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Abstract 

This study presents newer insights on the dehydrofluorination of poly(vinylidene 

fluoride), PVDF, in alcoholic sodium hydroxide using infrared (IR), Raman and 

nuclear magnetic resonance (1H and 1H {19F}) spectroscopies. Details on the 

reactivity of phases and site selectivity of different orientations viz head-to-tail and 

tail-to-tail is comprehensively examined using IR/Raman and NMR (1D and 2D), 

respectively. The -phase is prominently involved in dehydrofluorination and 

transforms into the more electroactive -phase. 1H-NMR spectra highlight that the 

tail-to-tail addition of PVDF is not disturbed and remains unaffected during 

dehydrofluorination reaction. Furthermore, 1H-19F heteronuclear correlation 

spectroscopy (Hetero COSY) clearly evidences the formation of the -(CH=CF)- double 

bond in dehydrofluorinated PVDF. Moreover, detailed mechanistic insights of 

dehydrofluorination reaction and possible internal crosslinking during the chemical 

transformation is presented.  

Keywords: Alkaline dehydrofluorination; fluorinated polymer; mechanism; PVDF 

conformation; IR, Raman and NMR spectroscopy. 
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1. Introduction 

With global market of approx. $ 8.0 billion and still intent to grow, the 

fluoropolymers are important class of macromolecules [1-5]. Attributed to 

outstanding bond dissociation stability of C-F linkage and fine malleable properties, 

poly(vinylidene fluoride) (PVDF) is the most important fluorinated homopolymer and 

produced as the second highest utility material for advanced scientific research 

after poly(tetrafluoroethylene) (PTFE) [6]. In recent years, PVDF have been gaining 

sustained surveillance due to its ease in functional modifications as high-

performance engineered materials for various crystalline piezoelectric components 

(attributed to the special dipole orientations), ion-exchange membranes for water-

energy nexus viz water desalination, polyelectrolyte fabrication for fuel 

cell/batteries and in anti-aging/flame retardant coating-based applications [1-4, 7, 

8]. Like PTFE [6], PVDF can sustain and endure aggressive conditions viz high 

temperature, ageing, chemical and oxidative degradation and exhibit relevant 

physical properties like electroactive properties, gas barrier attributes and friction 

resistance, which are of significant applicability [1-5, 7, 9, 10]. 

However, a major drawback of these niche polymers (i.e., PVDF and VDF 

copolymers) is their sensitivity and reactivity to alkaline conditions (pH > 11.0), 

especially the caustic and hydroxides [9-15]. Since, no explanations on the driving 

force for dehydrofluorination of PVDF is present in literature, the plausible 

explanation to the feasibility is more onto the thermodynamic considerations 

related to overall entropy increase during dehydrofluorination reaction. Moreover, 

once the unsaturation is obtained, the reaction is autocatalyzed due to improved 

reactivity of adjacent H-atoms in dehydrofluorinated PVDF [15]. Interestingly, this 

chemical reactivity at high pH offers two-fold merits: on the one hand, various 

scientific groups have been involved in taking advantage of unsaturated site 

induction for its structural and chemical property modifications [16-20]. On the 

other hand, it offers avenues to satisfy and explore versatile applicability for energy 

and environment applications [21, 22]. Various reports have explored the chemical 

transformation of PVDF by reacting with amines [17, 23, 24], thiol [18], alkali metal 

carbonates [25], alkali metal hydroxides [11], in presence of phase transfer catalyst 

[15, 26], and under thermal degradation [27]. In addition, studies concerning the 

crosslinking of PVDF is also reported in presence of basic nucleophiles, as telechelic 

bisphenol, peroxide, etc [28, 29]. For instance, Kise and Ogata [11] investigated the 

dehydrofluorination of PVDF in the presence of quaternary ammonium and 
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phosphonium halides as phase transfer catalysts (PTC). The functionality and 

chemical transformation of obtained product was evidenced using infrared 

spectroscopy (IR) and corresponding air stable conjugated polyene type chemical 

structures were observed. Ahmed et al. [15, 26] characterized the 

dehydrofluorination of PVDF by IR and Raman spectroscopy techniques and the 

study confirms that the sodium hydroxide in propan-2-ol PTC alters the reaction 

pathway. The source of proton in the dehydrofluorination of PVDF is propan-2-ol. In 

addition, the principle of group theory was applied and different modes of vibration 

were probed in alkali modified PVDF. Girish et al. [30] studied the density 

functional theory on PVDF and dehydrofluorinated PVDF. The structural studied on 

dehydrofluorinated material states that the stability of material is improved and the 

polymer chains acquire more planar conformation. Wang et al. [17] carried out the 

dehydrofluorination of PVDF using ethylene diamine as a dehydrofluorination 

reagent. The nature of the double bond was evidenced using x-ray photoelectron 

spectroscopy (in 285 eV region of XPS C (1s) deconvoluted spectrum) and fraction of 

C=C was explained with dehydrofluorination time showing improved piezoelectric 

properties in portable electronic devices. Cozzarini and Schmid [31] described the 

mechanical instability of the PVDF pipes in alkaline conditions. These observations 

were corroborated based on the optical imaging and microscopy followed by IR 

spectroscopy analysis. Moreover, studies are claimed for dehydrohalogenation of 

copolymers and ter-polymers. For instance, Tan et al. [32] explored the 

dehydrofluorination reaction (E2 elimination reaction) in poly(VDF-co-CTFE) 

copolymer using different tertiary amines such as trimethyl amine, tri (n-butyl) 

amine, hexamethylene tetramine and N,N-dimethyl aniline. The 1H- and 19F-NMR 

spectroscopy suggests the formation of double bond by signals in the 6.0 to 6.5 

ppm range in the 1H-NMR spectrum. Li and Liao [33, 34] conducted the evaluation 

of various VDF based copolymer and terpolymer viz poly(VDF-co-HFP) and 

poly(VDF-ter-HFP-ter-TFE), respectively and proposed mechanisms from the 

comprehensive assessment on dehydrofluorination. Ross et al. [12] evidenced the 

surface modification of PVDF in 12 M NaOH electrolyte using XPS, secondary ion 

mass spectrometry (SIMS) and Raman spectroscopy, and they proposed a 

corresponding oxidation and dehydrofluorination mechanism. 

Evidently, several studies on the potential utilization of unsaturation in 

PVDF have been reported in the recent years [16-20]. However, the studies 

remained limited to the achievements of functional interconversion for various 

applications only and the spectroscopic characterizations have not been deeply 



4 | P a g e  
 

investigated except for the X-ray photoelectron, infrared, Raman spectroscopies and 

mass spectrometry. Since the literature is rich in what transformation happens 

with various reagents, it is rather more important to focus on how it happens and 

find evidences on time dependent modifications and reactivity of PVDF in efficient 

alcoholic alkaline media. Thus, it is worth performing an in-depth investigation on 

the site selectivity during dehydrofluorination of PVDF and to present extended 

insights on phase transformations using IR and Raman analyses. Moreover, to the 

best of our knowledge, this manuscript is first ever report on finding the actively 

involved orientation in PVDF during dehydrofluorination by complimentary 1D and 

2D NMR spectroscopy. 

Table 1. Dehydrofluorination experiments of PVDF performed with different 

concentrations of NaOH/propan-2-ol alkaline reagent. 

Experiment 
Experiment 

time (h) 

NaOH conc. 

(Vol. added in 

mL) 

[in Molar, (mL)] 

Experimental 

NaOH 

concentration in 

reaction flask 

[in Molar] 

Sample code 
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2. Materials and Methods 

2.1. Materials  

Polyvinylidene fluoride (Kynar 301-F, PVDF, Mn = ⁓ 350 kg mol-1) was supplied by 

Arkema, France (approx. MFI range of 2.0-6.0 g per 10 min at ⁓ 230 ºC). Solvent: 

Dimethyl acetamide (DMAc) and propan-2-ol was purchased from Honeywell Riedel-

de-HaënTM. Base: Sodium hydroxide was procured from Fluka analysis and used as 

dehydrofluorination reagent for unsaturation site induction.  

2.2. Dehydrofluorination of PVDF  

Dehydrofluorination was carried out in solution phase using sodium hydroxide 

/propan-2-ol solution prepared at 30 ± 2 ºC. In brief, the PVDF powder was 

dissolved in DMAc to make 10.0 w/v % clear homogenous solution. To such an 

obtained PVDF/DMAc polymer solution, the desired quantity of sodium hydroxide 

(i.e., 0.25 M, 0.5 M and 1.0 M) solution was added maintaining the polymer to alkali 

ratio of 1.0:0.1 v/v. The dehydrofluorination was visualised initially with chemo-

chromic transition from transparent to light green to dark brown within initial 60 s. 

All the dehydrofluorination reactions were carried out at 25 ± 1 ºC over the variable 

1 2 0.25 (5.0) 0.0225 DHF-PVDF 2h (0.25 M) 

2 4 0.25 (5.0) 0.0225 DHF-PVDF 4h (0.25 M) 

3 8 0.25 (5.0) 0.0225 DHF-PVDF 8h (0.25 M) 

4 12 0.25 (5.0) 0.0225 DHF-PVDF 12h (0.25 M) 

5 24 0.25 (5.0) 0.0225 DHF-PVDF 24h (0.25 M) 

6 2 0.5 (5.0) 0.0450 DHF-PVDF 2h (0.5 M) 

7 4 0.5 (5.0) 0.0450 DHF-PVDF 4h (0.5 M) 

8 8 0.5 (5.0) 0.0450 DHF-PVDF 8h (0.5 M) 

9 12 0.5 (5.0) 0.0450 DHF-PVDF 12h (0.5 M) 

10 24 0.5 (5.0) 0.0450 DHF-PVDF 24h (0.5 M) 

11 2 1.0 (5.0) 0.0900 DHF-PVDF 2h (1 M) 

12 4 1.0 (5.0) 0.0900 DHF-PVDF 4h (1 M) 

13 8 1.0 (5.0) 0.0900 DHF-PVDF 8h (1 M) 

14 12 1.0 (5.0) 0.0900 DHF-PVDF 12h (1 M) 

15 24 1.0 (5.0) 0.0900 DHF-PVDF 24h (1 M) 

Note: All the reactions are carried out in open air environment with 10 w/v% of PVDF/DMAc 

polymer solution (50 mL) at 25°C. The experimental molar concentration was calculated using the 

final volume of functionally modified polymer solution. 
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times viz 2 h, 4 h, 8 h, 12 h and 24 h, respectively. The reaction at each interval 

was quenched by precipitation of the product in cold deionized water repeatedly to 

remove excess DMAc and purify the polymer. Finally, the obtained 

dehydrofluorinated PVDF (DHF-PVDF) fibers were allowed to dry in vacuum oven at 

60 ºC to discard any residual solvent. Table 1 illustrates experimental details 

adopted under study for dehydrofluorination of PVDF. This reaction was performed 

in different conditions by varying the NaOH concentration and reaction time. For 

example, the NaOH concentration of 0.25 M was observed to be low and 1.0 M 

NaOH was high enough to acquire dehydrofluorination. Concerns regarding the 

experimental NaOH is also highlighted which is important to understand 

experimental conditions in one-pot. Moreover, the reaction using 0.5 M NaOH for 12 

h was considered the most appropriate one due to the retention in mechanical 

stability and satisfactory solubility in acetone. 

PVDF 1H-NMR (400MHz): 1.04 ppm (CH3CH2CF2-, triplet, 3JHH = 7.5 Hz), 1.81 ppm (-

CH2CF2CH3, triplet, 3JHF = 10 Hz), 2.37 ppm (-CF2CH2CH2CF2-, broad triplet, 3JHH = 

15.5 Hz), 2.95 ppm to 2.97 ppm (-CH2CF2CH2CF2-, quintet, 3JHF = 10 Hz) and 6.32 

ppm (-CH2CF2H, triplet (2JHF = 45 Hz) of triplets (3JHH = 7 Hz)). [35, 36]  

DHF-PVDF 1H-NMR (400MHz): 1.04 ppm (CH3CH2CF2-, triplet, 3JHH = 7.5 Hz), 1.81 

ppm (-CH2CF2CH3, triplet, 3JHF = 10 Hz), 2.37 ppm (-CF2CH2CH2CF2-, broad triplet, 

3JHH = 7 Hz), ⁓ 2.82 ppm (-CF2CH2COCH2CF2, singlet), 2.95 ppm (solvent water), 

2.97 ppm (-CH2CF2CH2CF2-, quintet, 3JHF = 10 Hz), 5.38 ppm (-(-CH2-CH=CF-CH2-)3-

, broad), ⁓ 6.0 ppm (-CF2-CH=CFCH2-, complex multiplet, 3JHF 
(-CF

2
-CH=) = 10 Hz and 

3JHF 
(-CF=CH-) =12 Hz) and 6.32 ppm (-CH2CF2H, triplet (2JHF = 45 Hz) of triplets (3JHH = 

7 Hz)). 

 

2.3. Spectroscopic characterization  

The dehydrofluorination was probed with the 1H-NMR and 1H {19F(Spectrometer: 

Bruker Avance III HD, 400 MHz) spectrum of pristine PVDF and alkali modified 

PVDF in Acetone-d6 as the solvent. All 1D NMR measurements were carried out at 

a scan rate of 256 with line broadening normalized to 2.0 Hz using Bruker TopSpin 

4.1.4 version of software. Experimental conditions for probing the proton nuclei is 

as follows; tilt angle at 30°, acquisition time = 4 s, relaxation time =1 s and a pulse 

width of 11.7 μs. Concerning 19F decoupling, globally optimized alternating phase 

rectangular pulse (GARP) sequence was applied during acquisition with a pulse 
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width of 90 µs. Two-dimensional Heterocosy 1H/19F spectra were acquired providing 

correlations between protons and fluorine without nJ limits. 2D 1H/19F Heterocosy 

single quantum coherence (SQC) experiments were carried out with a spectral width 

of 4kHz for 1H with a center at 1200 Hz and 22.5 kHz for 19F with a center at -37.5 

kHz. Acquisition time was set to 0.05 s in the first dimension and 0.5 s in the 

second. Relaxation delay was 1 s, and number of scans was set to 64 according to 

signal/noise and phase correction. A double Fourier transform (FT) was provide (8K 

× 4K) without linear prediction in both dimensions.  

The prominent stretching and bending modes of vibration in PVDF and DHF-PVDF 

was further confirmed by attenuated total reflectance infrared spectroscopy (ATR-

IR) in the finger print region using Thermo Scientific NICOLET iS50 ATR-IR 

spectrometer performing background calibrations at each record of 32 scans per 

sample.  

The Raman spectra were obtained using Horiba Jobin Yvon-LabRAM ARAMIS 

spectrophotometer with charged coupled device (CCD) cooled detector employing 

the 633 nm incident laser (Number of scans = 100 and acquisition parameter = 2) 

in full 4000-400 cm-1 range. 

 

 

3. Result and Discussion 

In the past years, the change in electrochemical and dielectric properties of PVDF 

after dehydrofluorination has been reported [9, 10, 37]. The different phases in 

PVDF are responsible for the fine-tuning of properties in this niche fluoropolymer 

[37, 38]. For instance, from the α-, β-, γ-, δ- and ε-phases of PVDF, the pure β-

phase is responsible for improvements in electroactive feature and overall softness 

of the PVDF for functional processing making these materials important (e.g., 

piezoelectric device, actuators, etc.) [38-40]. Moreover, the formation of internal 

double bonds due to dehydrofluorination in PVDF gains considerable interest for 

various applications through strategic functional modifications [22, 41]. Studies by 

Ross et al. [12]  suggest different steps viz dehydrofluorination and oxygenation 

during a chemical degradation of PVDF in alkaline media [12]. In stark contrast, 

Wang et al. [17] reported that C-F bonds are difficult to activate but with methylene 

units in the main chain, the system attains a feasible reactive state to form double 

bonds (or conjugate double bonds). The reaction is so sensitive that even 0.1% of 
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unsaturation causes significant change in polymer colour. Prima facie, there is no 

report discussing on the prominent region of the 1H-NMR spectra (i.e., tail-to-tail 

and head-to-tail region) that can provide useful insights on the chemical changes 

(Scheme 1). Thus, it is important to validate the detailed spectroscopic studies on 

the selective dehydrofluorination site of PVDF and elaborate the mechanistic insight 

in present literature.  

 

 

Scheme 1. Schematic illustration with scope to decipher the potential orientation for the 

dehydrofluorination reaction of PVDF. What is the missing link to determine principal reaction 

site (Head-to-Tail [HT] (up) or Tail-to-Tail [TT] (bottom)? 

 

The resulting dehydrofluorinated PVDFs are characterized by IR, Raman, 1H and 1H 

{19F} spectroscopy. 

 

3.1. Infrared spectroscopy results and influence on PVDF phase 

Figure 1a represents the ATR-IR spectra of PVDF and dehydrofluorinated PVDF in 

fingerprint region and the results were studied based on the change in chemical 

functionalities and phase, respectively. In PVDF, mostly the spectrum between 400 

cm-1 to 1500 cm-1 corresponds to the stretching/bending frequencies of single 
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bonds [42].  Cai et al. [43] reported that different treatments methods viz 

electrospinning and solvent casting influence phases of PVDF differently. In 

addition, three prominent variables of the bands are observed in the ATR-IR spectra 

viz, the common peaks (describing all phases), exclusive peaks (specific to only one 

phase) and mutually co-existing peaks (showing the co-existence of two phases) 

related to -, -, -phases or combination of these phases. Lanceros-Mendez et al. 

[38] reviewed on the phase change behaviour in PVDF under the influence of 

applied mechanical stress. The results were explained based on the change in the 

phase peaks and enthalpy of material using FT-IR spectrum and differential 

scanning calorimetry, respectively. However, the correlation of modes of vibration 

and phase detected for each vibration is assigned with respect to the proposed 

mechanism of dehydrofluorination explained in section 3.3. 

Fingerprint region of ATR-IR spectra: In the ATR-IR spectrum of PVDF (Figure 1a), 

the vibrational frequencies at 763 cm-1 and 794 cm-1 corresponds to the C-F in-

plane bending or rocking mode of bending exclusively for the α-phase [42]. 

Evidently, over dehydrofluorination of PVDF, the signal attributed to this α-phase 

(between 750 cm-1 - 800 cm-1) disappears while a new broad absorption band near 

840 cm-1 corresponding to the -CH2- rocking mode and difluoromethylene (-CF2-) 

asymmetric stretching mode for the out of phase (i.e., β-phase) was observed [44]. 

In addition, an overlapping of signal in the proximity of 840 cm-1 is assigned for the 

tri-substitutions in dehydrofluorinated PVDF motifs for the -(-CF2-CH=CF-CH2-)- 

region. The signal at 872 cm-1 corresponds to the mutually co-existing β- and γ-

phase in PVDF and illustrates absolute retention in its band behaviour after 

dehydrofluorination. This suggests that the α-phase is the participating phase. 

Moreover, the new subtle band at 1624 cm-1, which was not obtained in the pristine 

PVDF material, evidences the formation of double bond in the alkali treated PVDF 

material [45] (Figure 1b).  
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Figure 1. (a) Expansion of 1525 cm-1 – 620 cm-1 zone from the ATR-IR spectra of PVDF 

(bottom) and dehydrofluorinated PVDF (up) after treating with 0.5 M NaOH for 12 h at 25 ºC ± 

1 ºC (Experiment 9, Table 1) and b) ATR-IR spectra of PVDF (bottom) and dehydrofluorinated 

PVDF (up) in the olefin (-CH=CF-) region (here, the peak intensity is of order x 10-3 arb. unit). 

 

In comparison to other peaks, the weak intensity of olefin stretching modes at 1624 

cm-1 might be attributed due to the applicability of “mutual co-exclusion principal” 

[15]. The absorption signal at 1210 cm-1 for the difluoromethylene stretching mode 

in α-phase of PVDF confers that the PVDF strongly exists in α-phase with the traces 

of β-phase [43].  
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Table 2. Correlation of the principal modes of vibration and change in corresponding 
phases from ATR-IR result of PVDF and dehydrofluorinated PVDF [39-42, 44]. 

Absorption peak in 

ATR-IR spectrum  

(cm-1) 

Poly(vinylidene fluoride), 

(PVDF) 

[vibration mode, phase] 

Dehydrofluorinated 

PVDF, (DHF-PVDF) 

[vibration mode, phase] 

763.0  
[-C-F (in-plane bending or 

rocking), α-phase] excl. 
-*-  

794.0 
[-C-F (in-plane bending or 

rocking), α-phase] excl. 
-*- 

840.0 -*- 

[-CH2- rocking vibration 

and -CF2- νasym. mode, β- 

and γ-phase)] mutually co-existing 

peaks 

872.0 
[C-F band vibration, β- and γ-

phase)] mutually co-existing peaks 

[C-F band vibration, β- 

and γ-phase)] mutually co-existing 

peaks (ret) 

976.0 
[C-C stretching vibration, α-

phase] excl. 

[traces of C-C stretching 

vibration, α-phase] 
disappeared, excl. 

1073.0 
[terminal -CF2H group 

vibration, UD] 

[terminal -CF2H group 

vibration, UD] (ret) 

1150.0 
[C-F stretching vibration, α-

phase] 
-*- 

1174.0 

[-CF2- stretching vibration 

mode, β- and γ-phase)] mutually 

co-existing peaks 

[-CF2- stretching vibration 

mode, β- and γ-phase)] 
mutually co-existing peaks (ret) 

1210.0 
[-CF2- stretching vibration 

mode, α-phase] 
-*- 

1234.0 
[-CF2- stretching vibration 

mode, γ-phase] 

[-CF2- stretching vibration 

mode, γ-phase] (ret) 

1275.0 No traces of any peak. 
[C-F stretching, β-phase] 
excl. 

1380.0 
[-CF2- wagging out-of-plane, 

UD] 
-*- 

1401.0 and 1403.0 

[-CH2- wagging out-of-plane, 

β- and γ-phase)] mutually co-existing 

peaks 

[-CH2- wagging out-of-

plane, β- and γ-phase)] 
mutually co-existing peaks (ret) 

1624.0 No traces of any peak. 
[C=C bond vibration, β-

phase] excl. 

Abbrv. = peak disappears in PVDF after dehydrofluorination (-*-), exclusive peak 

(excl.), asymmetric stretching vibration (νasym), mutually co-existing peaks (mutually co-

existing peaks), retention of peak ((ret)), undetermined (UD). 
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In stark contrast, after dehydrofluorination, the vibration band at 1275 cm-1 

corresponding exclusively to the β-phase for C-F out-of-plane deformation [46] and 

the vanishing of absorption band near 976 cm-1 (attributed to the C-C stretching 

mode of vibration in α-phase) strongly corroborates that the β-phase becomes 

dominant which is crucial for electroactive applications.  

Another interesting feature is that the peak at 1073 cm-1 corresponding to the 

terminal –CF2H group remains unaffected showing that the dehydrofluorination 

occurs in between the chains [47, 48]. This observation is also confirmed by the 

presence of triplet (2JHF=45 Hz) of triplets (3JHH=7 Hz) centered at ⁓ 6.3 ppm region 

in 1H-NMR spectrum of dehydrofluorinated PVDF. This suggests that the 

dehydrofluorination of PVDF is accompanied by phase changes from its original 

state and most preferably attains the β-phase which possesses high dipole moment 

in comparison to the other phases. Table 2 illustrates the relation between phases 

and corresponding modes of vibration for -CH2-, -CF2-, C-H and C-F bonds. 

The results confirm a strong correlation between the vanishing of C-H and C-F 

bonds in α-phase at 763, 769, 976, 1149 and 1210 cm-1 and the appearance of new 

exclusive absorption signals at 840 cm-1 attributed to the β-phase. Whilst, the γ-

phase and mutually co-existing β- and γ-phases of PVDF remains unaffected. 

3.2. Evidences from the Raman spectroscopy  
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Fig 2. Raman spectra of PVDF (bottom) and dehydrofluorinated PVDF (upper) in the expansion 

range of ⁓ 1600 cm-1 - 350 cm-1 after treating with 0.5 M NaOH for 12 h at 25 ºC ± 1 ºC. 

The Raman spectra of PVDF and dehydrofluorinated PVDF were obtained to 

confirm complementary vibrational modes for various phases and mutually 

exclusive shifts, which are IR inactive but strongly Raman active, especially 

the near centrosymmetric double bonds. Figure 2 illustrates the 

comparative Raman spectra of PVDF and the dehydrofluorinated polymer. It 

is evident that after the dehydrofluorination reaction, peaks undergo 

considerable shift and display new modes of vibration between 1595 cm-1 

and 350 cm-1. In PVDF, the band at 409 cm-1 is assigned to rocking mode of 

vibration (for mutually co-existing -CF2- and –CH2- groups) [49, 50]. Whilst, 

the peak at 489 cm-1 is attributed to the stretching/wagging vibrations (for -

CF2- group). Moreover, the rocking bending modes in the α-phase at 791 cm-

1 is characteristic of the methylene (-CH2-) groups in PVDF. At 841 cm-1, the 

co-existence of the α- and β-phases for the combined overlap of -CH2- 

rocking and asymmetric stretching of -CF2- is also observed. The carbon 

skeleton and its various vibrations were identified at 868 cm-1 and 1054 cm-1 

for C-C symmetric stretching with C-C-C scissoring vibrations and C-C 

asymmetric stretching with –CH2- wagging for the α-phase, respectively [49]. 

Furthermore, in PVDF, the region between 850 cm-1 and 1500 cm-1 is 

critically important to understand the dehydrofluorination reaction with 

respect to the involvement of reactive phases and the change in bonding 

attributes. For instance, in PVDF, the asymmetric stretching and bending 

modes of vibration for -CF2- and -CH2- (wagging) in the α-phases were 

assigned at 1200 cm-1 and 1293 cm-1. In addition, the sharp and intense 

Raman shift at 1426 cm-1 corresponds to the -CH2- bending vibration mode 

in mixed phase viz the α- and β-phases which plausibly acquired the 

modified orientation in alkali treated PVDF. Moreover, it is observed that the 

functional transformation affects the vibration modes of –CH2-, -CF2-, C-C 

and C-C-C in PVDF skeleton. Thus, the comparison on consumed bonds and 

newly acquired groups in dehydrofluorinated PVDF was corroborated [51]. It 

illustrates the comprehensive information on the most reactive phase of 

PVDF during dehydrofluorination reaction in alkaline media [52]. In 
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dehydrofluorinated PVDF, the Raman active vibration at 509 cm-1, 583 cm-1 

and 664 cm-1 correspond to different C-C bonding and the shifts are 

attributed to the changes acquired in the polymer chain conformation due to 

olefin bonds. Evidently, the peaks at the 1054 cm-1, 1200 cm-1, 1293 cm-1 

and 1426 cm-1 for the α-phases of methylene and difluoromethylene motifs 

completely disappears in dehydrofluorinated PVDF and very prominent 

peaks are observed at 1120 cm-1, 1370 cm-1 and 1512 cm-1 for the olefin -

CH=CF- vibration of polyenes suggesting that the dehydrofluorination occurs 

[45]. In addition, the wagging and stretching vibrations for -CF2- and -CH2- 

between region 1200 cm-1 to 1300 cm-1 tend to reduce confirming the 

consumption of F- and H-atoms, respectively. The retention in peak at 837 

cm-1 signifies that the mixed β- and γ-phases do not considerably change (a 

shoulder peak is observed in the spectrum of PVDF). These results 

supplement the observations made using ATR-IR spectroscopy. Thus, based 

on the results, the α-phase predominately reacts over other phases in PVDF 

during the dehydrofluorination reaction. 

 

3.3. Evidences from NMR spectroscopy and mechanisms 

Twum et al. [36] comprehensively characterized the chemical structure of PVDF by 

1H, 13C and 19F NMR spectroscopy. Results signifies that the intrinsic chemical and 

physical property of macromolecules relates to the orientation of bond and can help 

in understanding the polymerization reaction. Hence, it is important to acquire 

better and comprehensive understanding of polymer structures [36]. Figure 3 

illustrates the time resolved high resolution 1H-NMR spectra of PVDF when treated 

with low alkali concentration (i.e., 0.5 M NaOH) to get dehydrofluorinated PVDF at 

intervals of 4 h, 8 h and 24 h, respectively.  

Assigning the functional transformation in head-to-tail region: In the 1H-NMR of PVDF 

(Figure 3), the two orientations viz the head-to-tail (-CH2CF2
hCH2

tCF2-) and tail-to-

tail (-CF2CH2
tCH2

tCF2-) are prominently evident at ⁓ 2.97 ppm (multiplet, 2H) and 

⁓ 2.37 ppm (triplet, 2H), respectively. Moreover, the PVDF consists mainly of head-

to-tail orientation with ⁓ 95 %-97 % proportion [37]. The peaks ranging from ⁓ 1.0 

ppm to 1.85 ppm and at 6.32 ppm is attributed due to the methane radical tail and 

branching with capping terminal groups, respectively [53]. In previous reports [54-
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56], after the dehydrofluorination of PVDF and VDF co-polymers, the peak between 

5.5 ppm to 6.0 ppm is assigned to the formation of double bond. However, to the 

best of our knowledge, the fingerprint region (here, the 3.25 ppm to 2.15 ppm) of 

the products are not elucidated in detailed manner. Referring to the study by Zhang 

et al. [57], the dehydrofluorination of poly(VDF-co-TrFE) copolymer occurs at tail-to-

tail region of fluorinated co-polymer where the influence of –I-effect of difluoro-

methylene units was probably remained unclear. Whilst, Ahmed et al. [15, 26] 

confers in mechanism that the dehydrofluorination of PVDF in NaOH/propan-2-ol 

proceeds through six membered transition state with a hydrogen transfer step from 

propan-2-ol to PVDF backbone (as hydride, from mechanism), generating acetone 

(confirmed from experimental detection) [15]. Moreover, in the dehydrofluorination 

studies of poly(VDF-ter-HFP-ter-TFE) and poly(VDF-co-HFP) copolymers, the 

deconvolutions of 2.8 ppm to 3.2 ppm region in the spectrum were limited to low 

field shifts (viz the olefin region). The subtle yet decisive splitting in the peak near 

3.2 ppm regions of dehydrofluorinated poly(VDF-co-HFP) copolymer were also 

required to be comprehensively discussed. Interestingly, the unsaturation induces 

changes in 2.8 ppm to ⁓ 3.2 ppm region of NMR spectrum and was assigned to the 

-CH2CF2
hCH2

tCF2- of DHF-PVDF. Progressively with time, the new peak close to 

3.02 ppm is attributed to the methylene group adjacent to the vinylic proton (-

CH2CF=CH-) of DHF-PVDF (inset highlighted). Whilst, the peak for -

CF2CH2
tCH2

tCF2- orientation remains unchanged showing that the reaction is not 

occurring at the tail-to-tail functional orientation (Figure 3 in the ⁓ 2.4 ppm 

region). These results are decisive and justify the prominent reactive site in PVDF 

during dehydrofluorination reaction. Also, based on the 1H-NMR results, we infer 

that the reaction of dehydrofluorination is head-to-tail selective and plausibly 

proceeds rapidly when the H- and F-atoms are in anti-periplanar where both H- and 

F-atoms are in anti-axial (180°) positions in comparison to syn-periplanar 

conformation where both H- and F-atoms are in syn-axial positions (0°) (Scheme 2). 

Since, the former is thermodynamically more stable form over the cis-configuration, 

we also elucidated that the dehydrofluorination can be mediated by in-situ 

generated sodium iso-propoxide as reported by Ahmed et al. [15, 26] and 

simultaneously it can be catalyzed by the free hydroxides present in the system. 
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Figure 3. Expansion of the 2.2 to 3.25 ppm zone of the 1H-NMR spectra of the PVDF (bottom) 

and dehydrofluorinated PVDF in acetone-d6 and obtained at different times using sodium 

hydroxide (0.5 M NaOH) and propan-2-ol defining the site reactivity of head-to-tail (H-T) over 

tail-to-tail (T-T) orientation. 

 

To understand the mechanism, both sodium iso-propoxide and sodium hydroxide 

afford the dehydrofluorination of PVDF. The following steps are proposed for such a 

reaction (Scheme 2):  

i.) The activation of propan-2-ol to generate non-nucleophilic iso-propoxide base 

for H-abstraction,  

ii.) Proton abstraction from the contorted polymer network of PVDF from anti-

periplanar or syn-periplanar manner via the bimolecular elimination (E2) 

reaction route and pushing the F-atom in six membered cyclic transition 

state and, 
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iii.) HF elimination by proton abstraction from iso-propoxide in concerted 

manner. 

 

 

Scheme 2. Proposed mechanism of dehydrofluorination in head-to-tail site of PVDF in 

solution phase (favourable conformation for dehydrofluorination: anti-periplanar arrangement 

of H- and F-atom). 

 

Evidences of disappearance of double bond due to hydroxide attack: As evident in 

spectrum (Figure 4), the two sets of olefinic protons are visualized as distorted 

broad complex multiplet at 5.4 ppm and 6.1 ppm attributed to the –(CH2-CH=CF-

CH2-CF2)- and –(CF2-CH=CF-CH2-CF2)-, respectively. Moreover, attributed to high 

reactivity of these double bonds and due to the presence of F-atoms and -CF2- unit, 

the unsaturated sites can be attacked by hydroxides to form the corresponding 

oxidized PVDF [12, 58]. Depending upon the dehydrofluorination reagent viz the 
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alkali base, amines, metal hydrides, etc., the mechanism vary from elimination 

reactions (viz E1, E2 or β-H elimination) to single electron transfer. On evaluating 

the olefin region (5.0 ppm to 6.0 ppm) of the 1H-NMR spectra, result suggests that 

the olefin proton in dehydrofluorinated PVDF first appears for initial hours (up to 12 

h) and then disappears showing that the prolonged reaction (≥ 14 h) can reduce the 

scope for further functional modifications attributed to the loss of unsaturation (i.e., 

vanishing of the signal centred at 5.4 ppm, Figure 4). 

 

  

Figure 4. Expansion of the 5.0 to 6.5 ppm zone from the 1H-NMR spectra of PVDF (bottom) and 

dehydrofluorinated PVDF (middle and upper) in Acetone-d6 at different times using sodium 

hydroxide (0.5 M NaOH) and propan-2-ol. 

 



19 | P a g e  
 

Furthermore, to investigate the hydroxide attack over the sp2 C-atom of 

dehydrofluorinated PVDF and its oxidation the region of 2.8 ppm to 3.0 ppm reveals 

several peaks. Meanwhile, the high-resolution spectra of unsaturated PVDF and 

PVDF, show that the peak at ⁓ 2.88 ppm in PVDF disappears while a new broad 

singlet shielded at ⁓ 2.82 ppm is observed (Figure S1), attributed to the oxidized 

keto form of the PVDF. These results strongly affirm the functional interconversions 

of DHF-PVDF into the oxidised forms as mentioned in previous literature [55].  

The mechanism for oxidation step during prolonged dehydrofluorination (t > 12-

14h) plausibly follows the order (Scheme 3): 

i.) The nucleophilic attack of hydroxide onto the sp2-carbon atom forming a 

fluoro-hydroxyl tetrahedral system with carbanion at adjacent carbon,  

ii.) Delocalization of formed carbanion to eliminate the F-atom and to form enol-

system and, 

iii.) Transformation of enol to keto form through keto-enol tautomerism. 

 

 

Scheme 3. Possible mechanism for the oxidation of dehydrofluorinated PVDF 
backbone under the influence of prolonged alkali treatments. 
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Crosslinking in the contorted network occurs through backbiting:  Crosslinking in 

PVDF based polymers generally proceeds through tailoring of the nucleophilic 

moieties for instance bis-amines, bis-phenates and cross linkers [18, 28, 29, 59, 

60]. However, with higher dehydrofluorination time the partial internal crosslinking 

within alkaline conditions were evident (Scheme 4, Figure S2). PVDF bearing 

appreciably acidic proton, is susceptible to the elimination of proton and the formed 

carbanions backbites the contorted polymer chain with simultaneous removal of HF 

from the system. Attributed to difference in s-character of the aliphatic and cyclic 

crosslinked olefin proton, the proton reflects different shifts in NMR spectrum. To 

consolidate the solid difference, it was worth obtaining 1H-NMR and 1H {19F}-NMR 

spectra in 5.0 to 6.5 ppm region showing two different sets of protons (Figure 5). 

For the partial internal crosslinking of PVDF in alkaline medium, the plausible 

order is as follows (Scheme 4): 

i.) Abstraction of proton by the hydroxide ion from the PVDF backbone to form 

carbanion, 

ii.) And, the [1,6]-nucleophilic attack of the formed carbanion to form cyclic 

system with internal crosslinking in PVDF polymer (since, the reaction 

proceeds via anion intermediate, and called “carbanion backbiting”. 
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Figure 5. 1H {19F}-NMR spectra in olefin region in dehydrofluorinated PVDF in Acetone-d6 

(Extended from Figure 4. at 4.0 level of line broadening to remove any discrete noise in signals 

using TopSpin 4.1.4 application). 
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Scheme 4. Possible mechanism for partial crosslinking with simultaneous dehydrofluorination when performed for long reaction time with high 

alkali concentration: (a) crosslinking via carbanion backbiting via. the pull-push mechanism and (b) interchain crosslinking .
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Acquisition of heteronuclear correlation spectra and evidences on unsaturated 1H and 

19F- nuclei correlation: In the above discussion, the 1D 1H-NMR spectroscopic 

analysis were used to probe the reaction sites and understand the mechanism for 

dehydrofluorination reaction. Furthermore, to acquire the evidences on 

unsaturation sites induced in PVDF, the relationship between the 1H and 19F nuclei 

was corroborated using 2D heteronuclear correlation spectroscopy (hetero COSY) 

analysis (Figure 6). Region I with variable sets of 1H-19F correlation of the spectrum 

shows peak for possible tail-to-tail and head-to-tail heteronuclear correlations. The 

correlation contour in the Region II confirms that the F- and H-atoms on the double 

bond mutually correlates at the ⁓ 6.0 ppm (-CH=) and ⁓ -119.5 ppm (=CF-). Hence 

this unprecedented 2D NMR junction (x1H, y19F = 6.0, -119.5) strongly confers the 

existence of -CH=CF- unit in dehydrofluorinated PVDF (Figures S3 and S4). 

 

Conclusion 

The scope of this study underlies describing the chemical transformation 

(especially, the unsaturated site formation) in PVDF when treated with sodium 

hydroxide/propan-2-ol. The transformations in different phases and the 

orientations of PVDF during the dehydrofluorination reaction is investigated. The 

dehydrofluorination reaction was evidenced by infrared, Raman and nuclear 

magnetic resonance spectroscopies (1H and 1H {19F}) in detailed manner and 

plausible mechanistic insights for dehydrofluorination of PVDF is presented. 

Infrared spectroscopy suggests strong correlation between the consumption of C-H 

and C-F bonds of PVDF from the -phase and evolution of exclusive absorption 

signalsfor the-phase. Moreover, due to centrosymmetric attributes of the olefinic 

bond, the signal at 1624 cm-1 was further studied by Raman spectroscopy. Results 

suggests that the unsaturation sites in dehydrofluorinated PVDF can be understood 

more clearly by observing sharp vibration bands at 1120, 1370 and 1512 cm-1. In 

addition, the correlation between various phases is discussed. Investigation of NMR 

spectra reveals that the dehydrofluorination is site selective and the double bond 

formation is more pronounced at head-to-tail (-CH2
tCF2

h-) orientation whilst, the 

tail-to-tail (-CH2
tCH2

t-) methylene-difluoromethylene groups remain unaffected. 

However, the estimation of the number of double bonds cannot be supplied, as well 

as the isolated or conjugated ones. The crosslinking mechanism at higher alkaline 

concentrations is described by “carbanion backbiting” phenomena.  
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Figure 6. 2D 1H-19F HETCOR spectra of dehydrofluorinated PVDF (a) full spectra and (b) the 
expansion showing the correlation of -CH=CF- olefin moieties (sample prepared in Acetone-d6). 
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We also validate the hydroxyl attack onto the activated fluorinated-olefinic carbon 

(analogous to sp2-C akin carbonyl) which is evident by the vanishing of peak in ⁓ 

5.4 ppm region of 1H-NMR spectrum. The olefinic functionality -(-CH=CF-)- and the 

existence of prominent trans-configuration of –(CHt=CFh)- is evidenced by IR 

spectroscopy. Furthermore, the dehydrofluorination was supplemented by the novel 

1H and 19F correlation spectroscopy (hetero COSY) and the junction at the (x1H, y19F 

= 6.0, -119.5) inevitably confirms the formation of –(CH=CF)- double bond. To 

conclude, this unprecented report clearly evidences the dehydrofluorination on the 

specific site of PVDF and proposes features to understand the detailed chemistry of 

dehydrofluorination of PVDF and related niche fluoropolymers for future studies. 
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