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ABSTRACT

PVDF-Fe>0O3 nanocomposites have been obtained my melt mixing of PVDF with Fe,O3
nanoparticles. The interactions between the polymeric matrix and the nanofiller have been
investigated by WAXS, FTIR, and Raman spectroscopy, using both red and green excitations
(lasers). WAXS, FTIR, and Raman spectra confirm that all samples contain oo PVDF as the major
crystalline form of the polymeric matrix. Experimental data revealed small changes in the
positions of X-Ray lines as well as modifications of the width of X-Ray lines upon loading by
Fe>O3 nanoparticles. FTIR and Raman spectra are dominated by the lines of the polymeric
matrix. Within the experimental errors, the positions of Raman lines are not affected by the
wavelength of the incoming electromagnetic radiation, although they are sensitive to the strain of
the polymeric matrix induced by addition of the nanofiller. The loading of the polymeric matrix
with nanoparticles stretches the macromolecular chains, affecting their vibrational spectra (FTIR

and Raman). A complex dependence of the positions of some Raman and FTIR lines on the
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loading with Fe2Os is reported. The manuscript provides a detailed analysis of the effects of

nanofiller on the position of WAXS, FTIR, and Raman lines.
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1. Introduction

Polyvinylidene fluoride (PVDF) is a thermoplastic semi-crystalline polymer. Due to the
presence of F atoms, PVDF is susceptible to form hydrogen bonds within the same
macromolecular chain, between neighboring macromolecular chains or with other adjacent
(hydrogen) atoms. Fluorine atoms are expected to attract neighboring electrons, disturbing their
spatial distribution. PVDF has up to five crystalline structures labeled from a to € [1], [2]; the
most common is the oo PVDF, which is characterized by the symmetrical distribution of fluorine
atoms and hence is not ferroelectric. There are only three well established crystalline structures
labeled as B, v, and o that exhibit ferroelectric, piezoelectric, and pyroelectric features [3], [4]
related to the non-symmetrical distribution of fluorine atoms.

The loading of the PVDF matrix by magnetic nanoparticles may trigger a coupling
between magnetic features of the nanofiller and the electric characteristics of the matrix, leading
to a ferroic material. Such materials belong to [5], [6], [7]- a novel class of materials with new
features. Polymer-based ferroics will have lightweight and elastic features desirable in many

potential applications added to their (coupled) magnetic and electric characteristics.
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Polyvinylidene fluoride (PVDF) has the melting transition temperature in the range of
150 — 160 °C [8]. The exact value depends weakly on the nature of the crystalline phase. Melting
peak at 171 °C and 180 °C have been reported [2] for the o and  phase of PVDF, respectively.
The amorphous component of PVDF is responsible for the glass transition, typically located at
about — 35 °C [9], [10].

The availability of lasers had a huge effect on the development of Raman spectroscopy.
Thus, in the period 1950-2000, the Raman spectra of most commercially available polymers
were reported elsewhere [11], [12], [13]. While the resolution of these spectrometers was about
10 cm™, the positions of Raman lines and the assignment of recorded spectra were typically
accurate. However, the details regarding the width of the Raman lines and their shape were
determined with significant errors, forcing many authors to restrict their analysis to the position
of Raman lines. The new generation of detectors coupled with the improvements of laser diodes
resulted in new Raman spectrometers with resolutions of the order of 1 cm™. Such enhanced
resolutions triggered a renewed interest in the study of polymers with particular emphasis on
polymer-based nanocomposites [14], [15]. In the case of polymer-based nanocomposites, the
loading of the polymeric matrix by the nanofiller stretches the macromolecular chains. This was
expected to affect the atomic and molecular vibrations, as sensed by Raman and FTIR
spectroscopy. Another recent area of research is represented by polymer nanofibers [16], [17].

Subsequent Raman studies revealed that the external stress/strain affects the phase
transitions in PVDF [18], that the loading of PVDF matrices with nanofillers disturb the
crystalline phases and the phase transitions of PVDF [9], [2] and added Raman spectroscopy to
the list of experimental techniques that can sense phase transition in PVDF [19]. As of now, it is
recognized that the mechanical stress or strain may affect the position of some Raman lines [20]
and that the shift of the position of the Raman line is proportional to the stress (assuming that the
polymer is in the high elastic state, i.e., obeys a linear stress-strain dependence)[20], [21], [22]. .
However, there is not an accepted understanding of the effect of stress on the width of Raman

lines or their shape [23]. As the width and shape of such spectra require a certain number of
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experimental points, we may speculate that the actual accuracy of Raman spectrometer makes
this task difficult. The next experimental effort will focus on the calibration of the shift-stress or
shift-strain dependencies.

Both Raman and FTIR spectroscopies are sensing atomic and molecular motions. In the
case of Raman spectroscopy, the detection wavelength is at any wavelength excepting the
wavelength of the incident electromagnetic radiation, while in FTIR spectroscopy, the two
wavelengths are identical. Both spectroscopies focused on the same range of wavelengths,
typically starting from 100 to about 4,000 cm™.The consequence of this difference is that FTIR
spectra are associated with notions that change the dipole moment while the Raman spectra are
due to motions that modify the polarizability of the sample. Consequently, there are common
lines (observed both in Raman or FTIR usually at the same position) as well as individual lines
(recorded solely in Raman or in FTIR). Such pure vibrations (motions) are not usually observed
in polymers, where the crowding of neighboring atoms is responsible for interactions that make
complex the atomic and molecular motions. As a result, many lines have been noticed both in
Raman and FTIR spectroscopy. As a natural extension, the effect of strain on the position of
FTIR lines (in polymeric materials) has been reported.

For polymer-based nanocomposites, the expected outcome of this “common feature” is
the dependence of the FTIR line position on the local stress, i.e., in the case reported on the
loading with nanofiller. Additional FTIR and Raman data are supporting this hypothesis;
nevertheless, it polymer-based nanocomposites the shift of the Raman lines’ positions (of the
matrix or the filler) was found to depend on the concentration of the nanofiller [24], [25].

Maghemite (or y Fe203) is a ferrimagnetic iron oxide with a high Neel temperature,
semiconducting features, and a ferrite spinel structure, considered to be non-toxic and
biocompatible.

Wide Angle X-Ray Scattering (WAXS) technique was developed as an X-Ray diffraction
technique for powders, where crystallites are randomly distributed in space. The technique is

frequently used in polymers, where the polymeric crystallites are usually randomly distributed
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[26]. Large area detectors are more and more frequently used to investigate polymers
characterized by the preferential orientation of crystallites [27]. WAXS is frequently used to
assess the crystal structure (composition) [26] and eventually the degree of crystallinity [28] of
various polymers and polymer-based nanocomposites, including PVDF [29], [30] based
materials.

WAXS linewidth is affected by several factors; the most important are the size of
crystallites L and the strain exerted on the unit crystal. The first contribution is modeled by the

Scherrer equation [31], [26], [32]:

cA
Lpkicoso

1)

Where os is the width of the line including the effect of the crystallite’s size, C is a

wsnky)(20) =

constant, A is the wavelength of the incoming X-ray wave, L is the length of the crystallite, h, k, |
are integers that define the reflection plane, and 6 is the reflection angle. It is important to
recognize that L and the reflection angles are controlled by the type of the crystal and by the
integers h, k, and | associated with the reflection considered. For a given reflection (or set of
reflections), the changes in 6 due to the crystallites’ size are small (as in most cases 0 is ranging
between 0 and 180° so that cosf is positive for all considered reflections).

The other contribution to the linewidth, ., comes from the strain ¢ of the crystal unit and
is described by [33]:

w.(260) = 4etan 6 (2)

Where o, is the width of the line, including the effect of the strain for a reflection
measured at the angle 20, in most cases, the actual line width of the line measured at 26 is the
sum of these contributions.

The total broadening of the WAXS line, , is [33]:

1/2

(3)

w = (a)s(hkl)z + 0)82 + 0)02)

Where wo is the instrumental broadening.
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In the case of polymer-based nanocomposites, the loading of the crystalline polymeric
matrix may have two main effects on the WAXS spectrum of the matrix; the shifting of the X-
Ray reflections indicating a change of the distance between the crystal’s atoms and the change of
the width of the X-Ray line, reflecting the combined effect of stress/strain exerted on the crystal
and of the size of the (polymer) crystallite. If the changes in the distance between atoms are not
large, it is possible to assume that the crystallites are preserving their structure, and
consequently, these changes will contribute solely to the width of the WAXS lines and will not
affect significantly their position. This is the framework within which WAXS data are discussed
and analyzed.

Recent studies revealed that the position of the Raman line is affected by the strain of the
polymeric matrix [34], [35]. In polymer-based nanocomposites, the positions of the Raman lines
assigned to both the (nano)filler and polymeric matrix may shift due to the external strain (or by
the strain generated during the loading with the nanofiller of the polymer matrix). For example,
in polymers filled with single-walled carbon nanotube (SWCNT) and subjected to strain (up to 1
%), the increase of the strain results in the (linear) shift of the 2D line (located at about 2610 cm’
1y assigned to SWCNTS towards lower positions [36]. Similar results were obtained for epoxy-
SWCNT nanocomposites, by monitoring the line located at about 2615 cm™ assigned to the
nanofiller [37]. The data regarding the effect of strain on the radial breathing mode of SWCNTSs
dispersed within epoxy resin are instrumental in the understanding of this behavior. For example,
the lines located at 210 and 232 cm™* show an increase of the position of the Raman line as the
strain is increased, while the lines located at 268 and 272 cm™ show a decrease of the position of
the Raman lines as the strain is increased [38]. For these samples, the position of the G’ Raman
line is shifted to lower values as the strain is increased [38].

Typically, an elongation strain shifts the Raman lines of the polymer matrix towards
smaller Raman shifts [39], while a compressive strain is responsible for the shift of the Raman
lines towards larger Raman shifts. This shift is proportional to the strain in the Hooke region

[40], where the stress is proportional to the strain. The effect of the mechanical strain/stress on
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the width of Raman lines was not yet fully understood, and consequently, the research will focus
solely on the Raman line position.

The manuscript describes an investigation of polyvinylidene fluoride-iron oxide (PVDF-
Fe203) nanocomposites by spectroscopic techniques (WAXS and Raman).

2. Experimental Methods.

Maghemite nanoparticles with the diameters ranging between 20 and 40 nm and
polyvinylidene fluoride (PVDF) were purchased from Alfa Aesar and used as received. The
nanocomposites were prepared by melt mixing, using a Haake Polylab system with two counter-
rotating screws. The melt mixing was performed in 3 stages the first one at 190°C and 60 rot/min
for 30 minutes, the second one at 210° C and 80 rot/min for 15 minutes, and the last one at 180 °C
and 60 rot/min for 30 minutes. No degradation of the polymeric matrix was noticed (by WAXS,
FTIR, and Raman).

WAXS spectra have been recorded by using a Bruker Discovery-8 spectrometer. FTIR data were
performed by using a Tensor 27/Hyperion system from Bruker, operating in the ATR mode.
Raman measurements have been carried out with a Renishaw InVia confocal microscope

operating at 532 (green) and 785 (red) nm, respectively.

3. Experimental Results.
a. WAXS data

Figure 1 collects the WAXS spectra of PVDF-Fe,O3 nanocomposites in the two theta
range from 5 to 70°. The reflections corresponding to the polymeric matrix (PVDF) and
nanofiller (Fe203) are observed. The lines located at 17°, 18°, 19° and 26° have been assigned to
the o phase of PVDF and identified as representing the reflections of (100), (020), (110), and
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(021) planes, respectively [41],
[42], [43],[44]. The lines at 35°,
43°, 57°, and 63° were assigned to
(311) (400), (511) and (440)
reflections in y Fe2O3 [45], [46],
[47].

:

:

:

’ , PVDF+367mg FeoO3
W
The peaks of the nanofiller PVDF+35 mg Feo03

Line Amplitude [ Arbitrary Units ]

(y-Fe203) are broad and weak, and 57090
PVDF

consequently, it is difficult to
] 63°00'

-
5 10 15 20 25 30 35 40 45 50 5 60 65 70

occurring  within  the Fe2O3 2 Theta [°]
25000

o

estimate accurately the changes

crystals and crystallites while they
are dispersed in the polymeric PYDFHTO2T Mg Fe0g
matrix. However, the first three

lines of PVDF allow for a detailed

PVDF+3450 mg Fe,03
PVDF+367mg Fe,Og

analysis. ~ Each  line  was PVDF+180 mg Fe)05

individually fitted by a single PVDF+35 g Fey03

Lorentzian, in order to estimate

Cine Amplitude | Arbitrary UNIts |
2
1

accurately the parameters of
WAXS spectra. The fitting
prOVided the pOSition, Wldth, and 16 o 17 S 18 T 19 S 20 S 21 T 2

intensity of each WAXS line 2Theta[°]
. . |Figure 1. A. TOP: WAXS spectra of PVDF-Fe;03
originating from the polymeric |,.nocomposites. B. LOW: Details of the region of WAXS spectra

matrix. Only line positions and [2Ssigned to PVDF.

line widths were analyzed in detail.
As may be noticed from Fig. 2, the positions of the X-Ray lines assigned to PVDF are
affected by the loading with iron oxide nanoparticles. Qualitatively, the positions of the WAXS
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lines assigned to (100) and (020) reflections of PVDF show similar behavior, indicating a dilation
of the nanofiller’s crystalline lattice upon the loading of the PVDF matrix (up to a concentration
of about 1 % wt. nanofiller). By increasing the amount of nanofiller from 1 % up to about 10 %
wit., the unit crystal is contracted as the crystallites are subjected to a compressive strain (pressure).
Consequently, the [100] and [010] reflections of PVDF are shifted towards the larger two theta
values. A weak dilation of the polymeric crystal lattice is again noticed as the concentration of iron
oxide is increased from 10 to 20 %. Within experimental errors, it is reasonable to conclude that
for the [110] reflection, the nanoparticles are compressing the unit crystal as more nanofiller is
added to the polymeric matrix (from O to about 10 % Fe»Oz3). By further increasing the nanofiller

content, the size of the crystal along the [110] direction is increased, as the polymer accommodates
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for more filler. The small
oscillation at low loading with
Fe203 is

experimental errors. However,

almost  within
all three reflections are showing
a similar dependence of the line
position on the loading with
Fe2O3 (for concentrations of the
nanofiller ranging between 1 and
20 % wt. Fe203). This analysis
reflects the complex balance of
stresses and strains in polymer-
based nanocomposites as the
polymer  matrix tries to
accommodate the filler while
adjusting to increased strains and
stresses.

The lower panel of Fig.2
shows the effect of Fe.03
nanoparticles on the width of the
first three reflections assigned to
PVDF. As discussed previously,
the line width of WAXS line is

Line Position 2 Theta [ 9]

Line Width [°]

17.84 4

17.76

17.68

18.42 4

18.404

18.38

18.36

19.94 4

19.92 4
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0.22 4

10

15

20
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0.36

0.34 4
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T
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T
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T
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T
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Figure 2. A. The dependence of the WAXS line position of PVDF
on Fe,O3 content. B. The dependence of the WAXS line width of

parameters; the size of the |PVDF on Fe;Os content.

typically controlled by two

crystallite along a direction perpendicular to the considered reflection and the stress/strain exerted

on the (nano)crystal along the crystalline direction corresponding to the reflection plane. For the

This article is protected by copyright. All rights reserved.

850807 SUOWWOD dAIER.D 3ot (dde au) Aq peusenob ae seole YO ‘8sn JO Sa|nJ Joj ARl 1T 8UIIUO 8|1 UO (SUORIPUOO-PUR-SWLBILID A8 | IM A1 1[BU UO//:StY) SUORIPUOD pue SWLB | 84} 88S *[2202/2T/6T] Uo ARidiauliuo A8 (1M Ao]IA 8pURID Ol Sexa 1 JO AisieAiun ay L Aq 2068y dde/z00T 0T/I0pAu0o" A 1w Akeiq1jpuljuo//sdiy Woiy pepeojumoa ‘0g ‘0202 ‘829%.60T



[100] and [110] reflections, {so000

the linewidth decreases as b

400001
th ntent of F [ ]
e content of Fex0s is | 1 RED
. . ] PVDF - 20.0 % Fe,O.
0, ] 2V3
increased from 0 to 1 %. This o000 ] o 10050,
suggests a combination of : PVDF - 25 % Fe 05
10000 ] : PVDF-11% Fezo3
the decrease of the strain ] PVDF - 05 % Fe;04
] PVDF - 0.1 % FeyO3
exerted on the PVDF crystal | e oo

T L L T T T T
. . 500 1000 1500 2000 2500 3000 3500
and the increase of the size 50000
of PVDF  crystallites.

Combining the data from

GREEN

& PVDF - 20.0 % Fe,04

PVDF - 10.0 % Fe,04
PVDF - 2.5 % Fe,04
PVDF - 1.1 % Fe,0
PVDF - 0.5 % Fe,0
J\ PVDF - 0.1 % Fe,03
PVDF

100000

50000 | 3
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with  nanofiller it s Raman Shift [ cm™ ]

concluded that the governing

Figure 3. Raman spectra of PVDF-Fe,0O3 nanocomposites.

factor is represented by the
size of crystallites. As the Fe,O3 concentration is increased from 1 to 10 % wt. Fe2Os, the linewidth
of the polymer matrix crystal is increased. This suggests a decrease in the size of crystallites,
competing with an increasing tensile strain exerted on the crystalline matrix. In this case both the
tensile strain and the size of crystallites may compete to explain the actual dependence of linewidth
and position on the concentration of nanofiller.

The dependence of the width of the (020) reflection on the loading with the nanofiller is
more complex. As the concentration of the nanofiller is increased from 0 to about 1 %wt. Fe2Os,
the linewidth is increasing, suggesting a decrease in the size of crystallites and an increase of the
strain. The increase of the strain may be compatible with the shift of the line position, indicating
that both mechanisms may compete to explain the behavior in this domain. Same arguments apply
for the range 10 to 20 % wt. Fe2Oz. As the concentration of the nanofiller is increased from 1 %

up to about 10 % wt. Fe2Og, the linewidth decreases, suggesting a growth of the size of crystallites
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and a decreased of the strain (eventually a compression) of the crystal lattice size. By considering
both the line position and the linewidth dependence on the nanofiller concentration, it is concluded
that the change of the size of crystallites is the dominant mechanism.

The Raman spectra of PVDF-Fe>O3 nanocomposites are collected in Fig.3. At low loading

with nanofiller, the spectra are dominated by Raman lines originating from the polymeric matrix.

Typically, the spectra obtained by the green laser are well resolved in the 3,000 cm™ range.

TABLE 1. Identification of the Raman lines observed in PVDF-Fe>O3 nanocomposites.

Position | Position | Assignment Repor- | Refe- | Obs
Red Green ted rence
[cm™] [cm™] Position
[em™]
286 286 CF. twist and wagging 284 [19] a PVDF
286 286 CF> twist and wagging 287 [48] a PVDF
413 413 CF2 rocking 410 [19] a PVDF
413 413 CF2and CH2 rocking 414 [48] a PVDF
485 485 CF> scissoring and wagging 484 [19] a PVDF
485 485 Combined in phase CF2 wagging and 485 [49] a PVDF
bending
538 538 CF; scissoring 533 [19] a PVDF
538 538 CF2 bending 537 [49] a PVDF
538 538 CF2 bending and wagging 545 [15] a PVDF
610 610 CF2 and CCC scissoring 609 [19] a PVDF
610 610 Combined CF bending and CCC 612 [49] a PVDF
skeletal out of phase vibrations
610 610 CF2 bending and wagging 615 [15] a PVDF
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797 797 CH> rocking 794 [19] a PVDF

797 797 Symmetric CF; stretching characteristic | 799 [50] a PVDF
to alpha phase

797 797 CH> rocking 800 [48] a PVDF

840 840 Combined CH: rocking and CF 837 [19] a PVDF
asymmetric stretching

840 840 Symmetric CF; stretching characteristic | 834 [50] B-PVDF
to beta phase

840 840 CHa rocking 841 [48] a PVDF

878 878 CC symmetric stretching and CCC 872 [19] a PVDF
scissoring

878 878 CC symmetric stretching and skeletal 876 [48] a PVDF
bending

878 878 CC and CF, symmetric stretching 881 [19] a PVDF

1060 1060 CF. symmetric stretching and CC 1058 [48] a PVDF
asymmetric stretching

1060 1060 CC asymmetric stretching, CH> 1055 [19] a PVDF
wagging

1150 1150 CC and CF, symmetric vibrations 1144 [19] a PVDF

1150 1150 CF2 symmetric and CC antisymmetric | 1150 [48] a PVDF
vibrations

1200 1200 CF2 symmetric stretching, CH2 1196 [19] a PVDF
wagging

1200 1200 1279 [51] B-PVDF

1300 1300 CF. symmetric stretching and rocking | 1291 [19] a PVDF
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1300 1300 CF antisymmetric stretching and 1296 [48] a PVDF
rocking
1430 1430 CH: deformation and wagging 1432 [19] a PVDF
1430 1430 CH2wagging and bending 1430 [48] a PVDF
2970 2970 CHz symmetric vibrations 2972 [19] a PVDF
2970 2970 CHz symmetric vibrations 2972 [48] a PVDF
2990 2990 CH> antisymmetric stretching 2990 [48] a PVDF
2990 2990 CHz symmetric vibrations 2985 [19] a PVDF
3025 3025 CHa antisymmetric vibrations 3023 [19] a PVDF
3025 3025 CH> antisymmetric vibrations 3030 [48] a PVDF

As it is noticed from Table 1, the Raman lines of the investigated nanocomposites are dominated
by a PVDF (or form I11), with eventually a very small admixture of the B PVDF phase. As noticed
from Table 1, the Raman line of maghemite (y Fe,Os) located at 790 cm™ [52] is overlapping with
one of the strong lines of oo PVDF. The Raman lines of Fe2O3 at room temperature and low laser
powers (of the order of 1 mW) are reported as being weak and broad [46]. By increasing the laser
power, the probability to locally heat the sample and to eventually start the degradation of the
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polymeric matrix is enhanced. This combination prevented us from obtaining well resolved Raman
spectra of iron oxide.

The lines located at the low Raman position are weak and cannot be accurately fitted. The
first Raman line that may be fitted with acceptable accuracy is located at 610 cm™ and was
assigned to skeletal CCC scissoring and CF. bending and wagging (see Table 1). Eventually, this
may represent a superposition of two lines assigned to PVDF (see Table 1).

The line was fitted by a simple Lorentzian shape. Fig. 4 is showing the line located at 610
cm! (left panel), for various loading by Fe-Os, where the red line represents the outcome of the
best fit (for the resonance line) and the filled circles the experimental data. The dependence of
the Raman line position and width on the loading with Fe>Os is shown in the right panel of Fig.4.

There is a certain consistency of the WAXS and Raman spectra, as the dependence of the
Raman line position on the loading with Fe2O3 shows a three-domain behavior, analogous to the
position and width dependence of the X-Ray spectra on the loading with Fe>Os. The ranges are

similar: 0 to 1 % Fe,0s3,
GREEN

1% to 10 % Fe»03 and 75000-] _“A‘. 612.5

10 to 20 % Fe,0s. . /\
: 20.0% Fe,0, .
i.'....j\&O%Fezo3 612.0

- 10

z [ ] [ ] Y
= 50000 ®eee "—"”\2'507?8.; [
> : ® e 06°2% = Lg®
o e® o G000 =
= 1 o®0e® =
< ** ey wore0, S 3
- 11%Fe;03.2 611.5 =
‘U:; 'Y ‘B —
c ° o o
[<¢] .... 6 3
£ 25000 v L6 =,
: 900000, 0'5.% Fe,03 3 =
5 ®e0oe (110
] OAl%FeZO3
000900, -4
] o......
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Raman Shift [ cm™ ] Fe,O, Concentration [ % wt. ]

Figure 4. Detail of the Raman line located at 611 cm™ (left) and the
dependence of the position and width of the Raman line on Fe,O3
concentration (right).
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shifted downwards, indicating the stretching of the polymeric matrix due to the increased loading
by nanofiller. By further increasing the loading with Fe>O3, above 10 % Fe>Os3, the position of
the Raman line moves downwards, consistent with an expansion (positive strain) of the
polymeric matrix.

The next intense and isolated line is located at about 800 cm™ and originates from

symmetric CF, stretching, eventually
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Figure 6. Detail of the Raman spectrum located at 2980 cm*
(left) and the dependence of the position and width of the
Raman line on Fe,Os concentration (right).
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matrix as the content of nanofiller is increased up to 1 % wt. Fe2Os. The increase of the position
of the Raman line is consistent with a negative strain (pressure) acting on the PVDF matrix.
Further increase of the concentration of Fe;Os results in a drop of the line position
suggesting that the polymeric matrix is expanded (a positive strain of the polymeric matrix).
Nevertheless, the expansion of the polymeric matrix reaches a minimum at about 2.5 % nanofiller
(not at 10 % Fe20s as in the case of WAXS data). A plateau is eventually noticed in the range of
2.5 to 10 % nanofiller. Further loading with nanofiller results in the upward shift of the Raman
line, consistent with a compressive (negative) strain exerted on the nanocomposite before fracture.
Fig. 6 shows the dependence of the spectrum at about 2980 cm™* on the loading with
Fe>Os. The spectrum in this range has been fitted with a combination of two Lorentzian lines,
and the best fit was used to estimate the position, intensity, and width of these lines. The right
panel of Fig.6 depicts the dependence of the line position (left, blue) and line width (right, red)
on the Fe,O3 loading. The two lines are located at about 2976 cm™* and 2987 cm'?, respectively.
The first line reflects CH> symmetric vibrations and, respectively CH. antisymmetric stretching
see the Table). As may be inferred from Fig.6 (right panel), the position of the line located at 2988
cm is almost independent on the loading with nanoparticles up to about 10 % wt. Fe,Os.Further
increase of the concentration of Fe;Os results in the shift of the resonance line downwards,

compatible with a tensile strain acting on the matrix. The position of the line located at 2982 cm
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Figure 7. Detail of the Raman spectrum located at 3020 cm™ (left)
and the dependence of the position and width of the Raman line on
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this line is shifted downwards,

indication a tensile strain acting
on the polymeric matrix.

The line located at 3020 cm™ is assigned to CH; antisymmetric vibrations; the
dependence of its parameters on the loading with Fe>Os is shown in the right panel of Fig. 7. The

position of this line is displaced towards smaller Raman shifts as the loading with Fe>Os is
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spectra in this range are not affected |Figure 8. FTIR spectra of some PVDF-Fe;0s nanocomposites.

by the loading with Fe2Os. It is
noticed that upon loading with maghemite, some FTIR lines are shifted while some others are
not significantly affected. This is typical behavior, observed also in the Raman investigations of
these samples indicating that for both vibrational spectroscopies, the applied stress or strain’s
effects are differential, i.e. different atomic/molecular motions are affected in different ways.
Large (FTIR) shifts upon the loading with the nanofillers were noticed for the line located
at 489 cm assigned to the CF2 scissoring [53] motions in a PVDF [54], and for the line located
at 875 cm, assigned to C-C stretching in o PVDF [53]. As seen from Fig. 8, significantly
weaker effects of the loading with Fe203 nanoparticles were noticed for the FTIR lines located
at 530 (assigned to CF2 bending [54]), 795 (assigned to CH> rocking [54]) , and 855 (assigned to
CH out of the plane deformation [54]) cm™,

This article is protected by copyright. All rights reserved.

850807 SUOWWOD dAIER.D 3ot (dde au) Aq peusenob ae seole YO ‘8sn JO Sa|nJ Joj ARl 1T 8UIIUO 8|1 UO (SUORIPUOO-PUR-SWLBILID A8 | IM A1 1[BU UO//:StY) SUORIPUOD pue SWLB | 84} 88S *[2202/2T/6T] Uo ARidiauliuo A8 (1M Ao]IA 8pURID Ol Sexa 1 JO AisieAiun ay L Aq 2068y dde/z00T 0T/I0pAu0o" A 1w Akeiq1jpuljuo//sdiy Woiy pepeojumoa ‘0g ‘0202 ‘829%.60T



3. Discussions

The research described went beyond most spectroscopic research on polymer-based
nanocomposites, focusing on the effect of nanofiller on the parameters of both vibrational (Raman
and FTIR) and Wide-Angle X-Ray Scattering spectroscopies. Most important lines have been
fitted by Lorentzian line shapes by using the Origin C capabilities, and the best parameters have
been reported and analyzed in detail. For all experimental data, the analysis was focused on the
line position and linewidth. The reduced number of experimental data in the case of vibrational
spectroscopies data (of the order of 10 per spectrum) limited the detailed analysis of the line shape.
Further improvements of the next generation of Raman spectrometers will allow us to address this
issue and to obtain a full deconvolution of all lines’ parameters.

Many physical properties of polymer-based nanocomposites are controlled by surface and
volume rather than by mass; consequently, owing to the high density of the nanofiller, a loading
by 20 % wt. Fe>O3 of the polymeric matrix expresses an additional increase of about 7 % volume
for the nanocomposite.

WAXS data confirmed the loading of the polymeric matrix by the nanopowder. However,
due to the weak, broad, and noisy signal originating from nanoparticles, solely the lines
corresponding to the polymeric matrix were studied in detail. The analysis was focused on the
first three most intense lines of the spectrum.

The dependence of the WAXS line positions on the concentration of Fe>O3 is
qualitatively identical for all three reflections investigated, as the loading with nanofiller is
increased from 1 to 20 % wit.

The dependence of the positions of the lines corresponding to [100] and [020] reflections
on the loading with Fe;O3 show a three domain pattern, consistent with the weak increase of the
size of the unit crystal as the loading with Fe2Os is increased from 0 to 1 %. As the concentration
of the nanofiller is increased (from 0.1 % up to 10 % wt. Fe>0s3), the lattice distances

corresponding to these reflections are decreased, indicating a compression of the polymeric
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matrix due to the addition of the nanofiller. Further increase of the Fe,O3 (from 10 to 20 % wt.
Fe>0z3) is consistent to a tensile strain (associated with an increase of the corresponding lattice
size), which may extend in the very first part of the failing region for this nanocomposite.

The dependence of the positions of [021] reflection on the loading with Fe2Os is more
complex. However, the “oscillatory” behavior noticed at low Fe>Os is almost within
experimental errors, and essentially two domains were noticed for the dependence of the position
of this line on Fe>03 loading. At low Fe2O3 concentrations (10 % Fe>O3 or smaller) the lattice is
compressed as the loading with nanofiller is increased. Further increase of the nanofiller’s
concentration results in a contraction of the crystal lattice, probably as a relaxational process will

cracking is initiated.

The dependence of the width of the WAXS reflections on the loading by Fe.O3 also
shows a three-domain structure. In this case the dependence of the line width for the reflections
[100] and [110] on the loading by Fe2Os is similar: In the first range (0 to 1 % wt. Fe-O3) and
third range (10 to 20 % wt. Fe2O3) there is a competition between the decreasing strain and the
growth of the size of crystallites as the loading with nanofiller is increased. This suggests for the
[100 reflections] that the actual linewidth dependence on Fe>Os loading is controlled by one (or a
combination of the two) contributions: smaller strains’ acting on the crystal and/or increase of
the crystallite’s size as the loading with nanoparticles is increased. In this range of
concentrations, the line position dependence on the nanofiller concentration is consistent with an
increase of the crystal size. In conclusion the crystalline domain size is governing the
dependence of the linewidth on Fe2O3 concentration. In the range of 1 to 10 % wt. Fe;Os, the
linewidth dependence on nanofiller’s concentration indicates a decrease in the size of crystallites
and an increase of the strain acting on the PVDF crystal. As the increase of the strain is not
consistent with the observed dependence of this line position versus the Fe.O3z concentration
(decrease of the lattice parameters), it is concluded that for this range of concentrations, the X-

Ray line is controlled by the size of crystallites.
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The dependence of the linewidth associated with the [020] reflection on Fe;O3
concentration is a “mirror-like” functional dependence compared to the dependence of the [020]
line position on Fe;O3 loading. In the first range (0 to 1% Fe203), the strain exerted on the crystal
is increased while the size of crystallites is decreasing. As the increased strain is not consistent
with a smaller lattice parameter, it is concluded that in this case the size of crystallites is
dominating the dependence of this linewidth on the concentration of nanofiller.

The general concept that the loading with the nanofiller is stretching the polymeric matrix
was confirmed by the reported displacement of some Raman and/or FTIR lines as a function of
the concentration of the nanofiller. The differential shift of Raman lines will further provide
information regarding the contribution of various vibrations and molecular motions to the overall
macroscopic mechanical features of the polymer-based nanocomposite. It was shown that the
Raman spectra are affected by the wavelength of the impinging electromagnetic radiation and
that various molecular/atomic motions behaves differently upon loading with nanofiller or
changing the laser source (wavelength).

The Raman line located at 610 cm™ originates from combined CF, bending and CCC
skeletal out of phase vibrations. Due to the contributions of skeletal vibrations, it is expected that
this line would be sensitive to the loading with Fe2Os. The change of the position of this line as
the loading with nanoparticles is increased, indicates three domains, consistent with the
interpretation of WAXS lines. The first domain, at low content of nanofiller, indicates a positive
(compressive strain) acting along the polymeric backbone as the concentration of Fe>Oz is
increased. By increasing further the loading with Fe;Oz, it is noticed that the position of the
Raman line is shifted downwards, consistent with an expansion behavior, generated by the
addition of nanoparticles. Finally, increasing the concentration of Fe2O3 from 10 % to 20 % wt.,
the line position is shifted upwards suggesting a negative strain (compression) resulting from the
crowding of the nanofiller above the elastic capabilities of the matrix. The observed behavior by
Raman is not matching the WAXS behavior, indicating that while the WAXS behavior is related
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to the crystalline component of the polymeric matrix, the Raman behavior is controlled by the
amorphous component of the polymeric matrix.

The Raman spectrum at about 800 cm™ was assigned to CH> rocking and CF, symmetric
stretching. It is expected that this line is less sensitive to the presence of the nanofiller.
Technically the dependence of the position of this line on the loading by Fe>Os exhibit the same
three-domain behavior (although a “plateau” region may be speculated between 15 and 50 % wt.
Fe203). As the Fe2Os3 concentration is increased from 0 to 1 % wt. Fe2Os, the displacement of
this line to a higher position reflects a compressive strain.

The spectrum recorded at about 2980 cm™* was deconvoluted into 2 Lorentzian lines and
fitted as a pair. These lines are assigned to CH2 symmetric vibrations. The line located at 2980
cm* shows the three-domain behavior, compatible with an increasing elongational strain/stress
as the loading is increased (at very low and very large concentration of nanoparticles). The other
line located at 2988 cm™ is almost not affected by the loading with Fe2Os as the loading is
increased up to about 10 % wt. Fe;Os. By increasing the concentration of Fe2O3 above 10%, the
contribution of the elongational strain becomes visible. This may suggest that the line recorded at
2988 cm is eventually connected with the crystalline domains of PVDF and that their
destruction starts at loadings above 10 % wt. Fe2Os. At lower concentration with nanofiller, the

amorphous component of the polymer is accommodating for the nanoparticles.

4. Conclusions
e WAXS data revealed important modifications within the crystalline polymeric matrix due
to the addition of Fe2O3 nanoparticles.
e Unfortunately, the WAXS spectra of Fe2O3 were not well resolved to allow for a detailed
analysis on the effect of the polymeric matrix on the nanofiller.
e The same behavior was noticed for the Raman spectra of PVDF- Fe.O3 nanocomposites
for both green and red excitations, i.e., the Raman spectra of PVDF- Fe>O3

nanocomposites are dominated by the Raman lines assigned to the polymeric matrix
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(PVDF). However, there are significant differences between the Raman spectra obtained
by using red and respectively green lasers. It appears that line intensities are the most
affected parameters, with no significant change of the positions of Raman lines using red
and green excitations. This suggests that the polymeric Raman lines are essentially not
dispersive. The conclusion is further supported by the agreement between the positions of
the lines allowed both in Raman and FTIR spectroscopy, which are not showing
significant displacements of their position.

e Both WAXS, Raman, and FTIR data indicated that the polymeric matrix is dominantly
represented by the o phase of PVDF.

e WAXS data confirmed the presence of nanoparticles; the recorded reflections are
consistent with y phase Fe2O3 (maghemite).

e Typically, the dependence of the line position on the loading by Fe>Os is represented by
three domains, one ranging between 0 and 1.0 % wt. Fe>O3, the second between 1.0 %
and 10 % wt. Fe2Og, and the last between 10 and 20 % wt. Fe>Os.

e Itis suggested that the FeoOsnanoparticles are preferentially located within the
amorphous domains as their concentration is increased from 0 to 10 %wt. By increasing
the concentration of Fe>O3z nanoparticles from 10 to 20 %wit., it was noticed that the
nanoparticles start to disrupt the crystalline phase.

e The relative stretching is not very large, as the highest loading with Fe2Oz requires just an
increase by 7 % of the volume of the polymer to accommodate for the nanofiller. Studies
at higher concentration of nanofiller may be of particular importance and the “bleeding
regime” where the polymeric matrix starts to loose the nanofiller, due to the collapse of
its elastic features will provide additional information.

Finally, it is important to stress on the potential connections between WAXS and

Raman/FTIR data. The WAXS line width is controlled by both size of the crystallites and local
stress/strains. The classical theta -two theta recording of experimental data assumes a random

distribution of crystallites and does not provide sufficient information to deconvolute these two
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contributions (crystallite size and local stress). It is expected that after the next refinement of
Raman spectroscopy (which will include a calibration of the displacement of the Raman lines
versus the applies uniaxial stress) a more detailed understanding of the WAXS line width, will
result due to the combined analysis of WAXS/FTIR/Raman spectra. At this point, the manuscript
added qualitative arguments and connections that justifies this description, providing a potential

path for such evolution.

HIGHLIGHTS (if necessary)

e PVDF-Fe203 nanocomposites with different content of nanofiller were obtained by melt
mixing.

e WAXS data confirmed the presence of y Fe,Oz and indicated that the crystalline
component of the polymeric matrix (PVDF) is dominated by the o phase with a small
admixture of B phase.

e The dependence of the position and width of WAXS spectra on the Fe2O3 content is
reported and analyzed in detail.

e Raman spectra of PVDF- Fe,O3 nanocomposites obtained by using green (532 nm) and
red (785 nm) are reported.

e The effect of the Fe2O3 content on the most important lines observed in Fe;O3
nanocomposites is investigated in detail and tentatively related to the elastic features of

the nanocomposites
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