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Abstract 

The mechanism and kinetics of infrared laser ablation of poly(vinylidene fluoride) (PVDF) in 

vacuum have been investigated to understand how this can be used as a polymer processing 

technology. The laser heats the surface and initiates decomposition of macromolecules in the 

molten polymer layer which rapidly leads to production of an ablative flow of polymer 

decomposition products. There is only a short induction period of up to 2 s before ablation 

begins. After the initial period, the rate of mass loss increases linearly with the time of laser 

exposure. Spherical particles with an average diameter of about 100 nm are formed on the 

surface of the powder coating obtained by laser ablation. The particle distribution ranges from 50 

nm to 300 nm. The main gaseous product of ablation is HF from dehydrofluorination. A seccond 

important ablation process is the formation of gaseous carbenes generated during secondary 
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reactions. Proposed ablation reactions due to laser-induced thermal dehydrofluorination occur in 

two stages. In the first stage, a double bond appears in PVDF due to direct loss of HF. 

Subsequent detachment of HF leads to the appearance of both triple bonds and cumulene bonds.  

 

Key words: poly(vinylidene fluoride), IR laser ablation, mechanism, kinetics, products, FTIR 

spectroscopy, supramolecular structure. 
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1. Introduction 

Poly(vinylidene fluoride) has high strength, hardness (Brinell hardness up to 90 MPa), 

high elasticity, abrasion resistance, solubility in aprotic solvents and easy processability and has 

a number of technological applications [1,2,3,4]. PVDF is known for its electroactive properties, 

non-linear optical susceptibility, and an unusually high dielectric constant for a polymer [5]. 

There are five chain conformations in semicrystalline PVDF: α, β, γ, αp, and ε [6,7] with only the 

β conformation having the piezoelectric and pyroelectric properties. These electroactive 

properties of the PVDF depend on the phase content, microstructure, and degree of crystallinity 

of the material, all of which depend on the processing conditions [8,9]. An important difference 

between PVDF and other fluoropolymers is its high resistance to UV light and ionizing γ-

radiation [10,11], so there is significant interest in using PVDF for nuclear and aerospace 

engineering technologies. For the successful application of PVDF in such technologies in the 

presence of potential irradiation sources, the behavior and properties of the polymer under 

irradiation need to be known. The main process occurring on irradiation of PVDF by high energy 

radiation sources including fast electrons [12,13,14], γ-radiation [15,16], X-rays [17,18], 

energetic ions [19,20,21], protons [22,23,24] and high-power lasers, [25,26,27,28] is 

dehydrofluorination [29] leading to the formation of small amounts of unsaturated and partially 

fluorinated structures. The main carbon chain of PVDF does not undergo destructive 

degradation, unlike the the radiolysis of perfluorinated polymers [4,10,11]. The reason for the 

effective release of hydrogen fluoride during radiolysis of PVDF is the uniform distribution of 

hydrogen and fluorine atoms along the chain. This decomposition feature of PVDF is also 

observed in its pyrolysis. 
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High-energy radiation has a significant effect on the molecular topological structure of 

PVDF [30], so it can be used to increase the β–form crystalline content, just like the method of 

orientation drawing of PVDF films [31,32,33] or the introduction of metal particles [34] or 

nanotubes [35] into the polymer matrix. However, to better exploit this technology, more 

detailed information about the effect of radiation on the composition of crystalline forms of 

PVDF is needed. It is not expected that these high energy IR laser irradiation conditions will be 

present during the typical use of PVDF, but such conditions could be present during the 

processing of PVDF with such irradiation to generate desirable polymer characteristics. The 

duration and intensity of the laser used for processing PVDF will vary based on the physical 

sample characteristics and the desired properties.  

In recent years, there has been an increase in interest in the ablation of polymers by use of 

an infrared (IR) laser due to potential technological uses of this method [36,37]. However, the 

available results are not sufficient for an accurate description of the physicochemical and 

thermochemical processes occurring when polymers are exposed to IR laser radiation, so that 

one can determine the mechanism of polymer degradation. The focus of the current work is on 

the laser ablation of PVDF under irradiation from a continuous СО2 laser in a vacuum in order to 

establish the ablation mechanism. 

2. Results and Discussion 

2.1. Laser ablation – visual observations  

At the beginning of exposing the polymer to the laser beam, the surface layer heats and 

melts. A characteristic surface microrelief on the areas under the laser beam is formed as the 

polymer is etched away (Figure 1). A ring of molten PVDF grows around the crater formed 

during PVDF ablation (Figure 1b). Inside the ring, hot gas flows break through the entire 
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ablation area. The latter are released in the form of gas bubbles inside the frozen PVDF melt 

after the laser is turned off (Figures 1b and 1c). The frozen PVDF melt is a foam indicating that 

the gas flows out not only from the surface of the irradiated zone, but also from the inner points 

of the surface layer, distributed randomly, forming separate bubbles. With an increase in the 

duration of laser exposure, the height of the ring growing around the crater increases and the 

crater deepens. It is characteristic that the melt around the ablation crater has a slightly yellow 

color at short times of laser exposure, which turns black at long times of laser exposure (Figures 

1b and 1c). This indicates carbonization of the polymer macromolecule chain under the IR laser 

beam. 

 

Figure 1. Photographs of the surface of PVDF formed after irradiation with the IR laser. Laser 

irradiation time (sec): 0 (a), 20 (b), 40 (c). 

 

The dependence of the mass of the evolved gas on the time of laser irradiation is shown 

in Figure 2. In the initial period of laser exposure (up to 2 sec), the mass of PVDF does not 

exhibit a significant decrease as the sample is heated to the melting point. As the melted areas are 

etched away, they form an ablation flow. As a result, the curve of the dependence of the rate of 
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gas evolution on the time of laser irradiation has a short induction period, and then, the rate of 

polymer weight loss increases linearly with time of laser irradiation. Thus, the primary heating of 

the surface and the initiation of decomposition of macromolecules in the molten PVDF layer 

occurs very quickly. This provides an instant ablative flow of polymer degradation products. 

When PVDF is exposed to IR laser radiation, the beam energy is converted into the excitation of 

thermal vibrations. When a sufficient density of the beam power is absorbed by the polymer, 

dehydrofluorination and fragmentation of macromolecules into chain fragments occurs. 

Experiments have shown that in the place where the laser beam falls, the polymer glows, i.e. the 

temperature of the ablation crater is obviously higher than 1000 K, which is much higher than 

the temperature required for effective thermal destruction of PVDF (≥ 703 K). [38,39,40] 

 

 

Figure 2. Dependence of the polymer mass loss on the time of exposure to the PVDF laser. 
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Fragments of macromolecules formed as a result of laser-induced destruction can 

evaporate together with gaseous ablation products leading to formation of an ablation torch. 

Most likely, the PVDF ablation torch consists of (1) gaseous, non-condensable components (for 

example HF, C2H4 and others); (2) components that are gaseous at the temperature of the 

irradiated target surface, but condense at a lower temperature (for example, oligomeric fragments 

of macromolecules); and (3) molecular clusters of various sizes (including droplets and strands 

of melted polymer), which are polymer particles torn out of the target by an intense flow from 

the first two fractions. Ablation products are carried away with the gas flow. They form a coating 

deposited on a surface placed in front of the ablation torch. A layer of slightly yellowish powder 

forms baked onto an aluminum foil substrate.  

2.1. Laser ablation – mass spectrometry 

The composition of the gaseous products of laser ablation of PVDF, determined by mass 

spectrometry, is shown in Table 1. The amount of gaseous ablation products beginning with the 

most prevalent are: HF > C2H4 > CF > CFH2 > C2FH2 > C2FH > > CH4 ≥  C2FH3 > OH > C2H3 ≥ 

C2H5 ≥ C3F5H > CH2 ≥ C2F2H2 > CH3 ≥  C3F2H3 ≥ C2F > C2F3 ≥ C2H2≥  CF2H ≥ C2H6.   HF is the 

main product of PVDF ablation, formed by dehydrofluorination of the PVDF. The presence of a 

significant amount of gaseous products among the laser ablation products under the general 

formula CxFyHz indicates the occurrence of the process of laser-induced destruction of the main 

PVDF chain. 
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Table 1. The primary gas products released during the irradiation of PVDF with CO2 laser 

radiation. 

Mass 
(a.u.) 

Elemental 
composition 

*I/IC2H4 Mass 
(a.u.) 

Elemental 
composition 

*I/IC2H4 

12 С 3.2 45 C2FH2 32.6 
14 СН2 7.6 46 C2FH3 13.0 
15 СН3 6.5 51 CF2H 4.3 
16 СН4 13.0 53  3.2 
19 F 3.2 54  4.3 
20 НF 139.1 58 C3FH4 1.1 
26 С2Н2 4.3 60  3.2 
27 С2Н3 10.9 63 C2F2H 2.2 
28 С2Н4  100 64 C2F2H2 7.6 
29 С2Н5 10.9 65 C2F2H3 3.2 
30 С2Н6 4.3 77 C3F2H3 6.5 
31 CF 52 78 C3F2H4 2.2 
33 CFH2 33.7 79 C3F2H5 2.2 
39  10.9 81 C2F3 4.3 
40  4.3 132 C3F5H 10.9 
43 C2F 6.5 145 C4F5H2 2.2 
44 C2FH 28.3    
* - Ratio of the signal intensity of the product (I) to the intensity of the signal from C2H4 (IC2H4). 

 

2.2. Laser ablation – IR spectroscopy 

To better explore the changes in the structure of the PVDF plate that occur under the 

influence of an IR laser, we compared the IR spectra of the initial polymer and the surface of the 

polymer irradiated by the laser. The IR spectra of the initial PVDF in Figure 3 and in the 

Supporting Information show a number of peaks with the positions of the maxima given in Table 

2. The interpretation of the position of the maxima of the absorption bands is based on a 

comparison of the literature IR spectra of PVDF, for example from the IR spectra of a Kynar 

PVDF sample. [40] 

The IR spectra of the products of laser ablation of PVDF are shown in Figure 3 and the 

Supporting Information. Comparison of the results in Figure 3 for the initial PVDF (spectrum a)  
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Figure 3. IR spectra of (a) virgin PVDF and (b) PVDF irradiated with IR laser bean for 40 s. 

  

and for the ablation crater ring shown in Figure 1c (spectrum b) shows the presence of new 

absorption bands in the ablation crater in the region of 1600 to 2366 cm-1 (Table 2). The 

assignments in Table 2 are based on literature values. [41,42,43,44,45,46] They indicate the 

presence in the ablation crater of products containing double bonds, cumulated double bonds, 

and triple bonds. Moreover, this difference in spectra increases with the length of exposure of the 

polymer surface to the laser (see Supporting Information for longer time spectra). The smallest 

number of absorption bands are observed in the IR spectrum of the PVDF ablation product 

extracted from the ablation crater ring formed after irradiation of the polymer with an IR laser for 

60 s (Supporting Information). The analysis shows that this sample is essentially a completely 
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dehydrofluorinated polymer product. The characteristic absorption bands for C-H and C-F bonds 

practically disappear in this spectrum (Supporting Information). It contains absorption bands 

characteristic of unsaturated bonds (Table 2). 

 

Table 2. The absorption bands of the virgin and irradiated with IR laser PVDF plates. 

Plate laser 
ablation 
Crater  

Part of crater  

Frequencies,a cm-1 Assignmentb 
  377m (-CH=CF2) (Unsat. Conj. Groups) 
 409vw 405m τ(-CH=CF2) (Unsat. Conj. Groups) 
490vw 487vw  r(CH2)  
532m 532m  r(CH2)  
612m 612m  r(CH2)  
740lb 740lb  νs(CF2)  
763m 763m  δ(CF2)+δ(CCC)  
796m 796m  τ(CH2)  
842vw 841vw 841m τ(CH2)-νa(CF2)  
855w 854vw   
875s 875s  νa(CC)+νs(CF2)  
952lb 952lb   
975m 975m  τ(CH2)  
  995vw δ(CH)(Unsat. Conj. Groups), ν(C-C≡C) 
1068s 1068s  νa (CC)-ω(CF2)+ ω(CH2) 
  1117vw τ (CH2)  
1148lb 1148lb  νs (CF2) 
1185s 1181s  νs (CF2)+τ(CH2)  
1212m 1211m  νa (CF2)+ω(CH2)  
1243lb 1243lb  νa (CF2)+ω(CH2)  
1287ld 1287lb  νs(CF2)-νs(CC)+ δ(CCC)  
1384lb 1383lb  δ(CH2)+ω(CH2)  
1403s 1402s  ω(CH2)-νa(CC)  
1423lb 1423lb  δ(CH2)-ω(CH2)  
1454vw 1453vw  δa(CH3)  
 1599vw 1587m  (C=C- C=C)  
 1623vw  ν(C=C)  
 1686 lb  ν(C=C)  
 1714w  ν(-CH=CF2)  
 1700 lb 1707vw ω(=CH2 ) in >C=C=CH2  
 1755vw  ν(>C=CF2)  
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 2011vw 2000vw νa(C=C=C)  
 2036vw 2083vw (C≡C) Conjugated with C=C or C≡C  
  2157w ν(-C≡CH)  
 2366w  ν(CH)( in -C≡CH)  
2902vw 2902vw  ν(CH2), ν(CH3) 
2926vw 2926vw  νa(CH2)  
2972lb 2972lb  νa(CH3)  
2981s 2981s  νs(CH2)  
3023m 3024m  νa(CH2)  
3661w 3658w  ν(OH)  
aRelative intensity: s = strong, m = medium, w = weak, vw = very weak, lb = line bend. 

bType of vibration: νa – antisymmetric stretching vibrations, νs – symmetric stretching vibrations, 

ω – “wagging” vibrations, δ – deformation vibrations, τ – torsion vibrations. The signs “+” and 

“-“ show the phase relationship. 

 

2.4. Supramolecular structure of the laser ablation products condensed at 300 K. 

In addition to low molecular weight molecules and their fragments, the PVDF ablation 

flow contains high molecular weight microaggregates representing microdroplets of a polymer 

melt. They are formed by entrapment of a polymer melt in a hot turbulent flow of gaseous 

decomposition products escaping from the subsurface layer through microcraters. After collision 

with the substrate surface and solidification, these particles form spherical aggregates, as well as 

an underlying film. 

Figure 4 shows SEM pictures of a powder coating (a) formed from the flow of products 

of an ablation torch. Spherical particles with an average diameter of about 100 nm are formed. 

The shape and size of particles formed from a polymer melt usually depends on the specific 

surface tension of the melt (free surface energy). The higher the free surface energy, the more 

rounded and smaller the particles become. 
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It is known [47] that in a nonequilibrium regime, fragments of macromolecules with 

radical character can be carried away. In general, they have a chemical structure close to that of 

the original polymer. Condensing on a cold substrate (about 300 K), such large fragments of the 

PVDF macro-chain combine with each other to form an ablation product close in composition to  

 

Figure 4. Pictures of an SEM of coating formed from a plume of PVDF laser ablation products.  

In picture d is shown needle scratch marks. 

 

the initial polymer. The mobility of fragments of macromolecules on the substrate leads to the 

formation of dendritic type structures, similar to those of treelike corals (Figure 4b). The 

similarity of the spherical particles in Figure 4a suggests their formation from smaller particles, 
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which are oligomeric fragments of macromolecules. The coating material when scratched 

(Figure 4c) behaves like paraffin, most likely due to its low molecular weight. Simultaneously 

with the formation of the coating by polymerization of the condensed fraction, a flow of droplets 

is deposited on the substrate, consisting of shaped aggregates with a diameter from several units 

to several hundred micrometers (Figure 4d). The droplets have a regular spherical shape and a 

smooth surface, consistent with an origin from a superheated polymer melt. Large structures are 

visible among the droplets, but they are often found under the finer droplet fraction. In the course 

of laser ablation on the already formed surface of droplets from a large (diameter 10-30 µm) and 

medium fraction (diameter 1-5 µm), smaller droplets of polymer melt settle as shown in Figures 

5b and 5d. Thus, the coating shown in Figure 4 is formed as a result of two parallel processes: 

(1) the formation of a dendritic coating by the condensation of products from the gas phase; and 

(2) the splashing and entrainment of melt droplets. 

The shape and size of the particles formed from the polymer melt under the laser ablation 

will depend on the specific surface tension of the polymer melt (free surface energy). The high 

free surface energy of melts leads to the formation of particles that have more of a spherical 

shape and are of smaller sizes. The free surface energy of PVDF is 39.6 mN/m [48] which is 

consistent with the formation of spherical particles of regular shape with a low average diameter 

of about 100 nm from the melt in PVDF. The particle size distribution histogram is shown in 

Figure 5.  

The dimensional composition of the resulting coating is polydisperse and contains both 

small size fractions from 50 nm, and agglomerates of tightly bound particles, the size of which 

can be up to 300 nm. This powdery underlying film is formed due to the condensable fraction of 
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laser ablation products, consisting of relatively long fragments of the chain of PVDF 

macromolecules, which are volatile at temperatures ≥ 1000 K. 

 

Figure 5. Histogram of the particle distribution of the coating obtained by laser ablation of 

PVDF. 

 

2.5. Mechanism of PVDF laser ablation. 

Mass spectrometric analysis of the gaseous products of PVDF ablation showed the 

releasing a large amount of hydrogen fluoride as a result of dehydrofluorination (Table 1). In 

order to develop a mechanism, reaction thermodynamics and selected transition state energies 

were calculated at the G3(MP2)B3 level (Table 3). The presence of alternating CH2 and CF2 

groups in PVDF makes it possible that complete dehydrofluorination could occur while 

preserving the carbon skeleton which would lead to the formation of carbinoid structures. Our 
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model for the PVDF polymer is CH3CF2CH2CF2CH2CF3 and this is used in the calculated 

reactions.  

Table 3. Reaction enthalpies (ΔH) and free energies (ΔG) for HF loss and associated reactions in 

kcal/mol calculated at G3(MP2)B3 with reaction enthalpy and free energy barriers presented as 

ΔHǂ and ΔGǂ respectively. 

Rxn # ΔH ΔG ΔHǂ ΔGǂ 
1-c 15.9 5.1 60.3 60.5 
1-t 15.7 4.6 62.9 62.8 
2-c 24.7 13.0 74.3 73.2 
2-t 24.8 13.4 73.5 72.0 
3a-c 33.8 22.5 70.1 70.2 
3a-t 34.0 22.9 70.1 69.2 
3b-c 23.6 12.6 71.3 71.0 
3b-t 23.7 13.0 71.3 71.3 
4 91.7 76.9   
5a -64.5 -62.6 12.6 25.0 
5b -72.9 -70.2 39.2 49.4 
6 56.8 44.3   
7 100.8 89.3   
8 -172.3 -160.1   
9 -129.5 -117.7   
10 -67.8 -55.0   
11 -4.3 -7.2   
12 37.9 35.7   
13 -8.1 -9.7   
14 30.5 28.8   
15 -2.5 -2.5   
16 43.1 33.5 86.3 85.7 
 

The process of dehydrofluorination of PVDF under an IR laser beam could include 

reactions in two time domains. In the initial time domain, unimolecular decomposition by 

removal of HF leads to polyene structures (reaction 1) with c = cis and t = trans. 
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 (1-c) 

 (1-t) 

The thermodynamics for production of cis and trans isomers, reactions (1c) and (1t), are 

essentially identical with differences within chemical accuracy (±1 kcal/mol). Production of the 

cis isomer has a slightly lower transition state energy barrier. Although the free energy is only 

slightly endergonic, ~5 kcal/mol at 298 K, the transition state energy barrier of ~60 kcal/mol will 

hinder this reaction from occurring at either low laser power or moderate temperature. Increasing 

the temperature will lead to more HF production both kinetically and thermodynamically.  

Subsequent unimolecular dehydrofluorination leads to formation of alternating triple C≡C 

and single C-C bonds (reactions (2c) and (2t) depending upon the stereoisomer of the initial loss 

of HF), or the formation of cumulenes (reactions (3a-c to 3b-t) depending on the starting cis or  

∼CH=CF∼ → ∼C≡C∼ +HF        (2) 

 (2c) 

 (2t) 

trans structure and whether F substituents or H substituents are present on the C atoms at the end 

of the cumulene.) 
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 (3a-c) 

 (3a-t) 

~CH=CF~ → ~CH-C=C-CH~ +HF       (3b) 

 (3b-c) 

 (3b-t) 

Thermodynamically reactions (2) and reactions (3b) are more endothermic than reactions (1) by 

~10 kcal/mol and are less endothermic than reactions (3a) by ~10 kcal/mol. However, the 

transition state energy barriers for reactions (2) and (3) are within 3 kcal/mol of one another so 

the kinetics will be comparable. The energy barriers for reactions (2) and (3) are more than 10 

kcal/mol higher than for reactions (1). No meaningful energy differences were found between 

cis- and trans- starting products for reactions (2), (3a), and (3b), just as for reactions (1). The 

unsaturated bonds formed as a result of dehydrofluorination in the polymer chain contribute to 

the coloring of the laser-irradiated part of the polymer. The initial white color of the polymer 

gradually changes, first to yellow, and then to brown and black, with an increase in the time of 

laser action on the polymer as a result of the accumulation of various chromophore groups in the 

polymer structure (C=C, C≡С). The change in color of PVDF from white to black with an 
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increase in the time of exposure to the laser on the polymer is consistent with carbonization of 

the polymer chain due to IR irradiation. 

The largest change in the polymer color as a result of ablation is observed on the rings on 

the rings on the edges of the ablation crater. In the well of the ablation crater, where the part of 

the polymer degraded under the laser beam escapes together with the gas ablation products, the 

degree of coloration is noticeably lesser than on the crater rings. The formation and increase in 

the number of multiple bonds leads to an increase in conjugation. As a result, the polymer 

surface is carbonized and becomes more heat resistant. These features contribute to an increase 

in the absorption of laser radiation and to an increase in the temperature of the absorption layer. 

As a result, the temperature of the polymer target can reach the temperature of thermal 

decomposition of C-C bonds, and macroradicals are formed, first in a cage as given by reaction 

(4). 

 (4) 

Thermodynamically, reaction (4) should only occur where bond unsaturation already exists, as 

the C-C bond dissociation energy (BDE) (ΔG298 = 77 kcal/mol) represented by reaction (4) is 

greater than the activation energies for reactions (1) to (3). Subsequent disproportionation of 

radicals in the cage as a result of the attack of the ∼CF2-CH2-C•F2 radical on the C-H-bond of the 

C•H2-CF2-CH2∼ radical (or vice versa) leads to the formation of terminal unsaturated bonds. 

 (5a) 

 (5b) 
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Both reactions (5a) and (5b) are extremely exergonic with reaction (5a) having a low energy 

barrier but reaction (5b) has an energy barrier ~25 kcal/mol higher than that of reaction (5a) due 

to the greater energy required to transfer a F atom instead of an H atom between the two 

molecules and the fact that the single electron on the F atom lone electron is in a p orbital. Such a 

loss of C-C bonds will lead to the destruction of the polymer chain and the formation of chains of 

shorter length than in the initial PVDF macromolecule. 

Since the laser ablation process can lead to rather high temperatures, the radicals formed 

in Reaction (4) can undergo thermal decomposition by loss of carbenes with :CF2, a singlet, and 

:CH2, a triplet :   

   (6) 

    (7) 

Reaction 6 is far less endothermic than reaction 7 (~45 kcal/mol) due to the stability of the 

singlet carbene :CF2.  

The analysis of the laser polymer products listed in Table 1 indicates that the predominant 

part of the ablation gas products apparently arise from secondary reactions with the participation 

of generated carbenes such as shown in Reactions (8) to (14). 

꞉CH2 + ꞉CH2 → C2H4         (8) 

꞉CF2 + ꞉CH2 → F2C=CH2        (9) 

꞉CF2 + ꞉CF2 → C2F4         (10) 

 (11) 
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 (12) 

 (13) 

 (14) 

Reactions (8) to (10) are both exoergic. Reactions (8) and (9) are extremely exoergic due to high 

energy triplet :CH2 reacting to form a singlet product. Reactions (11) and (13) are also exoergic 

due to the reactions having triplet :CH2 as a reactant whereas reactions (12) and (14) are 

endoergic due in part to the more stable singlet :CF2 reactant. The products obtained in these 

reactions can participate in other reactions during the ablation process. For example, the methyl 

radical formed in Reaction (13) can remove a hydrogen atom from the PVDF macromolecule 

and form methane in the exoergic reaction (15). 

 (15) 

The vinylidene fluoride molecule formed in reaction (9) can be thermally dehydrofluorinated 

transforming into the reactive monofluoroacetylene, an endoergic reaction with the highest 

transition state energy barrier of the reactions studied: 

F2C=CH2 → FC≡CH+ HF        (16) 

which is also one of the main gaseous products of PVDF ablation. 

The composition of the coating formed during laser ablation of PVDF contains droplets 

of polymer melt deposited on the cooled surface outside the zone of laser action. Melt droplets 

contain relatively small pieces of macromolecules that are gases at the ablation temperature, but 
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transform into a condensed state at 300 K. They are formed as a result of breaking two or more 

C-C bonds of one polymer chain as represented by reaction (17). 

∼(-CF2-CH2-)n∼ → → ∼(-CF2-CH2-)m+1-CF2-C•H2  + C•F2-CH2-(-CF2-CH2-)l+2-CF2-C•H2  + 

C•F2-CH2-(-CF2-CH2-)k+1∼         (17)  

where n=m+k+l. 

After condensation on a cold substrate, the resulting radicals will easily recombine with 

other similar fragments or other radical ablation products. If a fragment is long enough to act as a 

flexible chain, it could cyclize leading to chain termination, but entropy effects will be 

unfavorable at high temperatures. Rearrangement of the resulting radicals by migration of a 

hydrogen atom along the chain is unlikely as it is hindered by the fluorine atoms in the chain. 

Due to the high temperature in the reactor, decay or disproportionation of radicals is possible. As 

a result, terminal unsaturated bonds are formed in the composition of the products forming the 

coatings. The IR spectra of the coating indicate the presence of such end fragments in the 

composition of the coating products. 

3. Conclusions  

IR laser irradiation of PVDF results in crater formation paired with discoloration that 

increases as the ablation time increases. Under the laser ablation conditions that were used, the 

initial period of exposure (2 seconds) melts the polymer without significant mass change. 

Following this induction period, the mass loss with respect to ablation time increased linearly. 

The primary gaseous products produced during ablation are HF and CxFyHz (where x ≥ 2) 

indicating that both polymer backbone unsaturation and cleavage occur. FTIR spectroscopy of 

ablated PVDF showed the formation of unsaturation (double bonds, cumulated double bonds, 

and triple bonds) on the surface. As the laser ablation time increases to 60 seconds, the 
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characteristic C-H and C-F absorption bands disappear indicating a significantly 

dehydrofluorinated product. As a result of laser ablation, a fine powder was found to coat the 

PVDF surface. This powder was a result of either ablation induced hot gas flow depositing 

polymer microdroplets outside the ablation crater or formation of surface protrusions via 

deposition of radical containing polymer fragments reacting in the gas phase. The resulting 

particles are generally spherical with 50-300 nm diameter. 

Reaction thermodynamics and selected transition state barrier energies were calculated at 

the G3(MP2)B3 level. Initial dehydrofluorination requires high temperature or laser power to be 

both thermodynamically and kinetically feasible. Kinetically, subsequent HF loss will lead to 

either triple bonded or cumulated carbons. Backbone bond breaking should only occur once 

unsaturation is present and leads to radical disproportionation causing backbone degradation and 

further unsaturation. The experimentally observed gaseous ablation products are likely caused by 

secondary reactions with carbenes (:CH2 and :CF2) and the subsequent products of these 

reactions can react further. 

The IR laser irradiation processing conditions used in this work were done for a range of 

times. This range of ablation times was necessary as the degradation curve with respect to time is 

a key characteristic for future work to improve the characteristics of PVDF via laser ablation as a 

processing tool. The minimization of PVDF dehydrofluorination during laser ablation to achieve 

the desired material properties is a topic that warrants further study. One possible method for 

limiting dehydrofluorination is to raster the beam over the sample to manage local heating of the 

polymer surface. 

4. Experimental and Computational Methods 

4.1. Materials 
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The PVDF powder with a molecular weight Mn = 534000 g/mol was purchased from 

Aldrich (CAS 24937-79-9). The samples of the polymer target under laser irradiation were 

cylindrical pellets that are 10 mm in diameter and 6 mm in height. They were made by pressing 

powdered PVDF in a mold at an optimized pressure of 20 MPa at room temperature. 

4.2. Laser Irradiation of PVDF  

The process of laser ablation (LA) was carried out in a vacuum chamber system 

previously described in detail. [38] A continuous CO2 laser “LGN-703” with a wavelength of 

10.6 μm, power of 40 W, and diameter of the laser beam at the target surface of 9 mm was used. 

A window made from a single crystal 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 laser ablation chamber was evacuated 

initially up to (1.5-4)*10-4 Pa. The ablation process was also performed with continuous 

evacuation of the gaseous products of laser ablation. The condensed ablation products and 

microparticles of the degraded polymer entrained by the intense gas flow were deposited on the 

surface of an aluminum foil mounted 50 mm from the target surface.  

4.3. Mass spectrometric analysis  

The analysis of the gaseous products of the polymer laser ablation was carried out using 

an MX-7304 quadrupole mass spectrometer. Non-condensable decomposition products were fed 

through a 12 mm diameter, 500 mm long pipe to a quadrupole mass spectrometer with its own 

vacuum system consisting of a mercury diffusion pump with a nitrogen trap and a magnetic 

ionization sensor. Before a measurement, the mass spectrometer was evacuated to a pressure of 

(1.5 to 4)*10-5 Pa. During the mass spectral analysis, the vacuum chamber was disconnected 

from pumping and connected to the mass spectrometer. At the same time, the pressure in the 
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mass spectrometer increased to (5 to 8)*10-5 Pa and remained constant during the period of 

recording the mass spectrum. The presence of a high-vacuum mercury pump in the mass 

spectrometer made it possible to easily control the quality of the mass spectrum due to the 

presence of 6 high-intensity isotopes with a mass of 198-204 amu in mercury. 

4.4. FT-IR spectrometric analysis 

Infrared spectra of PVDF before and after laser irradiation were recorded for 16 scans in 

the frequency range 400 to 4000 cm-1 on a Bruker ALPHA Fourier spectrometer equipped with a 

detached total internal reflection attachment with a single reflection diamond prism (ATR, FTIR-

ATR) at T = 23 оС. 

4.5. Scanning electron microscopy  

The supramolecular structure of the samples with deposited ablation products was 

measured using a SUPRA25 field emission scanning microscope (Carl Zeiss, Germany). 

4.6 Computational Methods 

Molecular geometries were first optimized at the density functional theory (DFT) level 

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

performed to ensure that the geometry was a transition state or energy minimum. The 

B3LYP/DZVP2 optimized geometries were used as the initial geometries for the composite, 

correlated G3(MP2)B3 molecular orbital theory level calculations. [52] All calculations were 

performed using Gaussian16. [53] 
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