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Abstract

Nanocomposites have been prepared by melt mixing, loading the polyvinylidene fluoride matrix with various concentrations
of magnetite. Wide Angle X-Ray Scattering, Raman, Fourier Transform Infrared, and Electron Paramagnetic Resonance
spectroscopy were used to investigate these nanocomposites. Wide Angle X-Ray Scattering revealed that « is the dominant
crystalline phase of the polymeric matrix irrespective of the loading with magnetite. Wide Angle X-Ray Scattering investi-
gations on the dependence of the line positions and widths on the loading with magnetite are reported. Raman and Fourier
Transform Infrared spectroscopy confirmed that the as-obtained nanocomposites consist of a polyvinylidene fluoride. The
main Raman lines were identified, and the dependence of their parameters (line position and widths) on the loading by mag-
netite was reported. Raman and Wide Angle X-Ray Scattering data demonstrated a strong interaction between the matrix
and the nanofiller. Electron Paramagnetic Resonance spectra of these nanocomposites reflect strong anisotropic electron
interactions among the nanofiller’s electrons.
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Introduction

Polyvinylidene Fluoride (PVDF) is a thermoplastic polymer
with a glass transition (labelled as f relaxation [1]) tempera-
ture ranging from —40 °C to —33 °C [2] or -28.6 °C [3] and
a melting temperature in the range of 155-190 °C, depend-
ing on (crystalline) phase composition [4, 5]. PVDF is an
amorphous-crystalline polymer characterized by a relatively
large degree of crystallinity (typically over 50%). Up to five
crystalline structures labeled a, f, v, 9, and € have been
reported in PVDF [6]. The most frequently observed crystal-
line phase of PVDF is the o phase, which consists of a large
series of CF,-CH, monomers linked together in a (Trans)
(Gauche)* (Trans)(Gauche)™ nonpolar configuration [7, 8].
The unit cell of a« PVDF (or form II PVDF) is monoclinic
(a=0.496 nm, b=0.964 nm, c=0.462 nm, and f*=90°) [7,
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8]. The P phase of PVDF has ferroelectric [9], piezoelectric
[10, 11], and pyroelectric features. These features explain
the efforts to obtain PVDF with higher f fractions. The unit
cell of the B PVDF (or form I PVDF [8] is orthorhombic
(a=0.858 nm, b=0.491 nm, and ¢=0.256 nm) [8] with
an all-trans zigzag planar configuration [7]. The y phase
of PVDF has a (Trans)(Gauche)(Trans)(Gauche)* (Trans)
(Gauche)(Trans)(Gauche)™ conformation [4], and it is mono-
clinic with a=0.866 nm, b=0.493 nm, ¢=0.258 nm, and
B=97°[8].

The (almost) unique features of PVDF (ferroelectric
[12], piezoelectric [13], and pyroelectric [12]), coupled
with the low density, excellent stability to solvents, good
flexibility [14], and good thermal stability [15] justifies
the interest in PVDF based materials, and in particular on
B phase PVDF. Potential applications include supercapaci-
tors, batteries, flexible sensors [16], and nanogenerators
[14] for the conversion of mechanical energy into electric
energy. However, such features are demonstrated only by
the p phase. Many experimental efforts aim to obtain a
high fraction of f PVDF, thus enhancing the ferroelectric
features.

The remaining & and € phases are rather exotic [4].
The main parameters determined from Wide Angle
X-Ray Scattering (WAXS) are the line position, width,
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shape, and area or eventually relative intensity (usually
defined by dividing the intensity of the given line by the
intensity of the most intense line of the spectrum). The
relative WAXS line’s area is proportional to the number
of reflections that contributed to that line. The width of
each WAXS line is a convolution of two contributions:
the extrinsic (instrumental, i.e., mostly errors) and the
intrinsic (sample governed) contribution. Pending on the
type of line shape, the experimental (as recorded) line
width for a reflection along a direction perpendicular to
the hkl plane, o, is [17]:

_ intrinsic extrinsic
Oppy = Dy + Wy 9]

2 2

+ ( a)hklextrinxic) (2)

(a)hkl)2 = (a)hkli"frinsic)

PP A 2
intrinsic extrinsic
(whkl > —1_ <a’hk1 > 3)
Dpig Wpiy

where oy, identifies the actual (measured) line width,
@y "™ represents the contribution to the line width due
solely to the sample, and w,, "™ collects all the instru-
mental broadening contributions to the WAXS line. For a
line width of both @, """ and ;""" described by
Lorentzian line shape, the recorded line width is defined
by Eq. (1). For a spectrum characterized by both Gaussian
@y ™ and @y, X1, the recorded line width is con-
trolled by Eq. (2). Equation (3) describes the recorded line
width as one component has a Lorentzian shape, and the
other is Gaussian [17].

Raman investigations reveal the motions of small
groups of atoms (stretching, bending, rocking, wagging)
that involve a change in the polarizability of the sample.
As in the WAXS experiments, the most important param-
eters of the Raman lines are the line position, width, shape,
relative intensity, and relative areas. It was suggested by
several authors [18, 19] that Raman spectra can provide a
picture (and a better understanding) of the elastic features
of materials at the molecular scale. The effect of strain
on the Raman spectra was reported in several polymers
(such as Kevlar fibers, where the Raman line located at
1610 cm™! was reported to be displaced to smaller Raman
shifts (by about 16 cm™') as the strain was increased by
about 5%). The corresponding linewidth was broadened
from 19 to about 28 cm™! [20]. In polymer-based nano-
composites, the polymeric matrix tries to accommodate
the filler by expanding its volume. This generates internal
stresses and consequently is expected to affect the param-
eters of some Raman lines [18, 21, 22]. A study on the
effect of a magnetic nanofiller (« - Fe;O, or magnetite) on
PVDF is reported.
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Materials and methods

PVDF was purchased from Alfa Aesar as micron-sized
powder. The nanofiller of choice was Fe;O, with an aver-
age diameter of about 75 nm and black color, purchased
from Nanostructured & Amorphous Materials, Inc. Both
polymer and nanoparticles were used as received.

Sample’s preparation Nanocomposites of PVDF- Fe;0,
containing various concentrations of Fe;0, (0%, 0.2%,
0.6%, 1.2%,2.4%, 5.8%, 12%, 23%, and 30% wt.) have been
obtained by melt mixing using a Haake Polylab equipment
with two counter-rotating screws. The three steps melt mix-
ing started with an initial melt mixing at 190 °C and 60
rotations per minute (rpm) for 30 min, followed by a seg-
ment at 210 °C and 80 rpm for 15 min, and ended with a
segment at 180 °C and 60 rpm for 30 min. Based on DSC
data to be discussed in a subsequent manuscript, no deg-
radation of the polymeric matrix was noticed. Before each
measurement, the samples were heated at 190 °C for about
10 min and then cooled down slowly to room temperature (in
about 30 min). DSC heating/cooling cycles confirmed that
the samples were free of any residual stress. The relatively
high mixing temperature(s) and long mixing time(s) were
selected to achieve the conversion of the nonpolar a phase
into the polar 3 phase [23].

Experimental techniques The obtained nanocompos-
ites were investigated by various techniques. Wide Angle
X-Ray Scattering (WAXS) investigations were performed
with a Bruker Discovery 8 system, Raman spectroscopy
analysis was performed by using a Renishaw InVia confo-
cal microscope, equipped with a laser operating at 785 nm,
FTIR measurements were performed using Bruker Hype-
rion Confocal Microscopy, and Electron Paramagnetic Reso-
nance investigations were done by using as Elexsys Bruker
spectrometer operating in the X Band.

Results

WAXS spectra of the as-obtained nanocomposites are
shown in Fig. 1. The top panel includes low reflection
angles, and the lower panel collects larger reflection
angles. Both graphs have the reflections labeled for the
polymeric matrix (online appears in blue) and the nano-
filler (online appears in red) and indexed. It is noticed
that the top panel of Fig. 1 includes only reflections that
involve the polymeric matrix, and in particular, the o phase
of PVDF. Within experimental errors, no other phases of
PVDF were observed. It was noticed that as the Fe;O,
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Fig. 1 WAXS spectra of PVDF-
Fe304 nanocomposites for low
reflection angles (top panel)
and large reflection angles (low
panel)
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content was increased, the lines assigned to the polymeric
matrix became weaker, suggesting a decrease in the degree
of crystallinity of the polymeric matrix due to the addition

of the nanofiller.

The lower panel of Fig. 1 includes larger angles
of reflections and collects mainly the lines due to the
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T T T T

40 44 48 52 56 60 64
26 Angle [ °]

nanofiller. The first four reflections located at about 17.6°,
18.4°, 19.9°, and 27.0° are assigned to the (100), (020),
(110), and respectively (021) reflections originating from
the monoclinic unit cell of the « PVDF phase [16, 22,
24]. The line corresponding to the (120) reflection was
[25] not observed. The actual reflections showed weak
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displacements from the theoretical values calculated for an
unit cell with a=4.96 A, b=9.64 A, c=4.62 A, p*=90°
[16, 24]. The analysis of the as-recorded experimental dif-
fractograms was performed using the Origin C program-
ming and graphical capabilities, assuming that each line is
described by a single Lorentzian. The first three reflections
located at about 17.6°, 18.4°, and 19.9° (which are the
most intense lines of these spectra) were assigned to the
(100), (020), and respectively (110) reflections originat-
ing from the a PVDF phase [22] and were fitted together
by a superposition of 3 Lorentzian like line shapes, using
the expression:

I(x) = 2*A, /m)*(W, /(#*(x — C) + W *W)))
+ (2*A, /) (W, /(4% (X - Cz)*(x =G + W, *W,))
+ (2*%A;/m)* (W3 /(4% (X - C3)*(X = C5) + W5*W3))
+ B + S*x + Q*x*x;

4)
where x is the current reflection angle (2 thetas, in degrees),
I is the intensity of the as-recorded spectrum, A;, A,, and
A are the individual intensities of each line, C;, C,, and C;
denote the position (peak) of each reflection, W, W,, and
W, are the width of the three reflections, B is the base cor-
rection, S is the slope correction, and Q is the quadratic cor-
rections (for all these three lines). The next line representing
the (021) reflection of a PVDF was fitted separately by using
the expression for Lorentzian lines:

1= (2%A/7) (W, /(@ (x = C;)*(x = C)) + W, *W,))

o)
+ B + S*x + Q*x*x;

where I is the intensity of the as-recorded spectrum, A is
the intensity, C is the position of the (021) reflection, and
W is the width of this reflection. B, S, and Q have the same
significance as in Eq. (4).

From Figs. 2 and 3, it is noticed that the Eqs. (4) and
respectively (5) provide an excellent fitting of the exper-
imental data; here, the symbols represent actual data
points, and the (red) line corresponds to the best fitting.
It is concluded that the best fit of WAXS lines is consist-
ent with Lorentzian shapes; accordingly, the as recorded
line width (for all lines) is described by Eq. (1) [17]. All
fitted spectra were characterized by correlation coeffi-
cients better than 0.97, as a very large number of data
points (of the order of 10%) are involved in the fit of any
WAXS reflection.

The dependence of the line position (in 20) on the load-
ing with Fe;0, for the first four reflections assigned to «
PVDF is shown in the top graph of Fig. 4. As the con-
centration of nanofiller is increased from 0 towards 1.2%
wt. Fe;0,, the positions of all four lines assigned to the
polymeric matrix are shifted towards larger angles. Hence,
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in this range of nanofiller concentrations, the size of the
unit cell assigned to the polymer (along directions perpen-
dicular to the planes discussed) is shrinking as the Fe;O,
concentration is increased. It is suggested that for such
concentrations the nanofiller is accommodated through
the elastic features of the matrix. Hence, the increase of
the nanofiller’s concentration will enhance the pressure
exerted on the polymeric crystal unit cell. However, as the
concentration of Fe;O, is further increased (towards 6%
wt. nanofiller), the size of the unit cell starts to grow (the
position shifts to smaller angles). These changes indicate
that the enhanced loading with Fe;O, generates signifi-
cant stress within the bicontinuous amorphous phase of
PVDF, to increase the size of crystallites by crystallization
under stress. Eventually, some amorphous domains may
be fractured, releasing some of the local pressure exerted
on polymeric crystal and allowing for a recovery towards
the initial size of the unit cell. For Fe;O, concentrations
above 6% wt., the positions of these four lines are almost
independent of the content of the nanofiller, thus suggest-
ing that the nanofiller broke the bicontinuous amorphous
PVDF phase and started eventually to bleed from the
nanocomposite through the amorphous regions, resulting
in the relaxation of stresses/strains exerted on crystalline
domains.

The middle graph of Fig. 4 represents the dependence
of the line widths associated with the (100), (020), (110),
and respectively (021) reflections on the loading with iron
oxide. The dependence of the widths of these lines on
the loading with Fe;0, exhibits the same three-domain
structure as for the positions of these lines. As the con-
centration of Fe;0, is increased from zero towards 0.6%
wt. Fe;O,, the linewidths are decreasing, supporting an
increase in the size of crystallites.

Further addition of nanofiller up to 1.2% wt. Fe;O,
results in a domain where the increase of the nanofiller’s
concentration increases the linewidth. Higher concentra-
tions of nanofiller do not produce significant modifications
on the line widths. It is suggested, based on the lower
density of amorphous polymers (compared to the density
of the crystalline ones), that the nanofiller is preferentially
trapped within the amorphous domains. The lowest graph
in Fig. 4 magnifies this dependence for low concentrations
of nanofiller.

The (021) reflection has a different behavior, suggesting
that the dominant distortion of the unit cell due to the nano-
filler is along a direction perpendicular to the plane (021).
The main difference between the line position and line width
is that the line position is related to the dimensions of the
unit cell. In contrast, the line width is dominated by the crys-
tallites’” features (i.e., is affected by crystallites size and by
the stress and strain acting on crystallites).
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Fig.2 WAXS spectra of the first three lines assigned to aPVDF. The black symbols represent the actual experimental data and the red line is
obtained by using the best fit parameters using Eq. (4)

Several scenarios will be considered to analyze the
dependence of linewidth on the loading with nanoparticles:

1. The line width is controlled by the size of crystallites.
Assuming that the dependence of the line width on
the loading by iron oxide is controlled by the size of
a-PVDF crystallites, Dy, the Scherrer equation predicts

K1

Dy =—>—
ki
Whiq €08 O

(6)

where A is the wavelength of the incident X-Ray, K is
a constant (that depends on the crystallites symmetry),
0} 1s the diffraction angle for the plan characterized by
the Miller indices h, k, and 1, Dy, is the length of the
crystallite along a direction perpendicular to hkl plane,
and wy,, is the width of the corresponding line. Some
authors consider Dy, as being an averaged quantity and

therefore to exhibit no dependence on the indices h, k, 1
(or on the reflection order) [26].

Figure 5 collects the dependence of the length of
a-PVDF crystallites (Scherrer crystalline size) along
some crystalline directions (as estimated using Eq. 6) on
the loading with Fe;O,. It is noticed that the estimated
Scherrer length of a-PVDF along the directions perpen-
dicular to the (100), (021), and (110) planes increases as
the loading with Fe;0, is increased. Within this model,
the linewidth is broadened, and the size of crystallites
is rapidly growing as the loading by Fe;0, is increased
from zero to about 0.6% wt. Fe;O,. This may reflect the
crystallization growth/nucleation under stress- a feature
that is well documented for polymeric materials and pol-
ymer-based nanocomposites [27-29]. Further increase
of the nanofiller content towards 1.2% wt. Fe;0, results
in a weak decrease of the polymeric crystallites' size

@ Springer
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Fig.3 WAXS spectra of the line observed at 20=26.5° assigned to aPVDF. The black symbols represent the actual experimental data and the

red line is obtained by using the best fit parameters, using Eq. (5)

eventually reflecting a weak relaxation due to the gen-
erated extra volume by the increase of the size of crys-
tallites. Higher concentrations of Fe;O, produced an
increase in the size of crystallite domains as the loading
with nanofiller was increased. A plateau of the crystallite
size dependence on the loading by Fe;0, was noticed
above 5.8% Fe;0,. The Scherrer length along the direc-
tion perpendicular to the 021 planes has an opposite
dependence of Fe;O, concentration (decreases as the
Fe;O, content is increased). This may eventually reflect
a Poisson effect [11] due to the stretching of polymeric
crystallites (along the directions perpendicular on the
(100), (021), and (110) planes).

The line width is controlled by the strain.

Assigning all these changes of the line width to strain
along a direction perpendicular to hkl plane, g, the
Wilson expression [30, 31] connects the line width to
the strain by the equation

Whii

Eppy = ———
ikt 4tan 0,

)

@ Springer

where wy, is the line width for the reflection perpendic-
ular to the hkl plane and 6y, represents the correspond-
ing diffraction angle. Figure 6 depicts the dependence
of the Wilson strain, as calculated according to Eq. (7)
(i.e., assuming that the linewidth is controlled solely by
the strain) on the Fe;0, loading. It is easily noticed that
as the concentration of nanofiller is increased from O to
about 1% wt. Fe;0,, the strain within the nanocompos-
ite is decreasing, suggesting a certain relaxation of the
polymeric matrix. Further loading with nanofiller results
in the expected increase of the Wilson line width as the
loading by Fe;O, is increased. This dependence is small
for the directions perpendicular to the planes (100) and
(020), medium for the plane perpendicular to the (110)
direction, and large for the direction perpendicular to
the (021) plane.
The line width is controlled by both the size of crystal-
lites and strain/stress.

For such an analysis, the quantity wy,,cos6,,, plays a
significant role because the competition between crys-
tallite size and strain may be expressed as a linear com-
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Fig.4 The dependence of the
line position and line width on
the loading by Fe;0, for the
first four reflections assigned to
a PVDF
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energy per unit volume as expressed by Hooke’s law:
u=(E,,&%,0)/2 [30, 33].

The actual dependence of wy,,cosBy,, on sinb,,, does not
describe very nicely the experimental data suggesting addi-
tional contributions, eventually originating from the poly-
mer-nanofiller interface as well as from the departure of the
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Fig.8 Left: The dependence of line position and line width for the WAXS

lines from a pure Lorentzian. However, the main conclusion
derived from Fig. 7 is that the crystallite size dominates the
behavior of the line width for concentrations below 10% wt.
Fe;0,, while for higher concentrations of nanofiller both
the crystallite size and the strain are competing in affecting
the line width.

A single line originating from the nanofiller can be ana-
lyzed in detail (see the left panel of Fig. 8). This line, located
at about 35.7° has been identified as representing the (311)
reflection and has been reported as the most intense line of
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line located at 35.7° assigned to Fe;0, on the loading with nanofiller.

Right: The dependence of the polymer degree of crystallinity on the loading with PVDF (as determined from the areas of WAXS spectra)
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Fe;O, nanoparticles [34]. The dependence of line position
and line width on the Fe;O, loading (for the line located
at 20=35.7°) indicates that as the Fe;O, concentration is
increased above 1.0%wt, both the line width and the line
position are decreasing. This indicates a slight dilation of the
unit cell of the Fe;O, coupled with an increase in the size
of crystallites, probably due to the coalescence of magnetic
nanoparticles within the polymeric matrix. To conclude,
the WAXS line of the nanofiller is controlled by the size of
crystallites, which is increasing due to the coalescence of
nanoparticles controlled by the attraction among magnetic
nanoparticles.

The right panel of Fig. 8 represents the dependence of the
degree of crystallinity for the polymer, as a function of the
Fe;0, wt. loading. For the samples loaded by less than 5.5%
weight Fe;0,, the degree of crystallinity is oscillating within
experimental errors. Larger loading concentrations produce
a strong drop in the degree of crystallinity.
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The Raman spectra ranging from 100 to 2600 cm™! are
shown in Fig. 9, where the most important Raman lines
originating from the polymeric matrix are identified and
assigned. All PVDF lines observed in the PVDF-Fe;0,
nanocomposites were assigned to the a-PVDF phase.

The Raman lines of the nanofiller (Fe;O,) are not easily
noticed as they are weak and broadened by the interaction
with the polymeric matrix. The most intense Raman line of
Fe;0, was noticed at about 713 cm™" (compared to 710 cm™
reported in the literature [34]) and identified as representing
the Alg mode [34].

All Raman lines assigned to PVDF are gradually decreas-
ing in intensity and broadening (and finally disappear) as the
concentration of the iron oxide is increased. The depend-
ence of the line position and linewidth of some of the most
intense and isolated Raman lines has been analyzed in more
detail. To achieve this goal, these lines were isolated and
fitted assuming a single Lorentzian line shape (see Eq. 1).
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Fig.9 Raman spectra of PVDF-Fe;0, nanoparticles
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This fit was typically excellent, and the dependence of the
most important parameters (line position and line width)
was monitored for different loadings with Fe;0,. Figure 10
shows on the right panel the actual Raman spectra (colored
symbols) as well the best fit (red lines), while the left panel
shows the dependence of the line position and line width
(determined from the best fit) on the loading with Fe;0,.
At low concentrations of nanofiller (below 1% wt.), the line
position is shifted to larger Raman shifts, while the Raman
line is broadened. In the range of 1% wt. Fe;O, to 2% wt.
Fe;0,, the Raman parameters relaxed to values close to the
initial one. Larger loading with Fe;O, does not affect these
parameters (position and width). This line was assigned to
CF, twist and wagging [22]. This Raman line was reported at
284 cm™!, with a line width of about 9 cm™!, and assigned to
CF, twisting and wagging in a-PVDF [7]. The 4 X stretching
of the PVDF sample resulted in a decrease in line intensity,
a shift of the position to 276 cm™!, and a narrowing of this
line to about 4 cm™! [7].

The right panel of Fig. 11 shows the actual Raman spectra
(colored symbols) as well the best fit (red lines) for a signifi-
cant narrow window of Raman shifts, while the left panel
shows the dependence of the line position and line width
(determined from the best fit) on the loading with Fe;O,.
Discrepancies between the dependence of the Raman line
position and width on the loading with Fe;O, for Raman
lines occurring at different positions are noticed. These dis-
crepancies reveal the complex nature of the Raman spectra.
For example, the Raman line located at 611 cm™! is identi-
fied as originating from a more complex molecular set of

motions that includes CF, bending and wagging as well
as CCC scissoring [22]. It is suggested that the modified
dependence at large loading with Fe;O, reflects the CCC
scissoring that involves a larger volume of the polymer,
including the C-C backbone. This is an excellent example
showing the effect of molecular architecture on the proper-
ties of polymers. This line was also reported at 609 cm™!,
characterized by a line width of about 4 cm™!, and assigned
to CF, and CCC scissoring in o PVDF [7]. Upon 4 X stretch-
ing, the line was reported [7] to shift towards 602 cm™!,
broaden to 22 cm™! and decrease in intensity.

The line observed at 796 cm™! was reported [7] as the
most intense line of the a-PVDF, located at 794 cm™!, char-
acterized by a width of 8 cm™', and assigned to CH, rock-
ing. Figure 12 presents the dependence of the line position
and linewidth for the Raman line located at 796 cm™!. It
was reported that upon the 4 X stretching, the position of
this line moved to 796 cm™!; the line broadened to about
22 cm™!, and its intensity decreased dramatically [7]. It was
also reported [35] that the increase of the estimated draw
ratio from 1.4 to 4.0 results in a substantial decrease in the
intensity and width of this line, including a small displace-
ment of the position of this line to larger shifts (cm™") [35].

FTIR and Raman are complementary experimental tech-
niques, both focused on the absorption of electromagnetic
radiation (in the range of 0 to 4000 cm™"). Some absorp-
tion (emission) lines were noticed both in Raman and FTIR
spectra while some lines are specific either to Raman or to
FTIR. The main difference derives from the fact that this
absorption/emission of electromagnetic radiation in FTIR
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regions 400 to 1400 cm™! and 2000 to 4000 cm™! are shown
in Fig. 13B, C, respectively. The estimated locations of the
lines originating from the polymer are represented by nar-
row blue rectangles, while narrow red rectangles indicate
the positions of the predicted FTIR lines of the nanofiller. A
vertical combination of blue and red (top) narrow rectangle
reflects an overlap between the FTIR lines of the polymeric
matrix and the nanofiller. The width of these rectangles is
proportional to the experimental errors and may include the
convolution of near lines. However, interactions between
PVDF and Fe;O, may generate a larger shift of the vibra-
tion lines, thus increasing the overlap of lines originating
from different components. Such cases were not considered
in this analysis.

The line located at 530 cm™!, was reported as represent-
ing Fe-O vibrations in magnetite [36]. The line located at
565 cm™! (or 580 cm™! according to [34, 37]) was assigned
to Fe-O stretching in highly crystalline Fe;O, nanoparticles
[38]. This line appears to be rather broad and weak, sug-
gesting that the crystalline structure is distorted, in agree-
ment with WAXS data, which indicate changes of the unit
crystalline cells upon loading with the nanofiller. The line
at 610 cm™' was assigned to oxidized maghemite on the
surface of magnetite [38]. Tentatively, the band located
at 796 cm™! was assigned to a-FeOOH [34], due to some
humidify uptake. The band reported at 1620 cm™, attributed
to bending vibrations originating from adsorbed water by the
iron oxide nanoparticles [39], was not observed.

The line at 408 cm™! was assigned to o PVDF obtained
from solution at 60 °C [40]. As seen in Fig. 13B, this line
decreases as the content of Fe;O, increases. The vibration
at 482 cm™! was tentatively assigned to the y or o phase of
PVDF [41]. The vibration at 530 cm™! was identified as
CF, bending in the a PVDF [42]. The lines at 612 cm™},
760 cm™" (766 cm™" in [13]), 795 cm™', 853 cm™', and
974 cm™' (976 cm-1 in [40]) were assigned to the « PVDF
[12]. The recorded spectrum does not show the last two
lines, which are either shifted by the interaction with the
nanofiller or completely silenced (broadened). The line at
881 cm™! if present is overlapping with the neighboring
Fe;0, line.

As noticed in Fig. 13B, many of the FTIR spectra in the
range 400 to 1500 cm™" are a superposition between Fe;0,
and PVDF lines. For such lines is impossible to analyze
further the effect of the composition of the sample on the
line’s parameters (position, width).

Figure 13C collects the FTIR spectra in the range 2500
to 4000 cm™~!. These spectra are dominated by a doublet
located near 3000 cm™!, which may represent an interaction
between the polymer and the nanofiller (or eventually hydro-
gen bond). A faint line located near 3800 cm™! and assigned
to the interaction between OH groups and iron nanoparticles
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may be noticed A doublet is noticed near 3000 cm™! and
assigned to the OH bonds [13].

EPR measurements in the X-band were performed; some
spectra are collected in Fig. 13D. As expected, the polymeric
matrix exhibits no resonance signal. The nanofiller [43] pre-
sents a signal similar to the PVDF composite loaded by 30%
Fe;0,. The composites PVDF-Fe;0, exhibit a strong reso-
nance signal due to magnetically coupled Fe;O, nanoparti-
cles. As seen from Fig. 13D, the resonance signal is centered
at external magnetic fields smaller than the magnetic field
corresponding to the free electron (g=2.0023), which is
at approximatively 3400 Gs. This reflects the existence of
a strong local magnetic field and indicated that the spec-
trometer was operating in the ferrimagnetic/ferromagnetic
resonance mode (FMR) [30, 44, 45] correlated to the mag-
netic features of these nanocomposites. The width and the
strength of the local magnetic field at resonance increased
as the loading by Fe;O, nanoparticles was increased. It is
suggested that this reflects anisotropic electron interactions
(among the electrons belonging to Fe’* and Fe?* states).
The amount of information that can be extracted from the
FMR lines of these nanocomposites is low because the mag-
netic nanoparticles are randomly oriented, averaging out the
potential angular dependence of the FMR spectra [31, 45, 46].

Discussion

As seen in Fig. 14, the morphology of the nanocompos-
ites under study is complex. The pristine polymer (PVDF)
consists of crystalline islands (domains) dispersed within a
continuous amorphous polymeric phase. The degree of crys-
tallinity of the pristine polymer was estimated by WAXS to
be of the order of 70%. An interface provides the transition
between the amorphous continuous phase of PVDF and the
crystalline domains of PVDF. The Fe;O, nanoparticles are
nanograins, consisting of several smaller crystallites. The
nanoparticles are preferentially accommodated within the
amorphous domains of the polymer or within the amorphous
polymer-crystalline polymer interface. An additional inter-
face may provide eventually the transition between the Fe;0,
nanoparticle and the amorphous polymeric phase. This is
a result of the fact that the amorphous phase has a lower
density than the crystalline one; consequently, at least at low
loading with Fe;0,, the nanofiller will be embedded within
the amorphous phase without significant distortion of the
polymeric matrix (i.e. with negligible strain), as eventually,
the amorphization of some crystallites (even partial) may
provide additionally available volume fore the nanofiller.
The detailed analysis of the WAXS spectrum indicated
that the linewidth of the crystalline polymeric phase of
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Fig. 14 Main phases of PVDF-
Fe;0, nanocomposites

PVDF-Fe;0, nanocomposite is controlled by the size of
polymeric crystallites, with the strain contribution becoming
dominant for loading with nanoparticles greater than 12%
wt. (see Fig. 8). Several regimes may be noticed:

1. The isostress regime occurs at very low loading with
nanofiller (typically below 2.5% Fe;0,). For such low
concentrations of the nanofiller, the degree of crystallin-
ity is practically oscillating about 67%, due to the com-
petition between several processes: As the concentration
of the nanofiller is increased, the residual stress favors
the shrinking of the size of the unit crystalline cell (for
the polymer) while the (Scherrer) crystallites’ size is
increased, and Wilson’s strain is decreased. The weak
increase of the crystallites size may reflect a weak crys-
tallization under stress. This is reflected in the WAXS
experiment by the decrease of the line width and by the
shits in the positions of WAXS lines, respectively. The
slight decrease of the unit cell dimension and increase
in the size of crystallites may reflect the fact that the
conversion of some amorphous regions into crystalline
domains generated additional volume capable of accom-
modating the nanofiller. The above-mentioned modifi-
cations are weak. Due to the elasticity of the polymeric
matrix, the nanofiller is accommodated without generat-
ing significant stress. The low contribution of Wilson’s
strain supports this interpretation. While some modifica-
tions of the size of the unit crystalline size were noticed,
owing to the low strains involved it appears natural to
assume that within this range of concentration, the stress
may be assumed almost constant and eventually negligi-
ble.

PVDF Crystallites

Amorphous PVDF

Iron Oxide
nanofiller

Polymer Crystalline
Amorphous Interface

Nanofiller-
Amorphous Polymer
Interface

The linear elastic regime (between 2.5% and 5.0%wt.
Fe;0,). Within this domain, the degree of crystallinity
oscillates about 67%. In this range of concentration, the
size of the unit crystalline cell is increased as the loading
is increased. For most PVDF reflections, the Scherrer
size of crystallites decreases slowly as the loading by
Fe;0, is increased. This reflects the fact that the pres-
sure exerted by nanoparticles of crystallites became
sufficiently strong to start breaking these crystallites.
Additionally, some new crystallites are generated by
crystallization under stress balancing the overall degree
of crystallinity. At higher concentrations of nanofiller,
the amorphous polymeric matrix is no more able to elas-
tically accommodate more nanoparticles without strain
build-up. Hence as the loading with nanoparticles is
increased both the strain and the stress are increasing
while typically remaining in the linear elastic range

In the range 5.0 to 15% wt. Fe;0, a strong decrease
in the degree of crystallinity was noticed as the con-
centration of the nanofiller was increased. In this range,
the size of the crystalline unit cell was not significantly
modified, the (Scherrer) crystallites size is slowly
decreasing as the loading is increased, and the Wilson
strain is increased as the loading with nanofiller was
increased. This indicates that if the destruction of the
crystallite starts, it will continue up to its complete dis-
appearance, suggesting that destruction is dominant over
the shrinking of crystallites.

The bleeding regime, for concentrations above 15%
wt. Fe;0,. In this domain of Fe;O, concentrations, the
degree of crystallinity showed a weak decrease as the
loading by Fe;O, was increased. The size of the Scherrer
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crystalline size decreased as the loading with the nano-
filler was increased. A competition between crystallites
shrinking and destruction was noticed. The amorphous
polymeric phase was eventually broken, some of the
nanofiller is released from the polymer and the param-
eters of WAXS and Raman spectra become almost inde-
pendent of the loading with the nanofiller as the local
stresses are relieved.

Conclusions

Spectroscopic (WAXS, Raman, and EPR) investigations on
PVDF-Fe;0, nanocomposites have been reported. WAXS,
Raman, and FTIR data indicated that the pristine PVDF, as
well as the polymeric phase of the PVDF-Fe;0, nanocom-
posite, contains solely the alpha phase (within experimental
errors). The presence of Fe;0, nanoparticles was supported
by WAXS, Raman, FTI, and EPR measurements.

A conversion from the a phase PVDF to  phase PVDF
was reported and assigned to the loading by Fe,;O, nanopar-
ticles (see Fig. 2b of [12]), increased mechanical stresses,
and/or high-temperature treatments. Although the process-
ing of these samples aimed at all these processes that should
increase the f phase, no experimental data that support this
phase was observed.

WAXS investigations revealed a complex modification
of the line positions and line widths, suggesting a strong
interaction between the matrix and the nanofiller. It was con-
cluded that for loading with nanoparticles below 12% wt.,
the line width of the WAXS lines originating from polymeric
crystallites is controlled by the size of crystallites. Larger
concentrations of nanofiller start to generate significant
strains/stresses, and for loadings with nanoparticles above
12% wt., strain/stress takes control over the line width.

To conclude, it was observed that for loading with Fe;0,
below 12% wt., the WAXS spectra obey with a good approx-
imation the scenario 1, with the size of the polymeric crys-
tallites dominating the WAXS spectra. A transition from
regime one towards regime four starts as the content of
nanofiller exceeds 5% wt. Fe;O,. As the amorphous phase
is torn and eventually some nanoparticles are bleeding, the
nanocomposite degenerates into two almost independent
components (the polymer and the nanofiller). The manu-
script describes for the first time the competition between
destruction and shrinking of crystallites, based on a detailed
analysis of WAXS data.

Raman spectroscopy supported WAXS data, reveal-
ing individual elastic behavior for different Raman lines
(and corresponding molecular vibrations). Several regimes
describing the main features of these nanocomposites as a
function of Fe;O, loading have been identified and discussed
in the previous paragraph.
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Raman data and partially FTIR investigations provided a
molecular picture of the elastic features in these nanocom-
posites, with emphasis on the effect of nanofiller on elastic
features, as revealed by the changes reported in the section
focused on Raman and FTIR spectra. It is concluded that the
nanofiller silenced the molecular vibrations of the polymeric
matrix. This behavior was stronger in the case of Raman spec-
tra, probably as the dipole moments of the o phase are compen-
sated, resulting in less sensitive FTIR spectra (than Raman).
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