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Abstract

Polyvinylidene fluoride (PVDF) is an industrial polymer with many applications. The EPR
spectrum of polyvinylidene fluoride (PVDF) irradiated by y-rays at low temperature (-196°C)
provides evidence for the presence of radicals formed by loss of a fluorine atom from PVDF, and
polyenyl radicals. Polyenyl radicals dominate in the polymer irradiated at room temperature.
Peroxide radicals formed as a result of oxidation of primary free radicals by atmospheric oxygen
are observed in the EPR spectrum of a polymer irradiated in air, or when air is introduced to a
polymer irradiated in a vacuum. Carbonization and oxidation of y-irradiated PVDF were
observed in the XPS spectrum. A model for polymer degradation based on correlated G3(MP2)
molecular orbital theory electronic structure calculations is described. The presence of HF in the
products and a low yield of products with the composition CxFyH, indicate the absence of
noticeable thermal destruction of the main polymer chain upon heating to 220 °C of both the

initial and y-irradiated PVDF. Although any HF released during the PVDF dehydrofluorination
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would be toxic, a study of the acute toxicity of y-irradiated PVDF showed that the polymer does

not exhibit toxicity after a single intragastric route of administration to mice.

Keywords: Yy-irradiation, polyvinylidene fluoride, EPR, correlated G3(MP2) molecular orbital

theory, predicted decomposition thermodynamics, acute toxicity.



1. Introduction

Polyvinylidene fluoride (PVDF) is an industrial polymer [1,2,3,4] with high strength (up
to 90 MPa) that does not have a cold flow under load, has an increased elasticity, and is resistant
to abrasive wear. Low molecular weight PVDF dissolves relatively easily in aprotic solvents and
is also easily processed from the melt at relatively low temperatures at all molar masses. The
operating temperature range of PVDF is from -40 °C to 135 °C. Due to its increased resistance to
backbone bond cleavage from ionizing radiation and ultraviolet light, [2,5] PVDF is a promising
fluorine-containing polymer for use in nuclear power and new technologies. A number of
studies of the effect of wvarious types of radiation on PVDF have been reported.
[6,7,8,9,10,11,12,13,14,15,16,17,18,19] It is known [5] that during the radiolysis of partially
fluorinated polymers, such as PVDF, crosslinking and destruction of the polymer chain can
occur simultaneously. The relative rates depend on the irradiation conditions and the fluorination
of the polymer. Under certain conditions of radiolysis, PVDF can undergo preferential
crosslinking in vacuum. [5] The results obtained by Long [11] made it possible to determine the
values of the radiation-chemical yield of crosslinking (Ge = 2.0) and destruction (Gg = 0.3)
during the course of y-irradiation of PVDF.

The main molecular product of the radiolysis [1] and pyrolysis [20] of PVDF is hydrogen
fluoride. The process for radiation dehydrofluorination of PVDF has been described in detail.
[6,8,9] This process can give the polymer new useful physical and chemical properties, [1,6] and
the carbon-carbon bonds formed by loss of HF can be interconnected to form chain structures
with either double (polycumulenes) or alternating single and double (polyene) carbon-carbon
bonds. [21,22] The ready elimination of highly toxic HF from the PVDF macromolecule may

make it dangerous to use materials based on PVDF in the presence of certain chemicals,



radiation, heat, etc., that can initiate the HF elimination. HF elimination may also occur during
the initial melt processing of PVDF as this is outside the normal operating temperature range of
PVDF. This prompted an investigation of the effects of y-irradiation on the acute toxicity of
irradiated PVDF. A reason to pursue this study is that PVDF has novel piezoelectric and
pyroelectric characteristics, so it is a promising ferroelectric polymer that can be used in a
polarized state in different applications [23], including the medical field. [24] Even though
irradiation of PVDF has been previously studied, there are still questions on the mechanism of
how the polymer changes as well as how the HF elimination occurs. We have studied the
molecular-topological structure of PVDF after irradiation with y—rays from %°Co [25], from an
infra-red laser [26], X-rays [27], accelerated MeV protons [28], and helium ions. [29] The
purpose of the current investigation is to use X-ray photoelectron spectroscopy (XPS), electron
paramagnetic resonance (EPR), and computational models to study Yy-irradiated PVDF, as well as
to determine the acute toxicity of the irradiated polymer. The results of this study will inform the
community about the proper conditions for the use of PVDF in applications where y-rays are
present, such as nuclear power and the medical field.
2. Results and discussion

It is known [1] that the appearance of unsaturated bonds during y-radiolysis of PVDF is
accompanied by the release of HF. The process of releasing HF from PVDF has some
similarities to the evolution of H> during the radiolysis of hydrocarbon polymers such as
polyethylene (PE). However, there is a significant difference in the processes of y-radiolysis of
PVDF and PE as the radiation chemical yield of paramagnetic centers in PVDF (Gr = 2.2 [30]) is

significantly lower than in PE (Gr = 6.4 [31]). A paramagnetic center yield that is lower than in a



hydrocarbon polymer is a characteristic of y-radiolysis of all fluorine containing polymers,
especially for polytetrafluoroethylene (Gr = 0.4 [32]).
2.1. EPR spectra of Virradiated PVDF.
EPR spectra of the irradiated polymer were taken to determine the nature of the radicals formed
during y-radiolysis of PVDF. Figure 1a shows the EPR spectrum of PVDF irradiated at -196 ° C.
At low temperatures, the anisotropic hyperfine splitting on the alpha fluorine atoms is not
averaged and can reach up to 20 mT. [33] Thus, we assign the singlet with a width of ~ 17 mT in
Figure 1a to a radical with one alpha fluorine atom, which is formed by radiolytic detachment of
a fluorine atom from the PVDF macromolecule as given in reaction (1) to form R; radical
[CH,CF,CH.CF,J— ICH,C'FCH.CF:0(Ry) + F (1)
species. On the sides of the wide singlet band, there is a doublet with a splitting of 50.4 mT
attributed to trapped hydrogen atoms formed during the radiolytic rupture of C-H bonds in
PVDF. An increase in the y-radiation dose to 600 kGy leads to a linear increase in the intensity

of all components of the EPR spectrum. The EPR results are summarized in Table 1.
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Figure 1. EPR spectra of PVDF irradiated with y-rays of %°Co. Dose of y-irradiation is 600 kGy
(a, b, ¢) and 140 kGy (d, f). The irradiation temperature is -196 °C (a, b, c, f) and 27 °C (d). The
temperature of recording of the EPR spectra was at -196 °C (a, f) and 27 °C (b, c, d) before (a, b,
f) and after storage of the irradiated samples at room temperature for 24 hours (c ,d). Spectrum e
was obtained by subtracting spectrum d from spectrum b.



Table 1. Experimental EPR hyperfine splitting (HFC in mT) and computational model
assignments.

HFC Figure | Assignment

17 la LCH,C'FCH2CR:L (Ry) oF

50.4 la H

29 1b Group of radicals

11 1b LCH,C'FCH2CE:L (Rp) aF at 27 °C

2.6 1b LCH.C'FCH2CE:L (R BH

3.7 1d Higher conjugated CH3CF.C'HCF=CHCF=CHCH3 aF
3.2 1d Higher conjugated CH3CF.C'HCF=CHCF=CHCH3 aF

When a polymer sample irradiated at -196 °C is heated to room temperature, most of the
paramagnetic centers are eliminated. The spectrum of paramagnetic centers that remained stable
at room temperature has a poorly resolved hyperfine structure with a total width of about 29 mT
(Figure 1b), which may encompass a range of radical sites. The intensity of the signal of
paramagnetic centers stable at room temperature is almost three orders of magnitude lower than
the intensity of the initial EPR spectrum of the polymer irradiated at -196 °C (Figures 1a and 1b).
In the spectrum of paramagnetic centers stabilized at room temperature, one can distinguish lines
with splittings of 11.0 mT and 2.6 mT, assigned to hyperfine coupling (HFC) in the radicals Rp
with values agF = 11.0 mT and agH = 2.6 mT. The HFC constants of this radical are close to the
values (aF = 10.9 mT and agH = 2.5 mT) reported previously. [34]

Radiolytic dissociation of a hydrogen atom from a PVDF macromolecule results in the
formation of radicals with one alpha hydrogen atom (R) as given in equation (2).

[CH>CF,CH>CF,J— [ICH,CF,C'HCFJ(Rn) + H* 2)
It was not possible to distinguish characteristic lines of the radical Ry in the spectrum of PVDF
irradiated at -196 °C. This is due to the relatively low content of the Ry radicals in irradiated
PVDF, and, as a result, their EPR signal is covered by the background of the intense spectrum of

Rr radicals. According to the literature, [30,34] an unpaired electron interacts with one o



hydrogen and four equivalent B fluorine atoms in the macroradical Ry leading to a doublet of
quintets in the EPR spectrum. However, the literature values report somewhat different HFC
constants for the fluorine and hydrogen atoms in Ryi: aoH = 1.6 mT [30], acH = 2.3 mT [34], agF
=5 mT [30], and agF = 4.25 mT. [34] Thus, the observed EPR spectra of PVDF irradiated at -
196 °C show that the dominant species are macroradicals formed when a fluorine atom is
detached from the PVDF macromolecule. The EPR spectra of stable radicals change during
storage of irradiated polymer at room temperature leading to an increase in the relative intensity
of the central part of the spectra as observed in Figures 1b and Ic.

A singlet is observed in the EPR spectrum of PVDF irradiated at room temperature
(Figure 1d). Its width narrows with an increase in the radiation dose. After irradiation of the
polymer by doses of 100 and 350 kGy, the singlet widths are 3.7 mT and 3.2 mT, respectively.
Similar singlet lines in the EPR spectra of y-irradiated hydrocarbon and hydrogen/fluoride
polymers have been reported and attributed to polyenyl radicals. [35] The width of their singlet
spectrum narrows with increasing length of the conjugated chain. So, at n = 2 (n is the number of
double bonds in the polyenyl radical), the singlet width in PE is 4 mT, and at n = 10-12, it has
narrowed to 2.5 mT. The narrowing of the singlet width with an increase in the y-radiation dose
is due to a decrease in the spin density at each carbon atom because there is an increase in the
conjugation length leading to an increase in the delocalization of an unpaired electron over a
larger number of polyene carbon atoms. This leads to an increase in the number of unresolved
HFC components and to a narrowing of the envelope. Polyenyl radicals, due to delocalization of
the radical site over the adjacent unsaturated bonds, have a lower chemical reactivity, and are

characterized by higher thermal stability. This contributes to an increase in the proportion of



polyenyl radicals in the EPR spectrum of the polymer irradiated or recorded at room
temperature.

Figure le shows the spectrum obtained by subtracting the spectrum (Figure 1d) of
polyenyl radicals from the spectrum (Figure 1b) of radicals remaining after heating up to room
temperature of a PVDF sample irradiated at -196 °C. In Figure le, there is a doublet of quintets
from the Rj radical with HFC constants: a,F = 11.0 mT and agH = 2.6 mT. Thus, the EPR
spectrum of a PVDF sample heated up to room temperature after irradiation at -196 °C contains
the spectra of Riradicals and polyenyl radicals.

The characteristic lines of the EPR spectrum of the “terminal” radicals LICH>-C°F> and
[ICF>-C'H> that could be formed during C-C bond breaking were not observed in the spectrum of
irradiated PVDEF. Their absence could be due to the “cage effect” of radical pairs, leading to
mutual recombination of such radicals in the cage or their disproportionation in the cage with the
formation of a terminal unsaturated bond. In addition, for high molecular weight polymers, the
radicals produced by cleavage of H or F from a terminal ~CH3 or ~CF; will be of low intensity
due to the low concentration of terminal groups. Thus, the formation of alkyl and polyenyl
radicals is the dominant process of PVDF radiolysis.

The appearance of polyenyl radicals in irradiated PVDF can be the result of a number of
successive radiation-induced chemical processes. The probability of the polyenyl radical
formation increases with the radiolysis temperature and is associated with an increase in the
probability of the formation of isolated or conjugated C=C double bonds. In general, before,
during, or after the formation of unsaturated bonds in PVDF, hydrogen or fluorine atoms are

detached from the polymer molecule. As more hydrogen and fluorine atoms are removed, if the



sites from which they removed from are close to an already generated radical site, then formation
of polyenyl radicals can occur as observed in the EPR spectra of the irradiated PVDF.

Figure 1 (a-e) shows the EPR spectra of PVDF samples irradiated in vacuum. If the
polymer was irradiated in air, then a broad asymmetric line is recorded in the EPR spectrum at -
196 °C, which is characteristic of randomly oriented and rigidly fixed peroxide radicals (Figure
1f). [35] A similar spectrum of the peroxide radicals is also recorded if air was introduced into an
ampoule with PVDF initially irradiated in vacuum. Obviously, the formation of peroxide radicals
is the result of the oxidation of primary macroradicals stabilized in the irradiated polymer.

2.2. XPS spectrum of y-irradiated PVDF

The effect of irradiation on the chemical composition of PVDF was investigated by XPS.
Figure 2a shows a survey XPS spectrum of un-irradiated PVDF. In addition to the carbon (C 1s)
and fluorine (F 1s) peaks, oxygen (O 1s) and nitrogen (N 1s) peaks were also recorded. A Na Is
peak was found in the irradiated material, this is likely a trace contaminant introduced during
sample preparation and processing and should not be regarded as scientifically important. The
recorded Cls peak can be decomposed into C-C (284.9 eV) and C-F (290.8 eV), Figure 3. The
Cls line with a binding energy (Ev) equal to 290.8 eV corresponds to carbon atoms of the >CF»
groups. [36] The Fls spectrum exhibits an intense C-F peak (688.0 eV) and a low-intensity broad
peak centered at 677.9 eV. The binding energy of 688.0 eV is typical for Fls in PVDF and
corresponds to a C-F bond in CF.. [37] The recorded Ols line with Ey, = 532.2 eV is
characteristic of molecularly chemisorbed oxygen (532.2 eV). In the Cls spectrum of the
irradiated polymer, a weak peak appears in the range of 287.8-288.0 eV characteristic of
carbonyl >C=0 groups. [11,38] The N1ls peak is likely caused by slight atmosphere inside the

XPS system during measurement.
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Figure 2. Survey XPS spectra of (a) initial PVDF and (b) the PVDF irradiated with y-rays at a

dose 100 kGy

The position of peaks in the XPS spectrum does not change after y-irradiation of the
PVDF (Table 2). A comparative analysis of the spectra of the Cls, Fls and Ols lines in the
initial (Figure 3a) and irradiated PVDF, Figure 3b, indicates a change in their relative intensities
as a result of irradiation. After y-irradiation, the intensities of the Cls and Ols peaks increased
and the intensity of the Fls peak decreased. This suggests carbonization of the near-surface layer
of the irradiated PVDF is occurring which is associated with radiation-chemical transformations

with release of HF. HF release leads to formation of unsaturated bonds during the radiolysis of
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PVDF. The increase in the Ols peak is most likely the result of the oxidation reaction of the free
radicals stabilizing on the surface of irradiated polymer by reacting with atmospheric Oz, due to
air exposure, to form peroxide sites. Thus, y-irradiation decreases the fraction of fluorine by 6.8
atomic% and increases the amount of carbon and oxygen by 3.9 atomic% and 3.7 atomic%,
respectively (Table 2). In the irradiated PVDF sample, the ratio of the content of fluorine and
carbon [F/C] = 0.16 is significantly lower than the ratio of these elements on the surface of the
initial polymer [F/C] = 0.27. Irradiation with y-rays leads to a decrease in the number of fluorine
relative to the starting material.

2.3. Thermal stability of the irradiated PVDF.

The curves of the differential thermal analysis (DTA) before (curve 1) and after (curve 2)
y-irradiation of PVDF with a dose of 100 kGy are shown in Figure 4. The DTA curve of the un-
irradiated polymer shows a broad melting peak in the temperature range from 145 °C to 195 °C
with two minimum points at 167 °C and 169 °C and a shoulder at 176 °C. The observed
minimum points and shoulder are related to different crystalline forms of PVDF. The existence
of at least four (o, B, y, 0) crystalline modifications of PVDF has been reported. [39] The
minimum point in the melting peak of 167 °C on the DTA curve of the polymer is in agreement
with the melting point of 167.4 °C previously reported for PVDF. [39]

The endothermic melting peak of irradiated PVDF with a dose of 100 kGy has the same
broad peak from 135 °C to 182 °C as the melting peak of the initial polymer, but it is shifted by
about 10 °C to lower temperature. There are three minima at 155 °C, 160.6 °C, and 165.9 °C on
the DTA curve of irradiated PVDF. They are also shifted to lower temperature as compared to
those in the DTA of the un-irradiated polymer. This decrease in the melting temperature of

PVDF due to increasing the irradiation dose is consistent with previous reports. [40]
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Figure 3. Extended Cls, Fls and Ols XPS spectra of (a) initial PVDF and (b) the PVDF

irradiated with y-rays at a dose 100 kGy.

Table 2. Elemental analysis of PVDF before and after y-irradiation, from XPS.

Dose, Cls Fls Ols Nls
kGy
0 Ep, eV 290.8(CF>) 688.0(CE) 531.8 407.3
284.9(CC) 677.9 532.2
284.5(CC)
atomic % 68.3 18.5 12.1 1.1
100 Ey, eV 290.5(CE) 688.0(CE) 532.4 408.6
284.8(CC) 688.2(CE) 532.9
atomic % 71.2 11.7 15.8 1.3
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Figure 4. The temperature curves of DTA for PVDF before (1) and after y-irradiation with a dose

of 100 kGy (2).

The temperatures of devitrification of a low-temperature amorphous block (-22 °C), of
melting of two crystalline blocks (at 17 °C and 27 °C), and of the onset of molecular mobility in
two higher temperature amorphous blocks (49 °C and 113 °C) in PVDF were determined by
thermomechanical spectrometry. [41] The final phase transition on the thermomechanical
analysis curve is molecular flow of PVDF at 164 °C. Comparison of the DTA curves in Figure 4
with the curves of thermomechanical analysis of initial and irradiated PVDF [41] showed that the
polymer melting peaks recorded on the DTA are in agreement with those for the temperatures of

molecular flow determined by thermomechanical analysis. The data obtained by

14



thermomechanical analysis [41] and the DTA shown in Figure 4 indicate the absence of a
completely crosslinked structure in y-irradiated PVDF with a dose of 100 kGy.
2.4 Mass spectrometry of gaseous products

The results of the mass spectrometry of the gaseous products resulting from the heating
of the initial and y-irradiated PVDF to 220 °C are given in Table 3. The order of decrease of the
quantity of the released products in a mixture of products (m/z (gross formula)) are: m/z = 20
(HF) >> m/z =28 (C2H4) = m/z = 19(F) > m/z =38 (F2) >m/z=1 (H) > m/z= 16 (CHs) > m/z =
14 (CH2) 2 m/z = 2 (H2). The results in Table 3 show that the composition of gaseous products
released during heating of the initial and irradiated polymer is similar. The presence of a large
amount of HF, F, F>, and H as products, and a low yield of products with the composition
CxFyH; indicates the absence of noticeable thermal destruction of the PVDF backbone. This is
due to the low heating temperature of the samples (only up to 220°C). This temperature is much
lower than the temperature of the onset of effective thermal destruction of PVDF at 360 °C.
[39,40]. Thus, HF is the main product of the thermal destruction of PVDF on heating to 220°C,
as in the pyrolysis of PVDF. [20] y-irradiation of PVDF promotes its thermal degradation and

increases the HF content in the gaseous products released on heating.

HF was a significant product from polymer transformation during radiolysis by a
relatively small dose of y-irradiation or heating of PVDF up to the melting temperature. HF was
also released when the irradiated polymer is stored at room temperature. Visual observation of
the storage container showed noticeable traces of a white film on the surface of the vessel due to

the release of HF after 2 to 3 days of storage of irradiated PVDF. The deposit increased over
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time. Thus, according to the available data, the process of HF release during storage of irradiated
PVDF does not slow down with time. Additional experiments are planned to address this issue.
As aresult, an easily removable white deposit forms on the surface of glassware used for storing
irradiated PVDF. It dramatically reduces the transparency of the glass and a roughness appears,

consistent with the effect of hydrofluoric acid on the glass surface.

Table 3. Tentative assignments for gas products of PVDF samples before and after y-irradiation

and heating to 220 °C.
Fragment m/z 0 kGy 100 kGy
H 1 22.22 16.67
H» 2 7.41 2.78
CH> 14 7.41 8.33
CH4 16 11.11 11.11
F 19 114.81 127.78
HF 20 233.33 288.89
CoHy 28 114.81 136.11
P 38 62.96 50
C3H3® 39 114.81 111.11
Ar? 40 100 100
CoH PP 49 7.41
CsF:Hs 80 2.78
CoFs°© 81 5.56
C.Fs:Hz 84 2.78
C,F3H4 85 3.7 5.564
CF;0Hz° 87 2.78
C3H4F, 116 7.41 5.56
C4FsHy® 145 2.78
C4FsHq4f 147 3.7 5.56

4 Background peak

b Tentative assignment.

¢ An additional possibility is C3F2Hy

4 Could also contain CF;0 after irradiation
¢ An additional possibility is C4FsOHjs
 An additional possibility is C4FsOH7

2.4 Electronic Structure Calculations and Mechanistic Considerations
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We first benchmarked the energetics at the G3(MP2) level for the simple model reactions
given in Table 4 as compared to reliable experimental results from the Active Thermochemical
Tables (ATcT). [42,43,44] The calculated energies are within 4 kJ/mol of the experimental

values with the latter having errors less than +4 kJ/mol.

Table 4. G3(MP2) Benchmarks of Model Reactions in kJ/mol at 25 °C.

Reaction AH calc AH expt

CH4 + FF — C'H3 + HF -135.2 -131.0
CHs3F + H' — C'H3 + HF -112.5 -108.8
HF - H +F 570.8 569.9
CHy —»CH; +H’ 435.7 438.9
CH3F - CH; + F 458.3 461.5
CH3CH>F — CH»=CH> + HF 48.6 52.9
CH3;CHF, — CH>=CHF + HF 85.8 85.8

The reaction energies calculated at the G3(MP2) level for models of the reactions for
radiolysis of PVDF are given in Table 5. We use CH3CH,CF.CH>CF,CHj3 as our model for
PVDF. The C-F and C-H bond dissociation energies (BDEs) are larger than the C-C BDE given
by reaction (3). Use of a larger model for the chain (reaction (3a)) did not substantially affect the
C-C BDE.

[CH,CF,CH>CF,[J— [ICH:CE;" + "CH:CF:[J 3)

The reactions with the lowest endothermicities, reactions (3) and (3a), were not observed
experimentally as y-radiolysis predominantly breaks C-H and C-F bonds rather than intrachain
C-C bonds which quickly recombine due to the cage effect. [45] The cage effect is that the
radicals generated by breaking a C-C bond do not have time to escape the region they are in due
to the size of the chains and C-C recombination occurs. The cleaved H and F atoms can abstract

adjacent hydrogen or fluorine atoms from both radical or neutral macromolecules leading to the
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formation of HF and a C=C bond, eliminating the radical center. Reactions (4) and (5) are highly

exergonic
Ri + F — UCHz- CF=CH-CF:U+ HF 4)
Ru + H" — [CH>-CF=CH-CF:UJ+ HF (5)

Table 5. Reaction Energetics at the G3(MP2) Level at 25 °C in kJ/mol for Mechanism

Development.

Reaction # Model Reaction AH AG

1 CH;CH:CF.CH->CF.CH3; — CH3CH.C'FCH,CF.CH3 + F 500.4 454.9
2 CH;CH>CF.CH>CF,CH3 — CH3CH>,CF.C'HCF,CHs + H® 426.1 387.0
3 CH;CH,CF.CH,CF.CH3; — CH3;CH,C'F; + C'H,CF,CHj3 388.2 327.1

CH;CF,CH,CF,CH;CF.CH,CHs — CH3;CF.CH.C'F, + | 381.8 318.6
3a C'H,CF,CH,CHj3;

CH3;CH.C'FCH.CF.CH3 + F — CH3;CH.CF=CHCF.CHs + | -416.3 | -417.8
4 HF

CH;CHCF.C'HCF.CH3 + H — CH3CH,CF=CHCF>CH3 + | -342.0 | -349.8

5 HF
6 CH;CF,CH>CF,CH,CH3; — CH3;CF.CH=CFCH>CH3 + HF | 84.1 37.2
CH;CF,CH>C'F; + C*H,CF.CH,CH3 — -276.2 -269.4
7 CH;CF,CH=CF; + CH3CF,CH.CH3
CH;CF.CH.CF.CH,CHs + CH3CH,CF.CH,CF.CHs — | 355.6 298.6
8 CH;CF,C'HCF,CH.CH3 + HF + CH3CH>C'FCH,CF>CH3

CH;CF.CH2CF.CH,CF,CH>CH; — CH3CF.CH=CF. + | 105.6 49.2
9 CH:CF.CH2CH3

CH;CH>C’FCH,CF,CH3 + CH3CH,CF,C'HCF,CH3 — -347.3 -268.7
F2 Fa
C C
N\ \( .
52 CF
10 / \/ \/
11 CH;CH,CF>CH,C'F, — CH3CH>CF.C'H> + !CF, 236.3 184.6
12 CH;CH,CF>C'H, — CH3CH,C'F> + 3CH>» 42477 376.2
13 CH;CF,CH2CF.C"H2 — CH3CF.CH2C'F> + *CH> 417.5 368.3
14 CH;CF,CH-C'F> — CH;CF.C'H; + 'CF, 235.8 184.1

but less so than the energy needed to break the bonds given by reactions (1) and (2). The

formation of double bonds can also occur by direct elimination of HF from PVDF, bypassing the
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stages of formation of macroradicals Rr and R as given by reaction (6). Note that summing
reactions (1)

[ICF,-CH;-CF,-CH;[1— [ICF,-CH=CF-CH.[1+ HF (6)
and (4) or reactions (2) and (5) gives reaction (6). The overall loss of HF from
CH3;CH2CF.CH2CF.CH3 is endergonic, but would produce approx. 0.05% dehydrogenated
product in thermal equilibrium at 25 °C. This of course would not include the initial energy from
the y-irradiation. This energy would cause the release of a possibly non-negligible amount of HF
which needs to be considered for real world applications. The energy barrier for the unimolecular
loss of HF at 25 °C is 249.9 kJ/mol for AH and 248.7 kJ/mol for AG.

The appearance of unsaturation in the irradiated PVDF macromolecule corresponds to the
release of HF. An exception to this is the formation of terminal unsaturated bonds in PVDF
during the radiolytic cleavage of the polymer C-C bonds. At the beginning of this process,
terminal radicals are formed in the "cage" of the radical pair as given by reaction (3). A
subsequent attack of the [ICH>-C'F, radical on the C-H-bond of the radical [ICF>-C'H in the
cage leads to the formation of a terminal unsaturated bond as shown by reaction (7):

LCH2CEy® eee *CH2CF>[1— CF.CH=CF. + CH3CF.CH,[ @)
Intermolecular cleavage of HF in PVDF with the formation of two free radicals is also possible
(reaction (8)) but this reaction is highly endergonic.

LCF-CH2-CF>-CH2U + [ICH»-CF-CH>-CE:[J — [CF-C'H-CF.-CH2U +HF +[CH,-C*F-CHo-
CR0 @)

Another possible reaction is that a C-H bond is broken under the influence of y-irradiation but
does not leave the cage so that the resulting H atom abstracts a F atom from the neighboring

macromolecule. This cleavage reaction (9) would produce approximately 0.004% decomposed
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product at thermal equilibrium at 25 °C. This decomposition reaction is much less destructive to
surrounding materials than reaction (6) as no HF is produced.
~CF,CHCF.CH:CF.CH2~ — ~CF.CH=CF; + CH3CF,CHx~ )
Other possible reactions include the possibility of the y-irradiation generated radicals
reacting across chains leading to cross-linking. Radicals Ry and Ry could cross-link as shown by
Reaction (10) in a highly exoergic process although geometric constrains limit such processes.
As shown by our experimental work, cross-linking is unlikely. Another possibility is for the

chains to unzip as shown by reactions (11) to (14).

Fa
C CF
RisRn— N NS (10)

~CH2CF,CH2C'F2 — CH3CH2CF.C'H: + !CF» (11)
~CH,CF>C'H, — CH3CH,C'F, + *CH» (12)
~CF,CH,CF,C'H, — CH3CF,CH>C'F: + *CH, (13)
~CF,CH,C'F> — CH3CF,C'H: + !CF, (14)

We note it is relatively easy to lose a terminal CF., group with a singlet ground state but much
more difficult to lose a terminal CHz group with a triplet ground state. Thus, the chains are not
likely to unzip by more than one CF, group on radical formation by the above reactions for the
head-to-tail, normal, configuration.

The formation and accumulation of unsaturated bonds during the radiolysis of PVDF is
also consistent with the gradual change of the initial white color of the polymer, first to yellow,
and then to brown and black with an increase in the radiation dose. This is due to the

accumulation of various polyenyl and conjugated C=C bond-based chromophores in the structure
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of the radiolyzed PVDF. At the same time, effective release of HF is a distinctive feature of
PVDF radiolysis. This is due to the uniform distribution of hydrogen and fluorine atoms along
the PVDF chain. This also explains the release of HF during the pyrolysis of PVDF. [20]

The calculated EPR hyperfine coupling constants at the DFT level are given in Table 6.
Radical 1 is a model for Ry and the calculated a fluorine HFC is within 3 mT of the experimental
value. The HFC for the B hydrogens is much smaller. In contrast, radical 2, the model for Ry, has
a very small HFC for the o hydrogen and a value near 5 and 8 mT for the B fluorine. There are
not large changes when the terminal radicals have two fluorines (3, 5, 6) or two hydrogens (4, 7)
in comparison to the radical centers with only a single H or F. As noted above, the HFC’s for the
polyene radicals become smaller as the polyene moiety has more conjugation. Fluorocarbon
centered polyene radicals are predicted to have moderately high a fluorine HFC’s, 12 and 9 mT
dependent on model size and number of double bonds, and relatively small  hydrogen HFC’s
that are less than 2 mT. The magnitude of HFC difference with respect to the number of double
bonds is greater for the a fluorine than for the  hydrogen in the fluorocarbon centered polyene
radicals. The HFC’s for hydrocarbon centered polyene radicals are small for the a hydrogen but
the B fluorine are near 6 or 4 mT dependent upon increasing chain length and conjugated double
bonds.

2.5. Acute toxicity of irradiated PVDF. Determination of LDso.

Hydrogen fluoride is highly toxic. Its one-time maximum permissible concentration (0.02
mg/m?) is 250 times less than the maximum one-time exposure of carbon monoxide. This
prompted an investigation of the effect of radiation on the toxicity of irradiated PVDF. The
dependence of acute toxicity on the dose of y-irradiation was studied at various doses of

preliminary irradiation of PVDF. The results of the experiments carried out with a single
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intragastric administration at a dose of 2000 mg/kg for 1 to 14 days for 6 animals per group
(Supporting Information) showed that no mice died due to intragastric administration of PVDF.
Thus, the given dose did not lead to lethality. The dose of 2000 mg/kg could not be exceeded due
to the impossibility of intragastric administration of higher doses of PVDF to animals. The
similarity in toxicity between the initial and irradiated PVDF could be due to any HF produced
during irradiation leaving the sample prior to intragastric injection. Although this result

demonstrates that consumption of irradiated PVDF is not acutely toxic in mice it does not
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Table 6. Computational EPR hyperfine parameters (mT), | indicates parallel and L indicates perpendicular components of hyperfine
coupling. H indicates that the hyperfine parameters are for hydrogen and F indicates that the parameters are for fluorine.

Molecule alg alg ap(1) aip) apR) aip2) ap3) aip3)
CH;CH,C'FCH.CF,CH; 1| 205 3@ 18@)| 14@H)]| 23H]| 180
CH;CH>CF:C'HCF:CH; 2 08@m| 30m| 78| 150 s50®]| 13@

CH:CF.CH,C'Fa 3] 2300 | 04® | 09H)]| 021

CH3CH>CF:C'H» 41 08@)| 291 ]| 91F | 21(F

CH;CH,CF.CH.C'F, 5 2300 | 04®F | 09H)| 020

CH;CH.C'F 6| 20®| 17| 08@E]| 0.1@H)

CH:CF,CH,CF.C'H, 71 07@ | 291 | 84F | 19

CH:CF.C'H, 8| 08M)| 29MH)| 93ME| 20/

C'Hs 9| -08H)| -3.0(H)

CH;C'FCH=CFCH; 10| 1200 -15@F | 17H ]| 14MH ]| 06H | 02H)
CH3CH,C'FCH=CFCHj 11| 1200 -150F) | 12 | 08MH) | 06MH) | 02(MH | 17MH) | 1.4H)
CH;CH,C'FCH=CFCH=CFCHj 12 94(F) | -12@F) | 05| 02MH) | 08MH | 06(H) | 12MH | 10MH
CF3;C'FCF=CFCFs; 13] 1520 220 33@®]| 06F]| 06F| 22@F
CH:CF,C*"HCF=CHCHj 4] 050 8@ | 19M | 15| 050 | -19® | 61F | 14F
CH;CF,C'HCF=CHCF=CHCHj 15| 04 )| -13H ]| 050 ]| -1.7F | 43@F| 09® | 14| 120
F 7.4 (F)

H 47.4 (H)

4 Isotropic hyperfine parameter (mT)
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determine the toxicity of exposure to PVDF during irradiation and decomposition, or prolonged
exposure.
2.6. Clinical picture of toxicity after the administration of PVDEF.

During the first day after administration, the animals receiving PVDF showed lethargy,
with decreased food and water consumption. In the subsequent period, the general condition and
behavior of the animals of all experimental groups returned to normal. There were no differences
in these indicators between the experimental and control groups. Data on the effect of the PVDF
samples on the body weight of experimental animals are shown in Table 7. There is an increase
in the body weight of mice in both the experimental and control groups. There were no
significant differences in the change in body weight in the experimental group as compared to
the control group.

Table 7. Changes in the body weight, g, of BDF1 hybrid mice during the study of acute toxicity

of PPDF samples at intragastric administration with a dose of 2000 mg/kg.

Dose  of Body weight of animals after administration of the drug for a day:

irradiation,

kGy 0 1 2 3 7 14
0 25.25+£0.51 | 25.08+0.42 | 25.27+0.81 | 25.57+0.77 | 25.84+£0.89 | 26.05+0.81
50 23.4240.12 | 23.31+0.72 | 23.52+0.63 | 23.80+0.82 | 24.13+£1.02 | 24.27+0.79
150 24.1240.43 | 24.21+0.77 | 24.30+0.74 | 24.40+0.94 | 24.71+£0.55 | 25.07+0.21
300 26.41+0.61 | 26.20+0.52 | 26.32+0.77 | 26.37+0.69 | 26.72+0.43 | 27.02+0.36
500 24.64+0.89 | 24.61+0.75 | 24.66+0.80 | 24.71+0.75 | 24.99+0.59 | 25.45+0.97

Control 25.88+0.26 | 25.78+0.35 | 25.86+0.54 | 25.94+0.64 | 26.19+0.59 | 26.81+0.87

After 14 days of administration, the animals were euthanized and a macroscopic
description of their internal organs was performed. As a result of autopsy and subsequent

macroscopic examination of the internal organs, no differences were found between the animals

receiving PVDF intragastrically and the control animals. As a result of the studies, irradiated
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PVDF can be considered to be a moderately low-toxic substance with at least a class 4 toxicity
according to the classification of Hodge and Sterner [46] and GOST 32644-2014. [47]
3. Conclusions

Low-temperature (-196°C) radiolysis of PVDF leads to the formation and accumulation
of alkyl radicals formed by removing of the fluorine atom from the polymer chain. The EPR
spectrum of a polymer irradiated at room temperature contains mainly polyenyl radicals. The
EPR spectrum of paramagnetic centers accumulated during the radiolysis of PVDF changes
during storage of the irradiated sample at room temperature as a result of dehydrofluorination of
the irradiated polymer macromolecules.

The position and number of the XPS peaks for carbon (Cls), fluorine (Fl1s), oxygen
(O1s) and nitrogen (N1s) do not change after y-irradiation of PVDF. The intensities of the carbon
and oxygen peaks increase in the radiolyzed polymer, whereas the intensity of the fluorine peak
decreases. As a result, the ratio of fluorine and carbon content [F/C] = 0.16 is significantly lower
in irradiated PVDF than their ratio on the surface of the initial polymer [F/C] = 0.27.
Carbonization of radiolyzed PVDF leading to an increase in the percent of carbon content on the
surface and correlates with release of HF. The increase of oxygen content is the result of
oxidation of the free radicals formed during the radiolysis of the polymer. The carbonyl (>C=0)
group peak appears in the Ols spectrum of the irradiated polymer.

A broad PVDF melting peak with two minima at 167 °C and 196 °C and a shoulder at
176 °C was observed in the DTA curve of the polymer. They are related to two different
crystalline modifications of PVDF. Three minima are observed in the melting peak of the y-
irradiated polymer and are shifted towards low temperatures at 155 °C, 160.6 °C and 165.9 °C.

This decrease in melting point with increased irradiation lowers the maximum use temperature of
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y-irradiated PVDF. The DTA and thermomechanical spectrometry data indicate the absence of a
crosslinked structure in the PVDF irradiated with a dose of 100 kGy, as irradiated samples retain
the ability to melt and flow.

The presence of a large amount of gaseous HF, F, F», H and a low yield of products with
the composition CxFyH, during heating indicates the absence of noticeable thermal destruction of
the both initial and y-irradiated polymer backbone. The main product of the PVDF thermal
decomposition at heating up to 220 °C is HF.

Irradiation of PVDF with a relatively small dose of y radiation or heating of the polymer
to the melting point of its crystalline phase shows that the products of PVDF destruction are
dominated by formation of HF. Storage of irradiated PVDF at room temperature is also
accompanied by the evolution of HF. As in the case of storage of proton-irradiated samples of
PVDF, an easily removable white deposit formed on the surface of the glassware used for storing
irradiated PVDF. This reduces the transparency of the glass and a roughness of the glass appears,
consistent with the effect of HF on a glass surface.

Composite, correlated G3(MP2) molecular orbital theory level calculations were used to
develop a mechanism for PVDF decomposition. Although intramolecular C-C bond cleavage is
the least endothermic, C-H and C-F cleavage dominates experimentally due to the cage effect
promoting recombination of bulky intramolecular C-C bond cleavage products. Polymer
backbone unsaturation can occur via multiple pathways including abstraction of H or F from the
polymer backbone by free F or H, respectively (reactions (4) and (5)), direct elimination of HF
(reaction (6)), and backbone C-C chain cleavage paired with H abstraction of a F (reaction (9)).
Cross-linking of the polymer backbone is thermodynamically feasible (reaction (10)), but

unlikely due to the need for the polymer change to undergo large amplitude motion.
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At a single intragastric injection at a dose of 2000 mg/kg of PVDF irradiated with doses
of radiation of 500, 1500, 3000 and 5000 kGy to hybrid mice of the BDF1 line, the acute toxicity
is not affected at this dose, therefore a value of LDsp could not be obtained. Thus, y-irradiated
PVDF has class 4 toxicity according to the classification of Hodge and Sterner.

An unambiguous answer to the question "how dangerous is gamma-irradiated PVDF, if it
was entered the body?" requires additional studies to determine the clinical toxicity. Further
studies are planned to test this. Additional studies are also required to determine the shelf-life of
irradiated PVDF. Future work will address the kinetics of HF release from PVDF and irradiated
PVDF.

4. Experimental methods

The PVDF plates and powder were purchased from McMaster-Carr Supply Company
(Atlanta, Georgia, USA). The molecular mass and the molecular topological structure of the
plate were previously determined by the thermomechanical spectroscopy method. [48] The total
molecular mass determined by averaging the block-by-block average weight is MW = 149,600
amu. The molecular mass of the powder was not determined. Preliminary experiments with
PVDF powder from Aldrich (N. Teutonia Avenue Milwaukee, Wisconsin, USA) with a MW =
534000 amu gave show similar results.

The experimental characterization of PVDF samples by EPR/XPS/DTA was carried out
immediately after irradiation of the samples with ®°Co rays. The acuity toxicity studies used
freshly irradiated PVDF samples.

4.1. y-irradiation of the PVDF samples.
The radiolysis of PVDF with %°Co y-rays was carried out using the facility of the UNU

“Gammatok- 100” IPCP RAS. The dose rate of y-radiation was 3 Gy/s.
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4.2. EPR spectroscopy.

EPR spectra were recorded on a Varian E-12 radio spectrometer. For the EPR study of y-
irradiated polymer, the PVDF sample was first evacuated to a residual pressure of 0.13 Pa, and
then at -196 °C or 27 °C, was irradiated with °Co y-rays in ampoules made of "Luch" glass.

4.1. X-ray photoelectron spectroscopy.

X-ray photoelectron spectroscopy (XPS) spectra were obtained using a JEOL 7000 FE
scanning electron microscope.
4.5. Thermal analysis.

A standard synchronous thermal analyzer STA 409C Luxx from NETZSCH (Germany),
combined with a QMS 403C Aeolos quadrupole mass spectrometer, was used for qualitative
measurements of thermal effects (DSC) in a series of temperature programmed experiments. The
measurements were carried out in an argon atmosphere. To control the temperature, a Pt/Pt-Rh
S-type thermocouple was used. The temperature dependence of the thermocouple sensitivity was
taken into account by calibrating the melting points of 6 pure reference metals. The quadrupole
mass spectrometer was connected to the thermal analyzer by means of a flexible quartz capillary,
the temperature of which was maintained at 300 °C. This increased temperature prevented
possible condensation of the reaction products and ensured complete transport to the detector.
The device provides analysis of more than 60 lines according to their mass numbers with m/e <
300. The ionizing voltage was 70 V.

4.6 Computational Methods

Molecular geometries were optimized using density functional theory (DFT) with the

B3LYP functional [49,50] and the DZVP2 basis set. [51] Frequency calculations were performed

to ensure that the geometry was an energy minimum or transition state. The DFT optimized
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geometries for minima and transition states were used as the initial geometries for the composite,
correlated G3(MP2) molecular orbital theory level calculations. [52] The B3LYP/DZVP2
optimized structures were used to predict the EPR hyperfine couplings for radical species.
Following our previous work [53], the HFC calculations were performed with the B3LYP
functional and a valence triple-{ basis set with polarization functions (VTZP) from Ahlrichs. [54]
The a; and arwere calculated for each atom following equation (15) and (16) respectively,

a1 = Aiso + Bec (15)

a1 = Aiso + (Baa + Bup)/2 (16)
where Ajso 1s the isotropic Fermi contact coupling, and Bua, Bub, and Bec are the anisotropic spin
dipole couplings. All calculations were performed using the Gaussian16 program. [55]

4.6. Acute toxicity.

All research work with laboratory animals was carried out in accordance with generally
accepted ethical standards for the treatment of animals, which comply with the rules adopted by
the European Convention for the Protection of Vertebrate Animals Used for Experimental and
other Scientific Purposes ((ETS 123) Strasbourg, 1986).

The toxicity of y-irradiated PVDF was studied after its single intragastric administration
to male BDF1 mice weighing 23 to 26 g. Clinically healthy animals were used in the experiment.
They were kept under the same conditions of keeping and feeding. Initial and y-irradiated PVDF
were suspended in 1% starch solution for intragastric administration to animals. The individual
volume of the administered dose of the polymer solution in starch for each animal was calculated

based on the body weight and the dose of the test substance.
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At the same time, the mice were injected with no more than 0.5 ml of the suspension
following the recommendations given in the “Guidelines for conducting preclinical studies of
drugs”. [46,47]

An atraumatic probe of appropriate dimensions was used depending on the type of animal
and the size of the stomach of the animals to carry out the manipulation of intragastric
administration. The animals were deprived of food, but not water, overnight before the
administration. After the fasting period, the animals were weighed and the dose was calculated
based on the body weight data, then to them was administered the test sample.

The animals were constantly monitored with recording the time of the onset of the first
clinical signs of intoxication after the introduction of the test samples. The samples containing
un-irradiated or irradiated PVDF were injected into mice intragastrically at the maximum
possible dose of 2000 mg/kg.

The state of the animals was monitored and the clinical picture of intoxication was
recorded for 4 hours after injection of the samples. The body weight of the animals was
determined within 14 days after injection of the PVDF in comparison with control animals that
received only a single equivalent volume of 1% starch. After the finish of the experiments, the
mice were euthanized in a COz chamber and were sent for dissection and pathomorphological
examination of internal organs.
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