline polymer is a
minor component in such miscible crystalline/amorphous
polymer blends, the behavior of the crystalline polymer is
extremely unstable, which makes stable manufacture and
storage of products difficult. The low stability of such
blends is mainly due to the following two factors. One is the
change in the state of crystalline polymers, including their
presence in an amorphous state. Another is the melting
temperature of the crystalline polymer, which considerably
varies depending on the mixing ratio. In the past and cur-
rently, these compounds have been frequently studied using
poly(methyl methacrylate) (PMMA) and poly(vinylidene
fluoride) (PVDF) blends [2-5]. For example, it is well-
known that PVDF exists in an amorphous state in PMMA/
PVDF blends obtained by melt mixing when the ratio of
PVDF is less than 50 weight% [2]. It is also known that the
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melting point of PVDF is considerably lower than that of
pure PVDF in blends where PVDF is fully crystallized by
cast blending and that the degree of melting point depres-
sion depends on the ratio of PVDF [3]. In addition, the
compatibility and/or miscibility of the two polymer pairs, as
well as the crystallization behavior of PVDF, depend on the
three crystal forms (o, P, y) of PVDF and the difference in
the tacticity of PMMA [6-8].

These peculiar behaviors of PMMA/PVDF blends have
been analyzed using various techniques, including the ana-
lysis of the crystalline state of PVDF using thermal analysis
and X-ray diffraction measurements, morphological con-
siderations using optical microscopy, and interpretation of the
rheological properties of blends [9-15]. In addition to these
evaluation methods, analysis from a detailed perspective has
been actively performed. It is difficult to interpret PMMA/
PVDF, which is believed to exhibit molecular miscibility,
only by macroscopic analysis, which inevitably requires
analysis and discussion at the molecular scale. Such evalua-
tion methods are mainly related to the intermolecular inter-
actions between PMMA and PVDF, and the following three
are examples. The first is the evaluation of molecular mobility
by measuring the relaxation time using pulsed nuclear mag-
netic resonance [16, 17]. The second is the analysis of the
hydrogen bonding between the carbonyl group of PMMA and
polar units of PVDF by Fourier transform infrared spectro-
scopy (FT-IR) [18-20]. The third is the evaluation of the
mobility of the PMMA side chain by dielectric relaxation
[21, 22]. For morphological evaluation, which is important for
interpreting phenomena, only macro- to microscale observa-
tion methods have been used. This refers, for example, to the
observation of spherulites by polarized optical microscopy
[10] or by scanning electron microscopy [23]. These
approaches are used because most of the previous studies
have focused on PVDF-rich blends, in which PVDF crystal-
lizes relatively stably. Therefore, PVDF formed a large
spherulitic structure in the blends, and morphological analysis
was sufficiently conducted by the abovementioned micro-
scopes. However, based on the abovementioned background,
focusing on PVDF-poor blends where PVDF is unstable and
macroscopic spherulites cannot be identified, morphological
analysis at the nanoscale becomes necessary. However, few
such studies have been conducted to date.

We believe that one of the factors governing the complex
behavior of PMMA/PVDF blends is the internal structure at
the nanoscale, which has not been observed thus far, and one
of the objectives of this study is to visualize it. Polymer blends
that exhibit miscibility, such as PMMA/PVDF, form solid
blends from molecularly mixed states. A variety of state-of-
the-art microscopes are candidates for observing nanoscale
microstructures. Among them, we chose electron microscopy,
especially low voltage scanning transmission electron micro-
scopy (LV-STEM). LV-STEM, due to its low acceleration
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voltage, can provide imaging by thermal diffuse scattering,
which is an advantage for contrast generation between light
elements [24]. Additionally, it is not necessary to use pre-
treatments such as heavy metal staining or removing one
material by dry or wet etching, which sometimes destroy the
original structures of the samples. Moreover, knock-on damage
caused by a high acceleration voltage, which is often a concern
with fluoropolymers such as PVDF, can be reduced.

In this study, LV-STEM was used to observe the internal
structures of PMMA/PVDF blends for the first time. The
obtained images were discussed in relation to the physical
properties of the blends. Specifically, the melting point
depression of PVDF crystals in PMMA/PVDF blends,
which has been extensively studied in the past, was dis-
cussed based on these internal structures. Moreover, we also
added new insights into the complex melting behaviors of
the blends, which cannot be expressed only by the melting
point depression. These were also explained as the inter-
molecular interactions between PMMA and PVDF.

Materials and methods/experimental
procedure

Materials and sample preparation

PVDF (average M,, ~120,000) and PMMA (average M,
~534,000) in pellet form were purchased from Merck
KGaA, Germany. Throughout this paper, the ratio of PVDF
in the blend is reported on a weight basis. The solution-
casting PMMA/PVDF blends in film form were cast from
N,N-dimethylformamide (DMF) solution onto a glass sur-
face at room temperature. The initial concentration of each
polymer in DMF was ~3 g/100 mL. After the mixtures were
cast, DMF was allowed to evaporate very slowly under a
stream of air at reduced pressure (34 kPa) for at least
1 week. The resulting films were subjected to further drying
under vacuum at room temperature for 1 week as previously
reported [3]. The melt-mixing PMMA/PVDF blends were
produced with a twin-screw kneader using DSM Xplore,
Netherlands Model MC 5 at 200 °C. Considering that the
state of the blend, especially the amorphous-crystalline
states of PVDF, can be changed depending on the cooling
conditions, the melt-mixed strands were cooled by leaving
at room temperature or quenching with ice water.

Measurement of thermal properties

Thermal analysis by DSC was performed using Hitachi
High-Tech Science Corporation, Japan Model EXTAR
6000, at 10 °C/min temperature increase condition. A pre-
vious study [3] reported that the melting temperature of
PVDF crystals in PMMA/PVDF blends decreased as the
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weight fraction of PVDF decreased and that the melting
point depression that generally occurred in amorphous-
crystalline polymer blends was expressed as Eq. (1),

1 1 RV, {m(/)z ( 1

1 2
T,o(blend) T,o(pure)  AHOV, | my + E*;}>¢1+112¢1}
(1)

where T,,0(blend) and T, (pure) are the equilibrium melting
points of the blend and of the pure crystallizable component,
respectively. AH” is the heat of fusion of the perfectly
crystallizable polymer per mole of the repeat unit, V is the
molar volume of the repeating units of the polymers, m is the
degree of polymerization, and ¢ is the volume fraction of the
component in the blend. Subscripts 1 and 2 refer to the
amorphous and crystalline polymers, respectively. R is the
universal gas constant, and y;, is the polymer—polymer
interaction parameter. However, of note, these are con-
siderations of the melting point depression, or melting
behavior, from a thermodynamic point of view and do not
include considerations from a morphological point of view.

Visualization of morphology

The internal structure was visualized with STEM using
Hitachi High-Tech Corporation, Japan Model S-4800 at an
accelerating voltage of 30 kV. Samples for observation
were obtained using a Leica Microsystems GmbH, Ger-
many Model UC-6 ultramicrotome to prepare thin sections
of ~100 nm thickness at room temperature.

Evaluation of interactivity

The miscibility of PMMA and PVDF in the melt state
accounts for the hydrogen bonding between the C=O car-
bonyl group of PMMA and the CH; unit of PVDF [18, 19].
The presence or absence and the degree of hydrogen
bonding can be evaluated by observing the C=0 peak of
PMMA obtained by FT-IR measurements. If hydrogen
bonding is formed, this peak is shifted to a lower wave-
number due to the vibration limitation caused by the bond-
ing. This was measured by attenuated total reflection (ATR)/
FT-IR (Thermo Fisher Scientific, USA Model AVATAR

370) with Ge prism at a wavenumber resolution of 1cm™".

Results
Solution-casting samples

Figure 1 shows thermograms of the solution-casting blends
of PMMA/PVDF with various mixing ratios and pure PVDF
measured at a heating rate of 10 °C/min. Endothermic peaks
from the melting of crystalline PVDF were observed in all

----- PVDF 100

— —PVDF 80/20 PMMA
—— PVDF 50/50 PMMA
—--PVDF 20/80 PMMA

Endothermic ( Arbitrary unit)

T/°C

Fig. 1 Thermograms of solution-casting PVDF and PMMA/PVDF
blends with various mixing ratios obtained at a heating rate of 10 °C/
min. The arrows indicate the low-temperature melting peaks that we
are focusing on

blends, including blends with low PVDF ratios. The melting
curves were shifted toward lower temperatures with
decreasing PVDF ratio while maintaining their shapes.
However, of note, in the blends with a low PVDF ratio, the
presence of small peaks at lower temperatures than the main
melting peak was evident. Specifically, those peaks exist at
temperature that is slightly higher than 100 °C for the blend
with PVDF 20% and at temperature that is slightly higher
than 110 °C for the blend with PVDF 50%, as indicated by
the arrows. These small endothermic peaks were also
observed in a previous study [3], while their origin was not
discussed. Thus, we added a detailed consideration to this
information in “Discussion” section. Figures 2 and 3 show
how the melting temperature 7,, and total endothermic area
due to the melting of crystalline PVDF depend on the weight
fraction of PVDF in the blends. The data from the previous
study [3] were also superimposed in the figures. The melting
point is determined by the well-established method [25],
which identifies the temperature at which the last detectable
traces of crystalline nature disappear upon heating. The
dashed line in Fig. 4 represents a marginal case where there
is no interaction between the components and PVDF is
assumed to be fully crystallized from the blend. The proxi-
mity of the plot of measurements to this dashed line indi-
cates that nearly all crystallizable PVDF in the blend is
crystallized. The plots of the melting point of pure PVDF
and the melting point depression of the blends and the
endothermic area close to the dashed line shown in Figs. 2
and 3 replicate the results of the previous study [3]. The
melting enthalpy of pure PVDF in this experiment was 58.1
J/g, which agrees well with the previous study [26]. The
melting point depression of PVDF crystals in blends is the
direct consequence of the negative value of the interaction
parameter ¥, shown in Eq. (1) [3]. Equation (1) is often
used to determine the miscibility of polymer pairs, and there
are many studies on this subject [27-30].

Figure 4 shows cross-sectional STEM bright-field ima-
ges of the blends with various mixing ratios. The dark

SPRINGER NATURE
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Fig. 2 Dependence of melting temperature (7,,) of the solution-casting
blends on the weight fraction of PVDF. The black dots are the data
from this study, and the dots made of white dotted lines are the data by
Nishi et al. [3]
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Fig. 3 Dependence of the endotherm area due to the melting of PVDF
crystals in the solution-casting blends on the weight fraction of
PVDF. The black dots are the data from this study, and the dots made
of white dotted lines are the data by Nishi et al [3]

contrasts in the image are crystalline PVDF domains,
indicating the presence of nanoscale fine structures inside
the blends that are considerably smaller than the 0.5 pm
scale bar. Specifically, when the PVDF ratio was 20%,
crystalline PVDF formed islands ~200 nm in diameter, and
when the ratio was 50%, the PVDF crystalline islands were
interconnected. In the case of the ratio of 80%, the PVDF
crystals dominate the field of view. In this study, the
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contrast between PVDF crystals and amorphous PMMA
domains was successfully obtained using LV-STEM with
an acceleration voltage of 30kV, without the use of pre-
treatment methods such as heavy metal staining or etching.

Melt-mixing samples

Figure 5 shows the internal structures of melt-mixing blends
with PVDF 50 and 20% produced under several different
cooling conditions. Cooling at —20°C/min means that
samples of melt mixing were held at 200 °C for 30 min in
the DSC pan and then cooled at —20 °C/min using the DSC
program. Here, no endothermic peaks were observed in the
DSC measurements of any blends (see Fig. S1 in Supple-
mentary Information). Thus, all PVDF of any blends existed
in an amorphous state. Figure 5 shows that fine sea—island
structures are formed in all blends. The size of the islands is
approximately 300 nm in diameter, and there is no change
in size between blends with PVDF ratios of 50 and 20%,
nor is there any change in the structure with cooling con-
ditions. We will mention in more detail in the discussion
section the nature of the islands with dark contrast, but they
are judged to be PMMA/PVDF mixtures with a higher
PVDF ratio than the sea region.

FT-IR measurement of solution-casting and melt-
mixing samples

Figure 6 shows the absorbance of the C=O band of the
carbonyl group of PMMA in blends prepared by solution
casting and melt mixing with a PVDF ratio of 50%,
obtained by FT-IR measurements. As mentioned above,
when PMMA and PVDF interact to form hydrogen bonds,
this peak shifts to a lower wavenumber, and it is known that
hydrogen bonding is generated only when PVDF is in the
amorphous state [18]. Figure 6 shows that, compared to the
pure PMMA peak shown in the dotted line, there was no
shift in the solution-casting blend shown in the solid line,
whereas the melt-mixing blend shown in the dashed line
showed a shift to a lower wavenumber, indicating the for-
mation of hydrogen bonding. This is consistent with the
result of the DSC measurement in this study, i.e., only
crystalline PVDF exists in the solution-casting blends, and
only amorphous PVDF exists in the melt-mixing blends.

Discussion
Solution-casting samples
First, we consider the melting point depression derived by

the Nishi-Wang equation from a morphological point of
view. In Eq. (1), the degree of melting point depression on
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Fig. 5 STEM bright-field images
of melt-mixing PMMA/PVDF
blends by various cooling
processes from melting at 200 °
C. a PVDF 20% cooled at RT, b
PVDF 50% cooled at RT, ¢
PVDF 20% quenched in ice
water, and d PVDF 20% cooled
in DSC at —20 °C/min. Scale
bar is 0.5 um

---- Pure PMMA
——Solution-casting

- = Melt-mixing

1750 1740

1730

1760 1720 1710 1700

Wavenumber /cm!

Fig. 6 Carbonyl stretching absorption of pure PMMA and PMMA 50/
PVDF 50 blends. The dotted line shows Pure PMMA, the solid line
shows Solution-casting blend, and the dotted dashed line shows Melt-
mixing blend

the left-hand side is a function of ¢;. This is because m is
extremely large and yi, is inherent for each polymer pair
under certain conditions. This is supported by the DSC

measurements with various mixing ratios, i.e., varying ¢y.
However, it is not clear why the degree of melting point
depression varies with ¢;. What we focused on was the size
of the interface regions between PMMA and PVDF where
they contact and can interact with each other. The size of the
interface regions of the sea-island structure in two-
dimensional images, such as in this study, corresponds to
the perimeter of the island. The length of the perimeter
changes with the area of the islands; thus, it needs to be
normalized. The value of the perimeter divided by the area
is always constant, regardless of the number of islands
inside the field of view, as long as the size of the islands is
constant, and they are not in contact with each other. Fig. 7
shows this ratio, the perimeter divided by the area of the
dark contrasts, which corresponds to PVDF domains cal-
culated by image analysis of the STEM images of each
blend. The analysis was performed on four images acquired
in the size range of 100-150 umz, and for the sake of ana-
lysis, the contrasts between dark and bright are reversed
from the original images (see Figs. S2-S4 in Supporting

SPRINGER NATURE



A. Naruke et al.

0.7

0.6

0.5

0.4

0.3 b

0.2

Perimeter / Area of PVDF domains /%

0.1
1 0.8 0.6 0.4 0.2 0

Weight fraction of PVDF

Fig. 7 Dependence of the perimeter divided by the area of PVDF
domains on the weight fraction of PVDF. The perimeter and area are
calculated by image analysis

Information). As a result, the perimeters varied with the
mixing ratio. The original STEM images in Fig. 4 show that
the periodicity of the structures is the same regardless of the
PVDF ratio. However, as the mixing ratio of PVDF
increased, PVDF in the form of connected islands became
more prominent. This connectivity is the cause of the
decrease in the perimeters. Next, to clarify the relationship
in-between, the melting point of each blend is plotted
against the perimeter/area and shown in Fig. 8. The curve of
the plots is almost the same as that shown in Fig. 2, where
the horizontal axis is the weight fraction of PVDF. This is
evidence that the size of the interface regions is closely
related to the melting point depression.

Next, we discuss a complex behavior that cannot be
described in the single word “melting point depression”,
especially in blends with low PVDF ratios of 20 and 50%.
The presence of an endothermic peak appears at a tem-
perature lower than the main endothermic peak of each
sample, as mentioned above. In Fig. 9, the melting peaks of
PVDF for each blend are shown after normalization by the
peak top values as well as the baseline correction. Of note,
the endothermic peak at a temperature lower than the main
melting peak is indicated by the arrows. Furthermore, the
intensity of this peak increases as the ratio of PVDF
decreases. The existence of this peak and its origin have not
been mentioned in previous studies, and the origin of this
peak is discussed in correlation with the newly visualized
nanostructure for the first time.

First, the most convincing phenomenon suggested by the
low-temperature endothermic peak is the melting of “finer
crystalline PVDF. However, we would like to touch on the
other possibilities as well, unraveling past research

SPRINGER NATURE
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Fig. 8 Dependence of melting temperature (7,,) of the solution-casting
blends on the perimeter divided by the area of PVDF domains. The
plots are similar to Fig. 2 with PVDF weight fraction on the
horizontal axis

----- PVDF 100%
- - -PVDF 80% ;
——PVDF 50% /

-~ PVDF 20%

Endothermic
( Standardized by peak top values )

80 100 120 140 160 180
T/°C

Fig. 9 Melting peaks of solution-casting PVDF and PMMA/PVDF
blends. Baseline corrected and standardized by peak top value. The
arrows indicate the low-temperature melting peaks that we are
focusing on

examples. In other words, it is necessary to confirm whether
the low-temperature endothermic peaks could be due to
phenomena other than the melting of crystalline PVDF. If
this peak is not caused by melting, there are two possibi-
lities. The first is the glass transition temperature, Ty, of the
blend. The 7, values of PMMA and PVDF used in this
experiment were 97 °C and —40 °C, respectively [31]. The
T, of the blend varies between the T, of each depending on
the mixing ratio and miscibility. Thus, the 7, of the blend is
expected to be clearly lower than the T, of PMMA, 97 °C.
In fact, as shown in Fig. 10, thermograms of the low-
temperature range, the glass transition occurs at even lower
temperatures than the low-temperature endothermic peaks
shown by the arrows. In these blends, the glass transition
occurs very slowly, making it difficult to distinguish the
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-~ PVDF 20% L 2
——PVDF 50% LT
——PVDF8O% . o ¥

- --PVDF 100% R

Endothermic ( Arbitrary unit)
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Fig. 10 Thermograms in the low temperature range of solution-casting
PVDF and PMMA/PVDF blends. The arrows indicate the low-
temperature melting peaks that we are focusing on

exact positions. The exception is the blend with PVDF
20%, and it is judged that T, exists at ~30-40°C. The
second possibility is the endothermic peak at ~60 °C, which
is known by several previous studies to be peculiarly
exhibited in PVDF. The origin is not clear, while the fol-
lowing possibilities have been proposed [32]: upper glass
transition [31], reorganization within conformationally dis-
ordered crystals [33], molecular motions corresponding to
relaxation in the crystalline/amorphous interface [34], and
melting of paracrystalline domains [35]. However, this peak
is observed in this experiment at 60 °C, which is completely
different from the low-temperature endothermic peak.
Although the assignment of the peak at 60 °C is out of our
scope, we now conclude that these two possibilities are
excluded.

From the viewpoint of the low-temperature melting peak
observed in DSC measurements, there have been similar
studies in the past. Poly(butylene succinate) possesses a
low-temperature endothermic peak similar to that in this
experiment, and its origin has been discussed [36, 37].
These studies lead to the conclusion that in nonisothermal
crystallization from melts, especially when the cooling rate
is large, components that melt at low temperatures are
produced. This occurs due to the low thermal stability of the
crystallites. The findings in these studies do not directly
apply to our study because the mixing and crystallization
processes are different. However, the fact that crystals in
different states can be produced from a single polymer
provides some support for the low-temperature melting
peak observed in this study. It is difficult to further verify its
origin from the thermogram alone. However, further dis-
cussion can be made by correlating the results of LV-STEM
observations as follows.

The area of the domains was calculated from the binary
images used to measure the perimeter length earlier and are
shown in Table 1. In the blend with 80% PVDF, the area
ratio of dark contrast was almost the same as the PVDF
ratio. However, in the blend with PVDF 50%, only ~70% of

Table 1 Area ratio of PVDF domains calculated by image analysis of
STEM images for various solution-casting blends

PVDF weight
fraction (%)

Area ratio of PVDF
domains (%)

Analysis number

20 nl 10
n2 10
n3 11
n4 11
50 nl 36
n2 32
n3 39
n4 38
80 nl 78
n2 78
n3 75
n4 77

the PVDF ratio appears as the area ratio of dark contrasts,
and in the blend with PVDF 20%, only approximately half
of the PVDF ratio appears as the area ratio of dark contrasts.
Two aspects are necessary for the discussion based on these
results. First, it is worth repeating that almost all crystal-
lizable PVDF in the blend was crystallized regardless of the
PVDF ratio, based on Fig. 3. This indicates that the area
ratio must be equal to the PVDF ratio regardless of the
PVDF ratio. Second, PVDF is a semicrystalline polymer. In
our measurement, the melting enthalpy of pure PVDF is
58.11J/g, and the corresponding crystallinity becomes 55%
based on 104.1 J/g of perfect crystal [34]. This means that
even if all crystallizable PVDF is crystallized, it contains a
45% amorphous component. If this crystallinity is directly
multiplied by the PVDF ratio of the blend with PVDF 80%,
the dark contrast ratio of 77 would be too high, assuming
that only the crystallized area was observed. However, this
statement is negated in terms of the spatial resolution of
STEM and the image analysis, as explained below.

Figure 4a shows that there are even more light and dark
contrasts in the dark domains corresponding to PVDF (see
Fig. S5 in the supplementary information, more high-
resolution images). We speculate that these light and dark
contrasts are generated in accordance with the amorphous
and crystalline regions of PVDF. The amorphous com-
ponent of semicrystalline polymers is typically located at
interlamellar or interfibrillar areas. Their scales vary
depending on the composition and the process of crys-
tallization. For example, a value of 2.5 nm for the inter-
lamellar thickness was reported for pure PVDF [38]. The
size of the interfibrillar region is measured to be several to
several tens of nm, based on the image in Fig. 4a. These
scales are very small compared to the spatial resolution of
both STEM and image analysis. As a result, both amor-
phous regions together with the crystalline region of

SPRINGER NATURE
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PVDF are incorporated into the dark contrast area. Thus,
the dark contrast ratio of 77% reproduced well the PVDF
composition of 80%. In addition, FT-IR measurements
show that there is no hydrogen bonding between PMMA
and PVDF in the solution-casting blend, meaning that
amorphous PVDF does not interact with PMMA in the
blends. This suggests that amorphous PVDF is only pre-
sent in the interlamellar and interfibrillar regions of the
crystalline PVDF domains.

We can conclude that the dark contrast area contains all
PVDF components for the blend of PVDF 80%. However,
the data for both 20 and 50% show the deviation. This
deviation indicates the presence of crystalline PVDF that is
not visible in LV-STEM, which is a reasonable interpreta-
tion in terms of the resultant spatial resolution due to our
experimental conditions. The thickness of the ultrathin
specimens used in this observation was approximately 100
nm, which is a typical thickness for polymeric materials.
Then, it is common sense that any objects consisting of light
elements with sizes extremely smaller than the specimen
thickness cannot be visualized by TEM.

The abovementioned result suggests the presence of fine
crystalline PVDF that cannot be visualized by LV-STEM in
blends with low PVDF ratios and that these crystals
increase in correlation with a decrease in PVDF ratio. This
can be related to the presence of crystalline PVDF with a
low-temperature melting peak observed by DSC. First, this
low-melting crystalline PVDF tends to increase with
decreasing PVDF ratio, as mentioned above, which is
similar to the increasing tendency of fine crystalline PVDF
by LV-STEM. The low melting point indicates that the
crystals are fine crystals with thin lamellar thicknesses,
implying that both the low-melting crystalline PVDF evi-
denced by thermograms and the invisible fine crystals are
identical to each other. The increase in this invisible com-
ponent with decreasing PVDF ratio in the blend is estimated
to be due to the T}, of the blend. 7|, increases with a decrease
in the PVDF ratio; at high 7, there is a decrease in mole-
cular mobility. This means that as the PVDF ratio decreases,
the mobility of the PVDF molecules decreases, and as a
result, they do not gain the necessary mobility to form
domains.

Melt-mixing samples

The amorphous state shown by the blends with PVDF 50
and 20% in DSC measurements is consistent with a pre-
vious study [2]. The new finding in this study is the fine sea-
island structure visualized by LV-STEM. First, this struc-
ture was also observed in the ice-water quenched sample, as
shown in Fig. 5c, and therefore can be judged to reflect the
melt miscibility of PMMA and PVDF. As mentioned above,
PMMA and PVDF are completely mixed in the molten
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state, which can be described as molecular miscibility, but
from the nanoscale point of view, it is newly clarified that
they form a fine heterogeneous structure.

Next, in discussing the composition of each component
and the origin of structure formation, we consider the pre-
sence of an endothermic peak at ~60 °C, as previously
mentioned. In other words, it is necessary to check whether
the islands seen in LV-STEM observations are relevant to
paracrystalline PVDF or other heterogeneous structures. For
this purpose, after the DSC measurement, the sample was
cooled from 200 °C to room temperature at —20 °C/min in
DSC and measured again at 10 °C/min. In this 2nd run
measurement, the endothermic peak at ~60 °C disappeared
(see Fig. S6 in Supplementary Information), which was also
confirmed in a previous study [32]. The image in Fig. 5a
was obtained for the specimen cooled at RT, which corre-
sponds to the 1st scan, i.e., the blend with an endothermic
peak near 60 °C. In contrast, the image in Fig. 5d was
obtained for the specimen with cooling at —20 °C/min in
DSC, which means a 2nd scan, where similar sea island
structures were visible. This fact excludes any possibility
that paracrystalline PVDF or other heterogeneous structures
are the cause of the fine sea-island structure observed in
this study.

We are interested in the compositional attribution of
islands and seas, as well as their formation factors. For this
reason, the area ratio of islands with dark contrast was
determined by image analysis as in the solution casting
blend. Because the microstructure here is highly repro-
ducible, the analysis was performed only on three images
with a smaller size of 5 um? (see Fig. S7 in Supplementary
Information). The obtained results show that the average
dark contrast area of the blend with 20% PVDF is 28%,
which is larger than the ratio of PVDF in the blend. This, at
least, indicates that the composition of the island is not pure
PVDF but a mixture with PMMA. Next, to determine the
presence or absence of PVDF in the sea region, we mea-
sured the number of islands in blends containing 20 and
50% PVDF (see Figs. S8 and S9 in Supplementary Infor-
mation). Here, the contrast difference between the islands
and the sea in the PVDF 50% blend was small and could not
be binarized. Therefore, the number of islands was used
instead. The number of islands in the same 14 um? size
images were ~78 and 129, respectively. These numbers
cannot simply be explained by the value of the PVDF ratio:
20 to 50% of the PVDF ratio is a 2.5-fold increase, whereas
78-129 islands are only a 1.6-fold increase. This means that
PVDF is present in the sea region of at least the PVDF 50%
blend. Furthermore, based on the similarity of the structure,
we believe that PVDF is also present in the sea region of the
20% PVDF blend.

Next, we discuss the state of PVDF molecules in this fine
sea island structure and the factors responsible for its
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formation. The PVDF used in this study has an M, of
~500,000, and its single molecular chain length is con-
sidered to be ~2 um. This is derived from a value of ~3 nm/
12.5 monomer, which was obtained by computational
molecular modeling in a previous study [39]. The size of the
island identified in this study was ~300nm and did not
deviate from the expected size of the random coil formed
from this molecular chain. This hypothesis is supported by
the fact that the size of the islands does not change between
the blends with PVDF ratios of 50 and 20%. Furthermore,
this idea is strengthened by the similar island size of crys-
talline PVDF seen in solution-casting blends, which is
~200nm. As shown earlier, in solution-casting blends,
PMMA and PVDF exist in an incompatible manner, i.e.,
there is no PMMA in the islands. Therefore, the slightly
smaller size for solution-casting blends is consistent with
our hypothesis. To further support this hypothesis, valida-
tion using PVDF with different molecular weights is
needed.

Conclusion

By applying LV-STEM to PMMA/PVDF blends, their
nanoscale internal structures, never seen before, were visua-
lized. By performing image analysis on these structures and
correlating them with DSC and FT-IR measurements, the
following three new insights were obtained. First, the size of
interface regions is closely related to the melting point
depression. Second, the low-temperature melting peaks of
DSC observed in solution-casting blends, especially with low
PVDF ratios, originate from fine PVDF crystals that are dif-
ficult to observe even by electron microscopy. The last insight
is for melt-mixing blends where PVDF is in an amorphous
state, meaning that PMMA and PVDF are miscible. Even in
this state, a fine heterogeneous structure was observed in
blends, which is the visualization of the molecular miscibility
of PMMA and PVDF for the first time.
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