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Abstract

Flexible free-standing membranes (thickness ~ 60 pm) of poly (vinylidene fluoride-co-
hexafluoropropylene)/polyvinyl pyrrolidone (PVDF-HFP/PVP) blends with various weight
fractions of PVP were fabricated by the solution casting technique. The inclusion of PVP enhanced
the semi-crystalline polymer PVDF-HFP's amorphous region, as confirmed by X-ray diffraction
(XRD). Fourier transform infrared microscopy (FT-IR) investigations of the macromolecular
blend membranes revealed interactions between the PVP and PVDF-HFP. The impact of adding
PVP to PVDF-HFP on the miscibility of the resulting blends was examined using scanning
electron microscopy (SEM). The results of thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) confirmed a complete miscibility of PVDF-HFP with PVP.
Additionally, the Coats-Redfern model was used to calculate the activation energies of all samples.
The uniform dispersion of PVP significantly boosted the thermal stability of the PVDF-HFP-based
blend. The PVDF-HFP: PVP (75:25) blend polymer showed the minimum electrical conductivity
(opc) of ~ 1.23 x 107'* S cm™!. Adding PVP to the polymer causes additional relaxation because
of the PVP/PVDF-HFP interface, which increases the blend's dielectric constant &r to 9.6 for the
sample with 25% PVP. Dynamic mechanical analysis (DMA) showed an improvement in the
storage modulus of blended polymer, with the 25% PVP sample exhibiting a storage modulus of
~0.23 GPa at ~45 °C. These advantageous improvements suggest that the PVDF-HFP/PVP blend
is well-suited for insulating applications.
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1. Introduction

Developing polymer blends has emerged as a critical strategy in pursuing advanced materials with
tailored properties [1, 2]. Macromolecular blends encompassing crystalline Poly (vinylidene
fluoride-co-hexafluoropropylene) have demonstrated outstanding potential in several electronic
applications, including sensor systems, energy storage devices, and high-performance membranes
[3-7]. This is evidenced by its exceptional electroactive qualities, including ferroelectricity and
piezoelectricity, and its excellent thermal stability (up to 150 °C) [8-10]. Its mechanical
malleability and durability make it useful in various applications, including filtration membranes
and separator & polymer electrolytes for energy storage applications [11, 12]. The semi-crystalline
structure of PVDF-HFP is shaped by factors such as preparation conditions, solvent choices, and
the use of additives, which impact its crystallinity and phase composition, including the a, B, v, 0,
and € phases [13-16]. Generally, the a-phase, which is non-polar, is the dominant form, particularly
when the polymer is melt-crystallized at temperatures below 160 °C [17]. However, the B-phase,
which is more polar, can be promoted through mechanical deformation or by incorporating various
fillers, such as inorganic ceramic particles or clay minerals [18, 19]. It has been demonstrated in
earlier studies that adding amorphous, hydrophilic polyvinyl pyrrolidone can encourage PVDF-
HFP to form the polar B-phase [20].

Water-soluble nature, biocompatibility, film-forming properties, and capacity to produce
transparent, self-standing films are all credited with the usefulness of PVP polymer [21, 22]. It is
an essential ingredient in many cosmetics, medicines, and industrial applications due to its
solubility in water and organic solvents [23-25]. PVP interacts well with other polymers and
reagents due to its weak basicity and capacity to form hydrogen bonds [26]. For example, a blend

of PVP with polyvinyl alcohol (PVA) demonstrated a viable matrix for hosting assisted transport



carriers to enhance CO> permeance [27]. Additionally, the PVDF-HFP/PVP blend incorporates
MoO3z nanowires with the ability to form coating films on wood [28]. Similarly, the
Ag@PVP/PVDF nanocomposite, which included silver core-shell nanoparticles covered with PVVP
for improved dispersion, showed low dielectric loss and high permittivity [29]. PVDF-HFP/PVP
blend leverages the strengths of both polymers, resulting in a material with enhanced properties
[30]. A common characteristic of PVDF-HFP/PVP blends is that PVP has a glass transition
temperature of around 160 °C, comparable to the melting temperatures of PVDF-HFP at about 145
°C. This implies that PVP may be examined during the crystallization process of PVDF-HFP while
in a glass state. The blend's improved solubility, flexibility, and mechanical strength make it
suitable for various advanced applications, including electronic devices, medical implants, and

protective coatings [31-33].

This work involves the incorporation of PVP into PVDF-HFP using the solution casting technique.
The structural characterizations were done using X-ray diffraction (XRD), Fourier-transformed
infrared spectroscopy (FT-IR), and scanning electron microscope (SEM). The miscibility was
further investigated using Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC). The dielectric constant and storage modulus were measured to quantify the

mechanical and electrical characteristics.

2. Experimental Method

2.1. Materials

Prior to use, PVP (average Mw = 360 k from Loba Chemie, India) and P(VDF-HFP) (average Mw
=400 k from Sigma-Aldrich, USA) were vacuum-dried for 5 h at 100 °C. Dimethyl formamide
(DMF) was bought from SRL, India. DMF solvent was used exactly as supplied.

2.2 Film Fabrication



Using the conventional solution casting approach, blend polymer membranes of PVDF-HFP with
the PVP loadings of 10, 20, 25, 30, and 40 wt.% were fabricated. Further, this will be denoted as
DVPx (where x = 10, 20, 25, 30 and 40 wt.%). We dissolved PVDF-HFP and PVP in 4 ml of DMF.
The consequent macromolecular solution was stirred constantly for 12 h at room temperature (RT)
to prepare a homogenous blend. To remove DMF, the as-prepared slurries were poured into Teflon
Petri dishes and left to evaporate at RT for a whole night. After that, DVPx membranes were placed
in a vacuum oven at 70 °C for 24 h to remove any traces of DMF. The free-standing membranes
that were obtained had thicknesses of ~60 um. Then, it was punched into discs of 16 mm diameter
and stored in an Ar-filled glove box to prevent these from moisture exposure before further
characterization.

2.3. Characterizations

An Empyrean - Malvern Panalytical diffractometer was used to acquire as-prepared films' X-ray
diffraction patterns (20 range: 10°-60°). The samples' morphology and surface microstructures
were determined using a JEOL-7610+ field-emission scanning electron microscope (FESEM). The
samples were first sputter-coated with gold to minimize charging during SEM imaging.
PerkinElmer Spectrum IR (Spectrum Two) equipment was utilized to record the FTIR spectrum
analysis of a solid polymer membrane in a range of 4000 - 400 cm ™. Using a DSC POLYMA 214
(Netsch) differential scanning calorimeter, the temperature-dependent phase transition properties
of the DVPx membranes were examined. DVPx samples for the DSC were put in aluminum pans
and scanned at a rate of 10 °C min** from -50 to 300 °C. The thermal stability of the as-prepared
membranes was measured using thermogravimetric analysis with a PerkinElmer Simultaneous
Thermal Analyzer (model number: STA 8000). The measurements were conducted over 30 to 400

°C at a 10 °C min'! heating rate. The current-voltage (I-V) characteristic measurement was used



to ascertain the DC conduction of the films at room temperature (Keithley Source Meter Unit
2450-EC). The frequency-dependent dielectric responses at RT were measured using an LCR
meter (NF corp. ZM2376). The PerkinElmer (DMA-8000) was used to perform dynamic
mechanical analysis, which examined the temperature-dependent segmental dynamics of polymer
molecules.

3. Results and discussion

3.1. Structural Characterizations

The XRD study was used to examine the amorphous nature of synthesized DVPx samples. XRD
patterns of PVDF-HFP with varying wt.% of PVP polymer blends are displayed in Fig. 1. A
prominent broad peak was observed around 20 ~20° [34]. As PVP content increased, the splitting
of (100) and (020) peaks became lesser due to the broadening of peaks which could be attributed
to the reduction in average crystallite size of the PVDF-HFP [30, 35]. This confirms the increased

proportion of amorphous regions in the polymer blend (Fig. 1(f-g)).
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Fig. 1. XRD patterns of (a) DVP10, (b) DVP20, (c) DVP25, (d) DVP30, and (e) DVP40
membranes. To illustrate the peak broadening in the range from 12.5 °- 25°, the magnified views
are displayed in (f) DVP10 and (g) DVP40.

Fourier-transformed infrared spectroscopy (FT-IR) analysis was performed to acquire interactions
among molecules in DVPx at RT. Adding PVP to the polymer matrix of PVDF-HFP affects the
vibrational modes, resulting in variations in peak intensities and shifting within the spectra. The
FT-IR spectra for the PVDF-HFP/PVP films with various PVP wt.% are shown in Fig. 2. The
peaks shifting at 2930 cm™ and 1176 cm™, belong to CH2 asymmetrical stretching and C-F
asymmetric stretching, respectively [36]. A peak at 1298 cm™ is responsible for the C-N stretching
of the aromatic amine of PVP, which becomes more pronounced as the PVP concentration
increases [37, 38]. A band at 1390 cm™ confirms CH, wagging within the DVPx blend polymers

[39]. The FT-IR bands at 880 cm™ indicate the presence of the y-phase in the PVDF-HFP [40].



The mixed modes of molecular vibrations at 840 cm™ indicate the B-phase of PVDF-HFP, CH,-
rocking, and -CF»- stretching [41]. The transmittance peak at 1676 cm™ was present due to some
intermolecular H-bonding or dipole-dipole interactions between the intermolecular carbonyl of
PVP entities [38]. A peak at 735 cm™ indicates a C-H wagging vibration of the imidazolium ring

in PVP. The peak corresponding to 658 cm™ and 576 cm™ is related to C-H vibrations.
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Fig. 2. FT-IR spectra of DVPx (x = 10, 20, 25, 30, and 40) films. The light blue dash-dot line
indicates that CH2 wagging is confirmed in the DVPx blend polymers.
The morphological and microstructural characteristics of the as-prepared blends were investigated
using SEM analysis (Fig. 3). Figure 3(a-d)) shows that smooth surfaces were found up to DVP30,

indicating the complete miscibility of the polymer blend. The segregated PVP polymer was noticed



in the DVP40 film, signifying a phase separation or partial miscibility of the resultant blend, as

reflected in Fig. 3(e) [30].

Fig. 3. SEM micrographs of (a) DVP10, (b) DVP20, (c) DVP25, (d) DVP30, and (e) DVP40
membranes.

3.2.  Thermal Characterizations
TGA was used to investigate the thermal characteristics of macromolecules by examining the
effects of applied temperature (30 °C to 680 °C under N2 environment) on the material's residual
weight (Fig. 4(a)). The thermograms are composed of two significant phases of deterioration, first
at 70 - 110 °C representing removing absorbed moisture. The second stage (280 - 490 °C) indicates
that the most stable organic backbone or pendant functional groups inside the polymeric scaffold
were pyrolyzed. The impact of PVP on the PVDF-HFP thermal decomposition rate was modeled
using the Coats-Redfern model [42, 43]. The model, depending on the residual mass, is a valuable
technique for calculating activation energy (Ea) for thermal degradation using the following

relation:

log[—£5=2] = log = [2=2%T| - 0.434 2= )

a Ea



Here, T represents the absolute temperature (K), R is the gas constant (8.314 J mol™* K1), and «

refers to the fractional weight loss at a particular temperature. The activation energy of each

membrane was calculated by plotting log (-log (1 - «)/T?) vs. (1000/T) and fitting straight lines to

yield slopes (-Ea/2.303R). The resulting E. of each membrane is given in Table 1. This table shows

that the activation energies for the blends were higher with increasing PVP content up to DVP25.

However, beyond this point, the activation energies decreased as the PVVP content increased. This

finding suggests that the existing blend is appropriate for various possible uses.

Table 1. The activation energy calculated using the Coats-Redfern model, the decomposition

temperature at 50% weight loss (Tso), melting temperature (Tm), enthalpy of fusion (4Hc), and

degree of crystallinity (Xc) for all DVPx samples.

Sample E, (kJ mol ™) Ts0 (°C) Tm (°C) AH. (J g7) Xc (%)
DVP10 26.88 438 94 85.06 73.60
DVP20 27.22 456 85 61.55 47.34
DVP25 28.29 464 72 50.27 36.25
DVP30 28.08 458 78 58.58 39.43
DVP40 27.85 445 90 76.14 43.92

Figure 4(b) shows the DSC thermograms of the polymer blends. The samples were heated at 10

°C min'! within the specified temperature range (30 — 680 °C). Table 1 presents the melting point

(Tm) of the as-prepared films. The blue highlighted area of Fig. 4(b) depicts the glass transition

temperature range (-44.4 °C to -43.4 °C) for all DVVPx, which is lower than PVP (~160 °C) [44].

Adding polyvinyl pyrrolidone to PVDF-HFP initially lowers the glass transition temperature (Tg),



https://www.sciencedirect.com/science/article/pii/S0032386121007874?via%3Dihub#fig2

but enhanced secondary interactions between the polymers increase Tg for higher PVP content
samples (DVP30 and DVP40). A quantitative estimation of the percentage of crystallinity (Xc) of
the membranes was derived from the DSC data (Table 1). This can be calculated using the

following equation:

Crystallinity (Xc) = (1_2+H% x 100 (2)

where AH, is the enthalpy of fusion obtained from the melting peak area, AHY, is the melting
enthalpy of 100% crystalline PVDF-HFP (104 J g1), and x is the PVP weight fraction. Since PVP

is an amorphous polymer, it does not contribute to crystallinity in the blend. Therefore, the

crystallinity calculation is based solely on the PVDF-HFP fraction.
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Fig. 4. (a) TGA and (b) DSC thermograms of DVPx (x = 10, 20, 25, 30, 35, and 40) membranes
at a heating rate of 10 °C min™.
3.3. Electrical Properties

The |-V characteristics of each sample in the voltage range of -5V to +5 V at RT are displayed in
Fig. 5. The DC conductivity values for the as-prepared films were obtained by linearly fitting the
current-voltage curve at RT (Table 2). The room temperature DC conduction decreased with the

addition of PVP up to 25 wt.%, then increased with DVP30 and DVP40. Many dielectric polymers



are known for their electrically insulating properties because of their intricate molecular structures
and covalent bonds, preventing electrons from moving long distances [45]. Here, DVP25's lowest
electronic conductivity indicates that the polymer blend is excellent for use as an insulator in

relevant applications.
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Fig. 5. I-V characteristics of DVPx (x = 10, 20, 25, 30, and 40) membranes at RT.
To investigate the dielectric characteristics of DVPx polymer blend films, the dielectric constant
(er) and dielectric loss (tand) were measured at room temperature in the frequency range of 102 -
108 Hz (Fig. 6). The dielectric constant first increased from 6.6 (at 1 MHz) for DVP10 to 9.5 for
25% PVP sample. Then, it decreased with further PVP incorporation in PVDF-HFP (Fig 6(a))
[46]. A high value of & at low-frequency region in all samples was noticed. The highest dielectric
constant (at 1 MHz) was obtained, ~9.6 for DVP25 polymer blend films, which is 1.14 times
greater than pure PVDF-HFP (~8.4) [47]. This could be attributed to the high interfacial
polarization at the PVP/PVDF-HFP interface in the DVP25 polymer film. According to the
Maxwell-Wagner effect, charges accumulate at the PVP/PVDF-HFP interface due to the variations
in conductivity (PVP has higher electron mobility than PVDF-HFP) between the multiphase of
polymer blends and cause interfacial polarization [48, 49]. Nevertheless, segregation occurred as

the PVP content increased, which lowered the internal effective interface area between the PVP



particles and the PVDF-HFP matrix, thereby suppressing the interfacial polarization [50, 51].
Thus, a decrement in the dielectric constant values of the DVP30 and DVP40 polymer blends was

observed [52].

Table 2: Room temperature DC conductivity (opc) and dielectric constant (er) for DVPx

membranes.
Sample opc (S cm™) (RT) &r (@1 MHz)
DVP10 3.46 x 10713 6.6
DVP20 3.24 x 101 8.3
DVP25 1.23 x 10714 9.5
DVP30 9.94 x 1071 8.9
DVP40 3.56 x 10712 7.3

Figure 6(b) represents the tand vs. frequency plot for all the prepared films. The observed values
of tand for all the samples were ~ 0.07 at 1 MHz, which suggests the low loss behavior of polymer
blends. The high value of tand in low frequencies region was noticed, which is attributed to the

sample-electrode interface polarization (space charge polarization) as displayed in Fig 6(b).
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Fig. 6(a) Dielectric constant (&) and (b) tand with a frequency range from 102 — 10° Hz for all
DVPx (x = 10, 20, 25, 30, 35 and 40) polymer blend films.



3.4. Mechanical properties

The viscoelastic characteristics of the polymer-polymer composites were assessed using dynamic
mechanical analysis (DMA), emphasizing the storage modulus and loss factor. The DMA curves
for the composites with the labels DVP10, DVP25, and DVP40 are shown in Fig. 7. The storage
modulus and tandm curves for the DVP10 sample show a peak at about 70 °C, suggesting a
significant change in its mechanical characteristics at this temperature. DVVP40 has the highest
storage modulus of all the films, measuring 0.34 Gpa (at ~40 °C), indicating that it is more rigid
than the others [53]. However, this value is still significantly lower than the storage modulus of
pure PVDF-HFP (~1.6 Gpa) [30]. Its loss factor is ~0.42 at 80 °C, which is higher than that of
DVP10 and DVP25. PVP limits the mobility of the polymer chains in the polymer matrix, which
affects the material's characteristics [54]. This constraint impacts the composite's relaxing
behavior. PVP specifically causes a decrease in molecular mobility, which causes the relaxation
process to proceed in the composite samples at a lower temperature than in pure polymers [55].

The observed variations in storage modulus and loss factor are the consequence of this shift.
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Fig. 7. The DMA curves () storage modulus vs. frequency and (b) tandw vs. frequency for DVPx
(x =10, 25, and 40) polymer blend membranes.

4. Conclusions



In conclusion, the PVDF-HFP/PVP blends were fabricated via solution casting. XRD analysis
indicates that increasing the PVP content affects the crystallinity of the PVDF-HFP polymer. FT-
IR spectroscopy confirms the interaction between PVDF-HFP and PVP, highlighted by the light
blue color of FT-IR peaks at ~1390 cm™. SEM micrograph confirmed a smooth surface for DVP25.
Further, TGA and DSC analyses confirm the complete miscibility of the PVDF-HFP and PVP
films, as evidenced by observing a single glass transition temperature and melting point. 1-V
measurement demonstrates that DVP25 exhibits the lowest DC electrical conductivity of 1.2 x 10
14S cm, suggesting the insulating nature of the blend. The highest value of dielectric constant (~
9.6) of DVP25 indicates that the addition of PVP enhances interfacial polarization. However,
excessive PVP content reduces the effective surface area between PVP and PVDF-HFP,
decreasing the dielectric constant for DVP30 and DVP40. Dynamic mechanical analysis reveals
that incorporating PVP lowers the blends' storage modulus compared to pure PVDF-HFP,
suggesting a decrease in mechanical rigidity. This work demonstrates PVP's beneficial effects on
the dielectric and mechanical properties of PVDF-HFP polymer, and DVP25 could be a potential

candidate for relevant insulating applications.
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