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Abstract

The irradiation of a poly(vinylidene fluoride) (PVDF) plate with v-rays up to 100 kGy leads to the
breaking of the chain and the formation of unsaturated bonds but practically does not have any effect
on the conformation composition of PVDF macromolecules. The main conformer, as in native PVDF,
is the 8 form. Irradiation with an IR laser leads to a noticeable carbonization of PVDF macromolecules
and is accompanied by a structural transition of polymer macromolecules from the 8 conformer to the
« conformer. In the IR spectrum of the powdered product from laser ablation of PVDF| in addition to
the absorption bands of the ablation crater, absorption bands from the parent PVDF are still present.
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1. Introduction

Poly(vinylidene fluoride) (PVDF) is a widely-used polymer with a number of unique physical and
chemical properties including mechanical flexibility, high chemical inertness, thermal stability, biocom-
patibility, lack of “cold flow,” and radiation resistance. The polymer dissolves relatively easily in aprotic
solvents and is easily processed by pressing, injection molding, and extrusion. It can be welded and
painted [1,2]. Owing to these unique properties, PVDF and other vinylidene fluoride-based polymers
rank only below polytetrafluoroethylene in terms of production volume and consumption scale in terms of
fluoropolymers [3]. Having high piezoelectric and pyroelectric characteristics, PVDF is the most promi-
sing polymer ferroelectric that can be used in a polarized state in different applications [4], including
medicine [5]. The use of PVDF as a substrate to create nano- and pico-structures from the carbon
(including quasi-one-dimensional structures) on its surface is a promising area of nanotechnology [6].
Of particular interest is production of quasi-one-dimensional carbon from PVDF, first as a model for
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the study of the physics of low-dimensional systems, and second because of the prospects for practical
applications in microelectronics and nanoelectronics, as well as in optics [7].

There are five types of chain conformations — «, 8, 7, a;, and € — in semicrystalline PVDF [8,9].
The most common is a-PVDF with the TGTG conformation form, where T and G are trans and gauche
forms of the polymer CHs—CFs groups. The S-PVDF structure responsible for the piezoelectric and
pyroelectric properties of PVDF has a flat zigzag conformation TTTT [10,11]. The ~v-structure of
PVDF has a TTTGTTTG conformation [12,13], and the «, and ¢ conformations are extremely rare.
Currently, there is significant interest in the possibility of increasing the content of the 8 modification
of PVDF, because it can give the polymer high piezo- and pyro-activity [14]. Various approaches have
been developed to initiate a structural transition in PVDF to increase the S-form crystallite content,
in particular, the method of orientation drawing of PVDF films [15-17] and the introduction of metal
particles [18] or nanotubes [19] into the polymer matrix.

~v—Irradiation doses of up to 500 kGy of the mono- and bi-axially elongated PVDF films [20] lead to
an increase in the IR absorption spectral bands of the S-PVDF conformation, consistent with a decrease
in the absorption bands due to a-PVDEF. The resistance of 5-PVDF to irradiation is apparently higher
than that for a-PVDF. In addition, polymer powders are also more resistant to irradiation than films
prepared from them. A polymorphic transition of the type a — 8 was noted [21] on irradiation of PVDF
with a dose of 5000—6000 kGy. However, the nature of such structural transitions in PVDF under the
action of radiation has not been fully established. The purpose of this work is to use IR spectroscopy to
probe PVDF irradiated with y-rays from a %°Co source and by infrared radiation from a CO, laser in
vacuum.

2. Experimental

Materials. Commercial Kynar® PVDF was purchased from McMaster-Carr Supply Company (At-
lanta, Georgia, USA) and was used as plates of 10 cm thickness.

Laser Irradiation. The process of laser ablation (LA) was carried out in a vacuum chamber system
previously described in detail [22]. A COg laser of continuous radiation “LGN-703” with a wavelength
of 10.6 pm, power of 40 W, and diameter of the laser beam on the target surface of 9 mm was used. A
window made from single crystals of sodium chloride was used to pass the laser beam into the ablation
chamber. Before the experiment, the laser was turned on for 5 min to stabilize the laser power and the
mode structure of the beam. The LA chamber was evacuated initially up to 1 Pa. The ablation process
was also performed with a continuous evacuation of resulting gaseous products of LA.

~-Irradiation. Preliminary «-irradiation of the polymers was carried out at a facility (UNU “Gammatok-
100” IPCHF RAN) with rays of %°Co source. The dose rate of y-irradiation was 0.15 Gy/s.

3. Results and Discussion

Native PVDF. A comparative analysis of IR spectra was performed to study changes in the structure
of PVDF macromolecules under the influence of IR laser and v-irradiation. A large number of peaks with
the positions of the maxima listed in Table 1 are recorded in the IR spectrum of the original PVDF in
the range 600-4000 cm ™! (Fig. 1a). The absorption bands are consistent with known literature data for
this polymer. The stereochemical conformations of PVDF can differ both in the number of characteristic
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Table 1. The Absorption Bands of the Virgin and Irradiated y-Rays and IR Laser PVDF Plates.

Dose of «-irradiation, kGy Conformation Assignment?®
o | s | o [ s | o0
IR-laser irradiation time, s
o | o | 20 | 20 | 20
Appearance of the sample
Plate ‘ Crater of the laser ablation ‘ Powder
Frequencies,® cm ™!
691vw 691vw 691vw ~—(688) §(CF2) [23]
763m 763m 763m a(763) [24] §(CF3)+46(CCC) [25]
796w 7961b 796m 796m 796m a(796) [24] 7(CHay) [23]
8415 8415 841s 8415 841s 3(840) [25] 7(CHa)—1,(CFy) [25]
877s 877s 877s 877s 877s B—(879) [25] v (CC)4v,(CF2) [25]
975m 975m 975m a(975) [24] 7(CHz) [23]
1071s | 1071s | 1071s | 1071s | 1071s B—(1073) [25] Va(CC)-w(CF3)+w(CHy) [25]
1177s 1177s ~v(1176) [23] vs(CFy)+7(CHa) [23]
1183s | 1183s | 1183s a(1182) [25] Vs (CFa)+7(CHy) [25]
12091b | 12091b | 12091b a(1209) [24] Va(CFy)+w(CH,) [25]
1240w | 1240w | 12401b | 1240lb | 1240Ib v(1234) [24] Va(CF)+w(CH,) [23]
1277s | 1277s | 1277s | 1277s | 127Tm B(1275) [24] Vs (CFa)—v,(CC)+ 6(CCC) [25]
13831b 13831b 13831b a(1383) [24] 0(CHz)4w(CHz) [23]
14015 1401s 14025 1402s 1401s 5(1401) [25] w(CHy)—14 (CC) [25]
1431m | 1431m | 14311b | 14311b | 14311b 3(1431) [24] §(CHy)—w(CHa) [23]
1453vw | 1453wv | 1453vw | 1453vw | 1454vw d.(CH3) [26]
1599w 1599w 1599w v(C=C) [26]
1624w | 1624w | 1624w v(C=C) [26]
1711vw 1715m 1715m 1715m v(-CH=CF3) [27]
1742w v(>C=CFs) [27]
1753vw 1753w 1754vw vs(C=0) [28]
2853w | 2853w 2855vw 3(2850) [29] vs(CHa) [30]
2024m | 2924w 2924vw | (B + )(2890) [29] Va(CH,) [30]
2936vw va(CHz) [28]
2957vw v.(CHz) [30]
2078b | 2978lb 2078vw 3(2978) [23] vs(CHa) [23]
2086vw 2086vw a(2986) [23] vs(CHa) [23]
3018vw | 3018vw 3018w 53(3020) [23] Ve (CH2) [31]]
3024w | 3024w | 3024w a(3026) [23] vo(CH,) [31]

“Relative intensity, here: s (strong), m (medium), w (weak), vw (very weak), and lb (line bend).

®Type of vibration, here: v, (antisymmetric stretching vibrations), v, (symmetric stretching vibrations), w (“wag-

ging” vibrations), 0 (deformation vibrations), and 7 (torsion vibrations). The signs “+” and “—” show the phase

relationships.
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absorption bands and in their intensity. The types of conformations of macromolecules of the studied
samples and the corresponding assignments from the literature are given in Table 1.

(a)

(b)

c

© Fig. 1. IR spectra of the virgin PVDF (a)
(d) and PVDF irradiated with y-rays (b, d) and
IR laser beams (c, ). Sample (d) is sub-
jected to laser ablation after v-irradiation;
here, dose of ~v-irradiation is 100 kGy, and
(e) IR irradiation time is 30 s.
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The intense absorption bands with peaks at 841, 877, 1071, 1177, 1277, and 1400 cm™! in the
mid-frequency region of the IR spectrum are associated with stretching and deformation vibrations of
various fragments of the PVDF macromolecule. In the high-frequency region, low-intensity peaks in a
wide band in the range from 3050 to 2800 cm~! are due to the asymmetric (2924 and 3018 cm~!) and
symmetric (2853 and 2978 cm™!) stretching vibrations of CHy groups in the sp? valence state, as well
as asymmetric stretching vibrations of terminal CHsz groups (2959 cm~!). The striking differences in
the absorption spectra of various conformational modifications of PVDF make it possible to analyze its
phase composition. According to the previous work [23], the absorption band of the CHs group in the
IR spectrum of two-phase PVDEF is represented by two peaks, each of which contains the contributions
of a (2986 and 3026 cm™!) and 3 (2978 and 3020 cm™!) conformers. An analysis of the IR spectrum of
virgin PVDF (Fig. 1a) shows that its macromolecules contain only sequentially alternating trans units
of the S-phase with characteristic absorption bands at 2.978 and 3.020 cm™!.

~-Irradiated PVDF. The IR spectrum of ~-irradiated PVDF (Fig. 1b) is largely identical to the
spectrum of the virgin polymer. Some of the differences between them are the reduction in the intensity of
the absorption bands at 2924 and 2853 cm ™! associated, respectively, with antisymmetric and symmetric
stretching vibrations of C—H bonds in the CHg group (Fig. 2). This effect is apparently due to the partial
carbonization of PVDF macromolecules during radiolysis and decrease in the number of C-H bonds.
Another feature of the IR spectrum of ~-irradiated PVDF is the appearance of very weak absorption
bands at 1742 and 1711 em~! (Fig. 2). These bands have been assigned [27] to the C=C stretching
vibrations in vinylidene >C = CF4 and vinyl — CH = CFy groups, respectively. These groups correspond
to terminal groups due to breaking of C-C bonds and loss of hydrogen atoms. Thus, the irradiation of the
polymer with y-rays from %°Co with a dose of up to 100 kGy leads to breaking of the chain backbone and
the formation of unsaturated bonds but does not affect the composition of PVDF conformers (Table 1).
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The main conformer of irradiated PVDF is S-PVDF, as in the origin polymer chain. There is also the
possibility of the detachment of hydrogen and fluorine atoms as HF leading to — HC = CF — linkages where
the polymer backbone is not broken, as observed for X-ray irradiation of PVDF with X-rays generated
from a Cu source. This apparently is not an important process here.

IR-Irradiated PVDF. A completely different picture arises in samples treated with IR radiation from
a COy laser as the mechanism of the interaction of this wavelength and intensity of light with the
polymer is fundamentally different. The energy of a vy-quantum from %°Co (1.2 MeV) can dissociate
any intramolecular bond, but the heating of the irradiated sample is relatively low under our conditions.
In contrast, the quantum energy of IR radiation is completely insufficient for electronic excitation and
cannot lead to dissociation of intramolecular bonds. The interaction of IR radiation with the polymer
occurs by the excitation of thermal vibrations.

An intense heating of the irradiation zone leads to the dissociation of chemical bonds (thermal de-
struction) of the polymer under high-intensity IR radiation, which ensures a sufficiently high density
of absorbed power in the polymer. The resulting fragments of macromolecules with various molecular
weights evaporate due to ablation of the polymer. At the same time, the macromolecule fragments pass
into the ablation flow. Their binding energy with neighboring molecules is less than the strength of
intermolecular bonds.

The process of laser ablation of the polymer can be divided into the following stages: (i) the initial
period of heating of the surface layer of the polymer target and its melting; (ii) the forcing of the melt
from the center of the irradiation zone to the periphery, a process that also occurs in subsequent stages;
(iii) the ablation of the degradation products from the macromolecules, which carry along a microdroplet
as a low-viscosity melt. As a result of the processes occurring in the second and third stages, a structure
is formed with the characteristic shape of a funnel with a melt roller on the periphery (crater of ablation).

Micromelt droplets carried by the intense molecular flow from the crater are deposited on the surfaces
surrounding the target in the form of a layer of micropowder. Such a component of the ablation flow is
characteristic of many thermoplastic polymers that are not able to cross-link during laser irradiation [32].
Characteristically, the ring around the ablation crater and the melt inside it has a brownish color, the
saturation of which increases as the irradiation time increases. This indicates an increase in the number
of defects in the laser-modified material as a result of accumulation of molecular chains with double bonds
and/or radical centers.

Figures 1 and 2 show the IR spectra of the products of laser exposure to PVDF': the material of the
crater formed during ablation of the virgin (spectra labeled as ¢) and ~-irradiated (spectra labeled as d)
polymer, as well as powder deposited on the surface installed in front of the ablative flame (spectra labeled
as e). They differ markedly from the IR spectra of the virgin (spectra labeled as a) and ~v-irradiated
polymer (spectra labeled as b).

In the spectrum of the crater material resulting from the ablation of the virgin PVDF, new absorption
bands at 763, 975, 1183, 1209, 1599, 1624, 1715, 1753, 2981, 3024, and 3041 cm~! grow in, and this is
accompanied by the disappearance of the absorption bands with frequencies 1177, 1742, 2853, 2924, 2959,
2978, and 3018 cm™—!.

The appearance of the absorption bands of the PVDF macromolecule fragments with unsaturated
bonds at 1599, 1624, 1715, 1753, and 3041 cm ™! indicates a marked dehydrofluorination of the polymer
macromolecules. The resulting C =C bonds are observed at 1624 cm™', while the C=C conjugated
bonds are red-shifted to 1599 cm™!, which is associated with the bathochromic effect. The appearance
of the latter in the polymer is accompanied by the appearance of a yellow color up to brown depending
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Fig. 2. Expanded IR spectra in different spectral regions of the virgin PVDF (a) and PVDF irradiated with
~-rays (b, d) and IR laser beam (c, e). Sample (d) is subjected to laser ablation after y-irradiation; here, dose of
~-irradiation is 100 kGy, and IR irradiation time is 30 s.

on the degree of conjugation.

The absorption bands appearing at 763, 975, 1183, 1209, 2986, and 3024 cm™! correspond to the
a-conformer of PVDF. The absorption bands at 2853, 2978, and 3018 cm™!, which disappear during the
laser ablation, are characteristics of the S-polymer conformer. Consequently, under the action of IR laser
beam, there is a structural transition of the polymer from the 5- to the a-conformer.

A comparative analysis of the IR spectra of the surface layers of craters formed by laser ablation
of the virgin (Figs. 1¢ and 2c¢) and v-irradiated PVDF (Figs. 1d and 2d) shows that they are similar
(Table 1). The difference between the spectra is the presence at 2855 and 2936 cm™!, and the absence
at 3041 and 2981 cm ™!, of very weak absorption bands in the spectrum of the crater from ~v-irradiated
PVDF. The largest number of absorption bands are observed in the IR spectrum of the powder formed
during laser ablation (Fig. 1d). In its spectrum, in addition to all the absorption bands in the spectrum
of the ablation crater material, are the bands at 691, 2924, 2978, and 3018 cm ™!, which are found in the
spectrum of the virgin PVDF (Fig. 2d).

4. Summary

~v—Irradiation of PVDF under our conditions led to backbone C—-C bond cleavage and the formation
of shorter polymer chain lengths. This is accompanied by the formation of C=C terminal bonds, but
the remaining part of the PVDF has essentially the same conformational properties as that of the virgin
polymer, the S-conformation. Significant transformation of the structural-conformational state of PVDF
occurs under the action of IR laser radiation in the ablation mode in vacuum. The most modified material
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is a micropowder with a low molecular weight formed during ablation and is initially ejected from the
crater in the form of microdrops of the polymer melt. The products of IR laser irradiated virgin and
~-irradiated PVDF consist mainly of molecular chains containing a-conformers. In contrast to both types
of irradiation noted here, X-ray irradiation can lead to carbonization and the formation of unsaturated
bonds as well as polyenyl and alkyl radicals [33]. Thus, different types of irradiation on PVDF lead to
very different types of products. Although, the differences can clearly be observed, it is far more difficult
to pinpoint the prevalent mechanisms due to differences in the energy fluence, the energy of the individual
photons, the irradiation times, and the mode of irradiation in terms of the focal point.
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