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Abstract: The work reported in the paper addresses the thermal diffusivity (TD) tuning of the
electronic sensor material polyvinylidene fluoride (PVDF). The thermal properties of electronic
material were found to influence the device characteristics significantly, demanding novel techniques
for TD tuning. The TD value of the carbon sources—hydroxyethyl cellulose (HC), lignin (LG), and
camphor soot (CS) and their composites—were measured by the sensitive nondestructive evaluation
technique—photothermal beam deflection. When the HC and LG enhanced the TD of PVDF by
237.5% and 27.5%, respectively, CS was found to lower it by 11.25%. The spectroscopic analysis
revealed the variation of hydroxyl groups in the samples and suggested its prominence in deciding
the TD value. The Fourier transform infrared analysis and beam deflection measurements exhibited a
positive correlation between hydroxyl groups and TD, except for the composite PVDF combined with
soot. In this case, the amorphous carbon in soot reduced PVDF’s TD due to the heat trap mechanism
of carbon allotropes. The induced variation of TD of PVDF via carbon source integration is attributed
to the closure of pores in PVDEF, revealed through the optical microscopic images, thereby suggesting
a methodology for enhancing or reducing TD of PVDE.
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1. Introduction

Polyvinylidene fluoride (PVDF) has numerous applications across various industries.
PVDF is a semi-crystalline polymer with a chemical structure composed of repeating
vinylidene fluoride monomers. It exhibits a predominantly crystalline beta (3)-phase
structure, imparting dipolar characteristics and enabling piezoelectric and pyroelectric
properties [1,2]. This makes it ideal for sensors and transducers used in pressure sensors,
accelerometers, and ultrasound devices. PVDF membranes and filters are widely employed
in pharmaceutical, biotechnology, and water treatment industries due to their chemical
resistance and high porosity [3]. The durability and weather resistance of PVDF coatings
make them suitable for architectural and automotive coatings, and corrosion protection in
chemical processing equipment [1]. PVDF also serves as a binder material in lithium-ion
batteries, an encapsulation material in photovoltaic devices, an insulation material in wire
and cable applications, and a biocompatible material in medical devices. It has excellent
mechanical properties, such as high tensile strength, stiffness, and impact resistance, and
maintaining its integrity across a wide temperature range. It is thermally stable with a high
melting point (177 °C) and exhibits exceptional chemical resistance, making it impervious
to acids, bases, solvents, and UV radiation. The high dielectric strength (~500 MV-m~1) [4]
and low dielectric loss (~0.01) [5] exhibited by PVDF make it a preferred material for wire
and cable insulation in harsh environments. It provides insulation with high resistance
to temperature, chemicals, and mechanical stress. The transparency of PVDF to infrared
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radiation and its capability to generate an electrical charge when subjected to mechanical
stress or pressure makes it suitable for electronic and sensor applications. These applications
demand knowledge of its heat-conducting property [1,2,6].

The thermal diffusivity (TD) of PVDF (0.03 x 107 t0 0.09 x 10~ m?.s~1!) [7,8], which
measures how quickly heat can be conducted through the material, holds significance in
various applications in which thermal management is crucial, such as electronic devices
and heat sinks. PVDF’s low thermal diffusivity can contribute to its insulating properties
by limiting the rate at which heat is conducted through the material. This property can be
advantageous in applications where thermal insulation is desired, such as thermal barriers
or protective coatings that minimise heat transfer. Hence, tuning the TD of PVDF is highly
appreciated considering its diversified applications [2,9,10]. A higher thermal diffusivity
enables faster heat dissipation, preventing overheating and ensuring the proper functioning
and longevity of the devices. Efficient heat dissipation is crucial to maintain optimal
operating temperatures and prevent temperature gradients that can impact the performance
and lifespan of the devices. PVDF is used in various manufacturing processes, including
injection moulding and extrusion. Understanding the value of TD helps in optimising
processing parameters and controlling the cooling rate, ensuring proper material flow, and
achieving desired part properties. Besides the tailoring of TD, its precise measurement is
also highly significant.

Laser-assisted photothermal techniques offer versatile, sensitive, and nondestructive
methods for thermal diffusivity measurements [11-13]. These techniques utilise light to
induce local heating in samples, enabling high-resolution imaging, spectroscopy, and thera-
peutic applications [12,14]. Among these methods, the present study used photothermal
beam deflection (BDS) to investigate thermal diffusivity. BDS’s non-contact and nonde-
structive nature makes it a versatile tool for material characterisation, surface analysis, thin
film studies, and evaluating thermal properties in various applications [15-17]. The present
work elucidates the tailoring of the thermal diffusivity of PVDF by incorporating various
carbon sources and measures the TD variations by the BDS technique.

2. Materials and Methods

For the preparation of the polyvinylidene fluoride (PVDF—purchased from Fluka
(AB211736, CAS 24937-79-9); molecular weight—64.03 g/mol and density—1.780 g/mL) poly-
mer sample, 1.5 g of PVDF was thoroughly mixed with 25 mL of N,N-Dimethylformamide
(DMF—purchased from GRAMMOL (P120501, CAS 68-12-2); molecular weight—73.10 g/mol
and density—0.944 g/mL) and stirred using a hot plate magnetic stirrer (IDL GmbH & Co
KG, Nidderau, Germany) for 30 min at a temperature of 50 degrees Celsius. Subsequently,
the mixture was refrigerated for 20 h. After refrigeration, the sample was dried in an oven
(BINDER GmbH 78532, Tuttlingen, Germany) at 80 degrees Celsius. Finally, the sample
was subjected to a solar simulator (Suntest XLS+ Atlas, ATLAS Material Testing Technology
GmbH, Linsengericht, Germany) for 2 h to ensure complete drying and to optimise its
properties. In order to tailor the thermal properties of the PVDF, various carbon sources,
such as hydroxy ethyl cellulose (HC), lignin (LG), and camphor soot (CS), were incorpo-
rated to prepare PVDF-carbon composite samples. To prepare the PVDF-carbon polymer
composite sample, 1.5 g of PVDF was mixed with 25 mL of DMF and stirred for 30 min at a
temperature of 50 degrees Celsius. Following this, 2.5 g of a carbon source was added to
the solution and mixed for an additional hour at 60 degrees Celsius. The resulting mixture
was then refrigerated for a period of 20 h to facilitate proper blending. Subsequently, the
composite was dried in an oven at 80 degrees Celsius to remove residual solvent. Finally,
to ensure thorough drying and optimise the composite properties, it was subjected toa 2 h
drying process using a solar simulator. This multi-step procedure enables the successful
preparation of the PVDF-carbon polymer composite sample, incorporating the desired
carbon source into the PVDF matrix for subsequent analysis or application. The process
was repeated for the carbon sources—hydroxy ethyl cellulose (Fluka BioChemika 54290,
CAS 9004-62-0, 99.9% purity) and lignin alkali (Sigma-Aldrich Chemie GmbH, Taufkirchen,
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Germany, CAS 8068-05-1, 99% purity). The third carbon source, camphor soot, was obtained
by the incomplete combustion of camphor tablets, as described in the literature [18]. The
base sample, PVDF, the carbon sources, HC, LG, and CS, and the polymer composites of
HC, LG, and CS in PVDEF, PHC, PLG, and PCS, respectively, were subjected to BDS studies
to understand how the TD of PVDF is modified by the incorporation of various carbon
sources. The morphology of the samples is understood from the images recorded using the
fluorescent light microscope with a digital g-color 5 camera and Olympus IX81 software.
The optical characterisation of the sample in the ultraviolet-visible (UV-Vis) and infrared
region (IR) was carried out using the instruments Perkin Elmer Lambda 650S UV /VIS
spectrometer with a resolution of 0.17 nm and Perkin Elmer Spectrum 100 equipped with
PIKE Gladi ATR in the 500-4000 cm ! range with a wavelength resolution of 0.5 cm~! and
recorded in a scan time of 5 min.

Laser-assisted photothermal techniques are employed for various TD measurement
methods because of their versatility, sensitivity, and nondestructive nature [11-13]. Pho-
tothermal techniques encompass a range of methods that utilise light to induce localised
heating in a sample for analysis and characterisation. These techniques include pho-
tothermal microscopy for high-resolution imaging of temperature variations, photothermal
spectroscopy for assessing optical absorption and thermal properties, photothermal radiom-
etry for measuring infrared emission and thermal parameters, photothermal deflection
spectroscopy for monitoring deflections induced by thermal expansion, photothermal
optical coherence tomography for subsurface thermal imaging, and photothermal therapy
for targeted medical treatments [12,14,19]. These techniques play a vital role in materials
science, biology, medicine, and environmental monitoring, providing valuable insights
into thermal properties, imaging, spectroscopy, and therapeutic applications [13,17,20,21].
Among these PT techniques, the present work employed the photothermal beam deflection
technique (BDS) to investigate the TD of the samples.

The BDS technique is a powerful method to study materials’ thermal and optical
properties [11,12,17]. It involves the deflection of a probe beam due to localised heating
induced by the absorption of modulated pump laser/excitation beam (EB) in a sample. The
periodic optical absorption results in periodic heat deposition and propagation within the
sample. When this thermal energy is coupled to the coupling medium, its refractive index
varies with the same periodicity. This leads to the deflection of the probe beam (PB), which
is directly proportional to the thermal oscillations (TOs—thermal expansion or contraction)
caused by the absorbed light. Since only the absorbed light alone contributes to the signal,
the technique is highly sensitive with a high signal-to-noise ratio, allowing for precise mea-
surement of thermal parameters. By analysing the deflection signal, valuable information
about the sample’s optical absorption coefficient, thermal diffusivity, thermal conductivity,
and other related properties can be obtained. Its non-contact and nondestructive nature
makes it a versatile tool for investigating various materials and systems.

The schematic of the BDS experimental setup [19] employed in the present study is
shown in Figure 1. A solid-state laser with an output wavelength of 375 nm and an output
power of 80 mW (Oxxius S A, LBX-375-200-CSB-PPA, Lannion, France) was selected as the
EB source. The laser beam was internally modulated in the 3-210 Hz frequency range using
a lock-in-amplifier (Stanford Research Instruments, Model SR830 DSP, Sunnyvale, CA,
USA). As the modulation frequency varied, the thermal diffusion length for collecting the
information from the entire sample, the EB, was modulated at different frequencies. A green
He-Ne laser (Melles Griot, Model 25-LGR-393-230, Carlsbad, CA, USA) with an output
wavelength of 543 nm and power of 2 mW was used for the probe beam source. Both the
beams were focused using a set of lenses (L1 and L2) (Bi-Convex, AR Coated: 350-700 nm,
Edmund Optics, Barrington, IL, USA) and adjustable mirrors (M1 and M2-Thorlabs, GmbH,
Bergkirchen, Germany) onto the sample in the holder attached to an XYZ translation stage
(Newport Motorized Linear Stage Model: MFA CC, Irvine, CA, USA). The amplitude and
phase of the deflected PB were detected using a visible quadrant cell photoreceiver (Silicon,
190-1050 nm, Newport 0901, Newfocus Model 2901) equipped with an interference filter
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(CWL 534 nm, Edmund Optics, Barrington, IL, USA). The output of the quadrant detector
was fed to the lock-in-amplifier, modulating the EB, where phase-locked detection of the
signal occurs. The lock-in-amplifier was connected to a computer for recording the data.
The BDS signal (Spps) can be mathematically described as follows [21]:

0 +o0
/ dx / dy[Re(Aa) — kIm(AD)]Iy p = Appscos(27ft + atan(@p1/Omr) + PEDS) 1

where Aa and AP represent the changes in the electric field amplitude and phase of the PB
due to its interaction with the induced TOs; K;, the detector constant; k, the wave number
of the PB; f, the modulation frequency of the EB; Apps and ¢pps, the amplitude and the
phase of the BDS signal. Here, the parameters ®,,; and ®,,r are the real and imaginary
parts of temperature oscillations induced in the fluid over the sample [11]. The derivation
of these equations can be found in the literature [21]. The excitation beam modulation
frequency-dependent amplitude and phase of the photodeflection signal were used to
extract the examined samples’ thermal properties from the experimental data using a least-
squares procedure [21]. The fitting procedure was performed on both the amplitude and
phase of the BDS signal. The fitted parameters are the thermal diffusivity and conductivity
of the examined sample, while the fixed parameters are the height of PB over the sample
(50 pm), the PB radius (40 um), and its waist position (12 cm), as well as the sample (12 cm)
and detector position (20 cm).

"

Lock-in-amplifier

XYZ- Sample

Quadrant detector

stage
Excitation laser

with filter

Figure 1. The BDS experimental setup [19].

3. Results and Discussion

The goal of the present work was the tuning of the thermal diffusivity of PVDF us-
ing CS, LG, and HC, and developing a precise understanding of its thermal and optical
properties that are essential for its applications in electronics, sensors, and barrier coat-
ings.The UV-visible and Fourier transform infrared (FTIR) spectroscopic studies reveal the
interaction of materials with electromagnetic radiation in the UV-visible and IR regions.
The UV-visible absorption spectrum of the PVDE, CS, LG, and HC is shown in Figure 2.
The absorption spectrum of the base PVDF showed a sharp peak at 222 nm, indicating the
semi-crystalline nature of PVDEF. The absorption peak is attributed to the —m* electronic
transitions that are sensitive to the molecular arrangement and crystallinity of PVDF [22].
The crystalline regions in PVDF, having a more ordered molecular structure with extended
conjugation, lead to a more pronounced absorption peak, and amorphous regions or defects
disrupt the conjugation and can diminish or broaden the absorption peak. The spectrum of
HC exhibited humps at 267 nm and 367 nm, which may be attributed to n—m* electronic
transitions. The absorbance peaks of LG obtained at 308 nm and 371 nm are due to the
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presence of aromatic rings/non-conjugated phenolic groups present in the different chro-
mophores in the lignin structure [23]. The camphor soot shows the absorbance at 253 nm
due to T — 7t* transitions of C-C and C=C bonds in sp? hybrid regions of the carbon
core [18]. Thus, from the UV-visible absorption spectrum of these carbon sources, it can
be seen that they exhibit significant absorption in the UV region, according to which the
excitation wavelength for the BDS measurement is selected.
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Figure 2. UV-visible absorption spectrum of PVDF—polyvinylidene fluoride, HC—hydroxyethyl
cellulose, LG—Lignin, and CS—camphor soot (*—absorbance at 375 nm corresponding to excitation
beam wavelength).

The interaction of the IR region of the electromagnetic spectrum with the samples’ base
material, PVDE, carbon sources, CS, LG, and HC, and the polymer composites, PCS, PLG,
and PHC, can be learned from the FTIR spectrum shown in Figure 3. FTIR spectroscopy
is a valuable tool for investigating intermolecular interactions, compatibility between
different components, and the presence of additives or fillers in the composite material. It
is beneficial for identifying functional groups in organic compounds. Functional groups
are specific arrangements of atoms that determine the chemical properties and reactivity
of a molecule. By examining the characteristic absorption bands associated with various
functional groups (e.g., carbonyl, hydroxyl, amino), the presence and concentration of these
groups in a sample can be identified [24]. The structures of HC, LG, and camphor, shown
in Figure 4, display how the functional groups are bonded in the molecule. It is worth
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noting that the amount of OH groups in the carbon sources HC and LG was greater when
compared to the camphor, from which camphor soot is produced, as shown in Figure 4.
The structure of camphor is shown in Figure 4a,b, as it is not possible to draw a structure
as with the soot.
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Figure 3. FTIR spectrum of the samples: (a) HC—hydroxyethyl cellulose, PHC-(HC-PVDF) composite;
(b) CS—camphor soot, PCS-(CS-PVDEF) composite; (¢) LG—Lignin, PLG-(LG-PVDF) composite;
(d) PVDF—polyvinylidene fluoride.
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Figure 4. Structure of (a) HC—hydroxyethyl cellulose, (b) LG—Lignin, and (c) CS—camphor soot
(adapted from Sigma Aldrich, St. Louis, MI, USA).

Table S1 in Supplementary File S1 gives the FTIR peaks and their assignments. A closer
observation of the spectra reveals that (i) the transmittance fell upon soot incorporation
compared to HC and LG, (ii) the composites exhibited the presence of OH groups that were
absent in PVDE, (iii) the transmittance of the composite in the region 2500-4000 cm~! was
between that of PVDF and the respective carbon source as observed in Figure 5, and (iv) the
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composites exhibited the signature peaks of the base and the respective carbon source. The
peaks of the samples were found to be in good agreement with the literature reports of
PVDE, cellulose, lignin, and camphor soot [24-37].
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Figure 5. FTIR spectrum of the samples in the region 4000-2500 cm~! (PVDE—polyvinylidene fluo-
ride, HC—hydroxyethyl cellulose, LG—Lignin, and CS—camphor soot, PHC-(HC-PVDF) composite,
PCS-(CS-PVDF) composite, and PLG-(LG-PVDF) composite).

The thermal diffusivity of the samples was determined by the sensitive nondestructive
BDS technique. As the samples exhibited good absorption at 375 nm, the pump beam
can generate good photothermal BDS signals. The experimental setup was standardised
by determining the known thermal diffusivity (x) of the sample aluminium, which was
obtained in agreement with the literature as 9.8 x 1075 m2-s71 [19,38]. The variation of the
amplitude and phase with the frequency (Figure 6) was used to perform a multi-parameter
fitting of the theoretical BDS signal dependences, using Eq. 1, to obtain information about
the TD of the samples. The experimental and fitted signal of the PVDE, HC, and PHC is
shown as a representative in Figure 6. The TD values of PVDEF, the carbon sources, CS, LG,
and HC, along with those of their composites PCS, PLG, and PHC are shown in Figure 7.
The BDS measurements revealed that forming a polymer composite of LG and HC helped
enhance the TD of PVDF by 237.5% and 27.5%, respectively, whereas with CS lowered the
TD of PVDF by 11.25%. This suggests the possible tuning of the TD of the base PVDEF by
making composites with suitable carbon sources, depending on the application.
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Figure 6. Experimental (Exp) and fitted (a) BDS amplitude and (b) phase for PVDF—polyvinylidene
fluoride, HC—hydroxyethyl cellulose, and PHC-(HC-PVDF) composite.
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Figure 7. Thermal diffusivity values of samples—PVDF—polyvinylidene fluoride (dotted blue
line), HC-hydroxyethyl cellulose, LG—Lignin, and CS—camphor soot, PHC-(HC-PVDF) composite,
PCS-(CS-PVDF) composite, and PLG-(LG-PVDF) composite.

The variation of TD, as shown in Figure 7, can be attributed to the variation of hydroxyl
groups, as revealed through the peaks between 4000 and 2500 cm ! in the FTIR spectrum
shown in Figure 3. Hydroxyl groups (OH) are reported to significantly impact the TD of
a material, indicating how quickly heat flows through a material. The mechanism of the
increase in TD due to the OH groups can be explained as follows. The OH bond is polar,
which means that it has a positive end and a negative end. This polarity allows the OH
bond to interact with other polar molecules, such as water. These interactions create a
network of pathways that heat can travel through. The second possible thermal energy
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propagation mechanism can be attributed to the increase in the molecular vibrations of the
molecules in a material. These vibrations can transfer heat energy from one molecule to
another, which can help to increase the rate of heat conduction. The formation of a thin
layer of water on the surface of the material increases the surface area of the material and
thereby helps to increase the rate of heat conduction. When analysed, the FTIR spectrum
and the TD measured by the BDS technique suggest that the more hydroxyl groups a
material has, the higher its TD will be. However, the sample soot with PVDF exhibited
juxtaposed behaviour compared to the other two carbon sources (HC and LG). Here, the
soot reduced the TD of PVDF due to the well-known heat trap mechanism exhibited by the
carbon allotropes—mainly the amorphous carbon in the soot.

The variation of TD of PVDF and PHC can be due to the closure of pores in PVDE, as
shown in Figure 8, as representatives. The addition of cellulose in PVDF lowers the porosity
and is evident from the optical microscopic image of PVDF and PHC shown in Figure 8a,b.
The image suggests that the incorporated particles of the carbon source are found to lower
the porosity, which is evident from the pixel intensity variations displayed in Figure 8c,d
along the yellow line shown in Figure 8a,b. The valleys in Figure 8c,d indicate the pores,
while the peaks represent the occupied positions. Adding HC to PVDF is found to lower
the number of pores in it, thereby enhancing the composite’s thermal diffusivity. The
morphological modification displayed in Figure 8 justifies the analysis detailed above. The
study suggests a method of tuning the TD of the material by way of altering the number of
hydroxyl groups and porosity. This opens up the possibility of employing PVDF-based
flexible electronic systems.
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Figure 8. Optical microscopic image of (a) PVDF—polyvinylidene fluoride and (b) PHC-(Hydroxy
cellulose-PVDF) composite and pixel intensity variations of (c) PVDF and (d) PHC along the yellow line.
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4. Conclusions

The paper presents a methodology to tune the thermal diffusivity (TD) of PVDF
by preparing polymer composites with different carbon sources (HC, LG, CS). The TD
of the samples was measured using the sensitive and nondestructive BDS technique.
FTIR analysis revealed valuable information on intermolecular interactions and functional
groups. It was observed that OH groups play a significant role in tuning the TD of the
composites. The composites LG and HC, with higher amounts of OH groups, were found
to enhance the TD, while the CS composite with a lower amount of the OH group was
found to lower it. The increased molecular vibrations due to the presence of OH groups
can be considered to facilitate heat conduction. Conversely, adding soot reduced TD due
to the heat trap mechanism of amorphous carbon in soot. Optical microscopic images
showed that incorporating carbon sources lowered porosity, influencing thermal diffusivity.
The study highlights the possibility of tuning PVDF’s TD by selecting appropriate carbon
sources for fabricating sensors and detectors in flexible electronics.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/photonics10080942/s1, Table S1: FTIR peaks and the assignments of the
samples PVDF—polyvinylidene fluoride, HC—hydroxyethyl cellulose, LG—Lignin, and CS—camphor
soot, PHC-(HC-PVDF) composite, PCS-(CS-PVDEF) composite, and PLG-(LG-PVDF) composite.
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