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Abstract 

The reaction products of vinylidenefluoride (VDF) with methanol as a telogen have been 

analysed in the solution state by 1H and 19F nuclear magnetic resonance (NMR). High-

resolution 19F and 1H NMR spectra were achieved using high-power 1H and 19F decoupling 

respectively, giving superior resolution and revealing previously unresolved signals of the 

vinylidenefluoride telomer (VDFT). 1H and 19F homo- and hetero-nuclear scalar coupling 

constants are presented and the spectra of functional groups and reverse units (including the 

identification of short-chain structures) are discussed. Furthermore, the application of 19F or 
1H decoupling for the correct assessment of reverse-unit content and degree of 

polymerisation is demonstrated. This work highlights the need for high-resolution 

spectroscopy to determine both the chemical structure and composition of these important 

fluoropolymers. 
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INTRODUCTION 

 

The large chemical shift dispersion of fluorine nuclear magnetic resonance (NMR) led to 

some of the first spectra determining the composition and structure of synthetic 

fluoropolymers1-3. These first structures were deduced from 19F NMR spectra without 1H 

decoupling revealing the characteristic head-to-head (H-H), head-to-tail (H-T) and tail-to-

tail (T-T) monomer sequences of poly(vinylidene fluoride) (PVDF), which are well known 

in the literature. The development of high-field magnets offer 19F spectra of greater 

sensitivity, which, combined with developments in probe technology, make feasible the 

observation of 1H and 19F with 19F and 1H decoupling respectively. Thus, a great 

improvement in spectral resolution was achieved. However, many laboratories do not have 

this facility, partially due to cost, and many assignments are still made using spectra of 

lower resolution. The problems of resolution and subsequent signal assignment for 

fluorinated polymers is often further complicated because analyses are made on samples of 

raw synthetic samples, which contain a mixture of reaction products, i.e. with varying chain 

lengths and functional groups from which, reverse units and end chain groups are estimated  

. Such analyses are,  also important for the understanding of the polymerisation reactions 

and thus for finding improved efficiencies for producing fluoropolymers. Separation 

procedures have substantial drawbacks and NMR is the only technique sufficiently powerful 

to determine structural details of the reaction products in situ. 

Multinuclear correlation experiments have been implemented on samples related to PVDF, 

often to gain resolution for a specific group of signals4-6. The assignments are often deduced 

from spectra of model compounds or of samples obtained by various synthetic pathways7-10. 
1H and 19F solution-state NMR spectroscopy has revealed the presence of -CH3, -CH2OH 

and -CF2H end groups11-13 but poor resolution often inhibits the identification of signals 

associating them with the adjacent main-chain or other structures. Furthermore, without 

decoupling the overlap of signals is considerable due to the extent and magnitude of 1H and 
19F homo and heteronuclear scalar couplings14. We are here concerned with relatively small 

PVDF samples, i.e. with vinylidene fluoride telomer (VDFT) products. No extensive 

investigation using one- and two-dimensional solution-state NMR experiments on such 

samples by observation of 1H and 19F resonances while decoupling 19F and 1H, respectively, 

appears to have been carried out previously.  
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Comparison of coupled and decoupled spectra enables the scalar coupling constants to be 

determined, leading to a more accurate structural evaluation. Typical (H,F) coupling 

constants found in the literature for PVDF main-chain CF2CH2 groups are 3JF,H ~ 16 Hz,  

and 4JH,H = 0 - 5 Hz, while 4JF,F is typically 10 Hz.15-17 The reverse unit provides a well-

documented feature in the spectra of VDF materials, yet 3JF,F (0 - 5 Hz) and 3JH,H (3 -12 Hz) 

are often not resolved and therefore only a limited number of values have been documented 

for such systems. Usually the 3JF,H coupling constants involved in reverse units are also 

reported to be of the order of 16 Hz18. Further couplings of importance are those of the end-

groups showing 2JF,H (55.2 Hz) and 3JH,H  (4.4 Hz) for H-CF2-CH2-, 
3JH,H (7.5 Hz) for CH3-

CH2-, and 3JF,H (19.3 Hz) for CH3-CF2-
17. For the observation of small coupling constants 

the linewidth and resolution of the spectrum are obviously of great importance, which is 

probably the main reason why 3JF,F and 4JH,H coupling effects are seldom seen in spectra of 

high molecular weight PVDF polymers. The nJF,F couplings do not follow the same general 

behaviour as nJH,H couplings. It is possible for groups in straight-chain fluorinated 

compounds such as VDF to have vicinal 3JF,F couplings near to zero, whereas 4JF,F coupling 

constants can be quite large, ~10 Hz19. This must be taken into consideration when assigning 

coupling constants and thereby determining the structure.  19F COSY spectra can often give 

more correlations than are typically found in a 1H-COSY spectrum. Whilst many examples 

of 1H/19F heteronuclear correlation experiments have been published20, 21, few have been 

applied to polymeric fluorine systems and it is noted that 19F/19F TOCSY experiments 

involve a difficulty in creating a spin-lock over the entire 19F chemical shift range22. A 19F-

COSY spectrum has revealed unambiguously the pentad assignments in isoregic poly(vinyl 

fluoride)23 and on aregic poly(vinylidene fluoride)24, such that the main regiosequence 

assignments out to the heptad level were verified. One major advantage of the 2D COSY 

experiment is that correlations are observable when coupling between multiplet systems are 

not resolved in 1D spectra. This is usually the case for polymers, where couplings as large as 

7–10 Hz may not be resolved because of the 10 Hz linewidths. In our earlier work on 

PVDF25 we showed that a 2D COSY spectrum revealed peaks at ~ –107 ppm, which were 

assigned to possible CF sites at chain-branching positions, as these signals showed no off-

diagonal cross peaks. The literature suggests assignments for some of these peaks to CF2-

CH3 end groups and offers chemical shift calculations to justify assignments of other peaks 
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in this region to chain branching26, 27. Any variations such as hydroxyl groups, defect units 

or modification of existing functionalities are of great importance, specifically for further 

chemical modification resulting in enhanced material properties for applications in, for 

example, modified membranes in polymer electrolyte fuel cells28, 29. In earlier work25 we 

suggested an extended structure for the reverse units and CF2 groups adjacent to them. 

However, the corresponding protons of the reverse units and end chains and any correlations 

of protons to the fluorine signals at ~ –106 and –108 ppm were not investigated. Recently, 

we studied the reaction products of VDFT by solid-state NMR30 which revealed a great 

difference in the solid characteristics and macroscopic properties of VDFT compared to 

those found by our previous solid-state NMR studies on PVDF25, 31-33. Therefore, in this 

paper, we characterize VDFT by 19F and 1H solution-state NMR spectroscopy to evaluate, 

structure, defect-unit content, degree of polymerisation and the effect decoupling has on the 

analysis. Coupling constants are reported where possible, but this is greatly dependent upon 

linewidth and scalar coupling attenuation (vide supra) for 3JF,H 3JF,F and 4JF,F, including 

relevant 1JH,H couplings14. Furthermore, assignments of minor peaks in the 1H and 19F 

spectra, including chain end-groups and short-chain VDFT fragments are offered. Any new 

information provided by these assignments could influence perceived synthetic reaction 

pathways as the proton and fluorine spectra are often employed to deduce reaction products 

and their intermediates34. 

Geminal (F,F) coupling constants are large (ca. 200 Hz) and in principle can affect spectra. 

In most cases, the two fluorines of a CF2 group and the two protons of a CH2 group are 

chemically (but not magnetically) equivalent, and further considerations are required25. 

Thus, the nuclei of a main-chain CF2-CH2 group will give an [AX]2 contribution to the total 

spin system. However, the magnitude of 2JFF will render the result indistinguishable from 

that of an A2X2 system35. When the CF2 fluorines are chemically non-equivalent, which only 

occurs when the group is adjacent to a chiral centre (e.g. at branching points), the situation 

could be more complicated, but even here such fluorines are, in practice, rendered 

effectively equivalent by the coupling. Of course, the full spin system of a VDFT is actually 

very complex. 

 

EXPERIMENTAL  

 1 
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The VDF telomer was prepared as described in the literature34. The solution-state spectra 

were recorded at 22 ºC on a Bruker 500 MHz Avance spectrometer equipped with a QNP 

probe and operating at 499.78 MHz for 1H and 470.21 MHz for 19F. The solvent was 

dimethylsulfoxide-d6 (DMSO-d6). 
19F chemical shifts were measured and are quoted relative 

to the signal for a replacement sample of CFCl3 and 1H shifts are relative to the signal for 

tetramethylsilane. The one-dimensional 19F spectra were recorded with the following 

parameters: spectral width 28 kHz; data size 32 k; pulse delay 1 s; pulse duration (90°) 11.9 

µs. The one-dimensional 1H spectra had a 7 kHz spectral width, pulse delay of 1 s and pulse 

duration (90°) of 10.5 µs. Standard Bruker pulse sequences were used for 1H and 19F COSY 

and 1H /19F HETCOR spectroscopy, with 20 kHz spectral widths along the t1 and t2 

directions, a 256 ×4k data-point matrix for 19F and a recycle delay of 3 s. For 1H 

experiments, 4 kHz spectral widths in t1 and t2 and a 256 ×2 k data point matrix were used in 

the COSY experiments. Similar parameters were used in the HETCOR experiment.  

 

RESULTS AND DISCUSSION 

 

1. Major signals in the 1H and 19F spectra of VDFT 

Firstly, most of the major signals in the 19F and 1H spectra of VDFT, with and without 

decoupling, and their structural assignment by correlation spectroscopy will be discussed, 

since many of these signals are common to VDF-type structures and are well known17, 25, 36. 

Figure 1 shows the fluorine-coupled proton spectrum of VDFT with expansions (a, b, c and 

d). This spectrum involves both 3JH,H and JF,H coupling patterns, as listed in Table 1 together 

with assignments, integrals and magnitudes of. JF,H couplings. The peaks are denoted by 

Greek letters, and the assignments become clear when the splitting patterns are considered 

and the results of two-dimensional experiments evaluated. The fluorine-decoupled proton 

spectrum (Figure 2b) shows an increase in proton resolution, which allows a more accurate 

determination of chemical shifts and proton homonuclear coupling strengths (as given in 

Table 1 and quoted in the text below), and also identification of the heteronuclear 3JF,H 

coupling constants by comparison with the fluorine-coupled proton spectra. The relative 

signal intensities, given in Table 1, were obtained by integration of the fluorine-decoupled 

spectrum only. The 1H COSY (Figure 3 and Table 2) shows the proton-to-proton coupling, 
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with signal assignments given in Table 1.  Figures 4a and 4b show the 19F spectra (proton-

coupled and proton-decoupled respectively).  

The one-dimensional spectra contain a number of signals that are well known in the 

literature. An intense quintet at 2.905 ppm (ϕ) (Figure 1) is identified as the main-chain 

protons in -CF2–CH2-CF2- structures of the polymer backbone11-13. This signal is reduced to 

a broad singlet in the 19F-decoupled spectra (Figure 2), with no visible splitting, probably 

because the proton-proton coupling is smaller than the linewidth of ~10 Hz. The 

corresponding fluorine signal of the main chain is seen at –91.897 ppm (HT), table 3 and in 

figure 4a and 4b. Both of these signals show very similar relative integral values in both 

proton and fluorine spectra. 

The decoupling does, however, reveal new low-intensity signals in both spectra for this 

region, which will be discussed later (see Section 3).  

The proton resonance at 6.360 ppm (α) for -CH2-CF2H shows a characteristic triplet of 

triplets pattern (figure 1), with 2JH,F (54.5 Hz) and 3JH,H (4.5 Hz) coupling constants typical 

of end chains17. The signals α and κ couple, as seen in the 1H COSY (Figure 3 and Table 2). 

The signal κ is a quintet of doublets (Figure 1c), which becomes a doublet when fluorine-

decoupled (Figure 2) and therefore has two CF2 groups adjacent to it, coupled by 3JF,H ~ 16 

Hz, and one CH group. The signal M seen in the fluorine spectrum (Figure 4a, insert b) is 

assigned to the fluorine in the -CH2-CF2H end-group11, 12, 17. This signal shows 19F,1H 

coupling, causing a doublet splitting with 2JF,H  ~ 54.5 Hz, and is split further into a triplet of 

triplets (3JF,H of 16.5 Hz and 4JF,F of 6.0 Hz). The 19F/1H HETCOR spectrum (Figure 5 and 

table 4) verifies the proton assignments of signals α and κ to end-chain CH2-CF2H by 

demonstrating correlations to fluorine group M and (for κ) to fluorine group G.  

Furthermore, the 19F COSY (Figure 6) shows that groups giving the signals M and G are 

near neighbours, proving that the end-group structure is ϕ-G-κ-M-α (Scheme 1). 

-CH2-CF2-CH2-CF2H 2 

      ϕ       G       κ       M    α 

Scheme 1 

A complex triplet (ο) in Figure 1 at 2.267 ppm is in the region anticipated for the methylene 

groups of the reverse unit -CH2-CH2-CF2–CF2-
25, 37. The 19F-decoupled spectrum of the 

same resonance (Figure 2) gives only a singlet, i.e. showing no (H,H) splitting. One would 
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expect to see a second-order [AB]2 pattern for these protons in the fluorine-decoupled 

spectrum, with additional splittings in the fluorine-coupled spectrum. The linewidth of the 

decoupled signal is ~ 6 Hz. We assume the resonance arises from both methylene groups of 

the reverse units, the protons having almost identical chemical shifts so that the signals 

merge to form a singlet. A full assignment of the defect unit signals and those of the 

adjacent fluorine groups has been given24 but is also described in this paper under Section 3.  

The less intense signals in the spectra present a greater challenge for interpretation. Many of 

these signals have been previously assigned by more tentative methods. 

 

2. The occurrence of branching and/or end groups 

It has been suggested that the fluorine signals in the region between –106 and –108 ppm in 

the 19F spectrum of VDF materials (Figures 4a and 4b) derive from branching of the main 

chain26, 27, though no NMR spectra have convincingly confirmed all the signals in this 

region. We now attempt to clarify the nature of these signals and refer to the proton 

spectrum in Figure 1, which shows a triplet at 5.578 (β) with a 6.5 Hz 3JH,H coupling 

constant. This signal does not change with 19F decoupling (see Figures 1a and 1b) nor has it 

been reported in previous work. It is here tentatively assigned to a hydroxyl end-group on 

the basis of the chemical shift and coupling constant, which are similar to those of other 

such groups in VDFT34. A second triplet is seen at 4.751 ppm (χ) with a 3JH,H coupling 

constant of 6.0 Hz, also assigned to a hydroxyl end group by reference to the literature34. 

Furthermore, signals between 3.650 and 3.570 ppm (Figure 1b) show a complex pattern, but 

can probably be interpreted as two triplets of doublets at 3.622 ppm (δ) and 3.600 (ε) for 

methylene protons of hydroxylated extremities -CH2-OH. Figures 7a and 7b show the 

expanded region for both the 19F-coupled and -decoupled spectra of these two signals. In 

Figure 7b only the doublet is seen for the δ signal, showing that the coupling is to the 

hydroxyl proton, whereas the signal for ε remains unchanged. Hydroxyl structures have 

previously been suggested for these signals, but adjacent groups could not be determined 

with any great clarity34. However, from the 1H COSY spectrum (Figure 3 and Table 3), it is 

clear that the signal ε couples to that labeled π at 2.138 ppm with ~ 6.5 Hz and to χ with ~ 

5.5 Hz, while β couples to δ with ~ 6.5 Hz. Furthermore both π and δ have a 3JF,H coupling 

of ~ 14.5 Hz. The 1H/19F HETCOR (Figure 5 and Table 4) shows that both π and δ correlate 
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to the 19F signal J at –107 ppm. This resonance is a quintet with a 3JF,H (14.5 Hz) but is a 

singlet when decoupled (Figures 4a and 4b and Table 4). This strongly suggests that the 

fluorine signal at –107 ppm (J) derives from a short-chain species and is not associated 

directly with end-chain groups of the VDF polymer backbone nor is it for a branch point; the 

structure is given in Scheme 2. The integrals of these signals also confirm the structure and 

verify it as a reaction by-product.  Perhaps of greater interest is that these alcohol groups are 

not part of  the major polymer fragment , and thus do not fulfil a major purpose of providing 

functionality for further chemical modification of the main polymer.  

 

HO-CH2-CF2-CH2-CH2-OH 3 

β          δ        J        π        ε          χ 

Scheme 2 

 

3. The structure of the defect units. 

There are several signals in the fluorine-decoupled proton spectrum (Figure 2) at similar 

chemical shifts to the main-chain signal at 2.905 ppm (ϕ); these are at 3.072 (φ), 3.012 (γ), 

2.997 (η), 2.963 (ι), 2.837 (ϖ) and 2.792 (ω) ppm. The fine structure of these individual 

signals is difficult to interpret because of signal overlap. All of them have similar linewidths 

(~ 6 Hz) to that of the main-chain signal, and therefore no 4JH,H coupling is seen. However, 

we do suggest they are probably from -CH2-CF2-CH2-main-chain structure types, apart from 

the signal φ, which correlates in the 19F/1H HETCOR spectrum with resonance E of the CF2 

group in the defect unit (Figure 5). The reverse unit CH2 signal (ο) at 2.267 ppm correlates 

to the fluorine signals D and C, seen in the same spectrum; therefore, C and D must be 

adjacent to the defect protons. The CF2 reverse groups D and E couple, as shown in Figure 6 

(in spite of the lack of observable splittings in their spectra), and the signal φ couples only to 

E (Figure 5), so φ is adjacent to a reverse unit. Other groups in close proximity to these 

signals can also be assigned, since E couples to B and B to A`. Proton signals φ and ϕ both 

couple to resonance B. Furthermore, only D and C couple to signal ο,  F couples to both C 

and A but C and A do not couple, F , and all couple to the main-chain proton signal ϕ (see 

Figure 5 and Table 4) giving assignments for the fluorine and proton signals of the defect 

unit with their adjacent groups (Scheme 3). 
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-CF2-CH2-CF2-CH2-CF2-CH2-CH2-CF2-CF2-CH2-CF2-CH2-CF2- 4 

  A       φ      F       φ       C       ο       ο       D      E      Φ      B       φ       A’ 

Scheme 3 

 

Moreover, the defect-unit signals in the expanded fluorine spectrum (Figures 8a and 8b) 

show that the linewidths of the proton-coupled signals are ~ 50 Hz (E) and ~ 45 Hz (D). By 

reference to Scheme 3 and literature values19, the signal E should be coupled by  4JF,F (~ 10 

Hz) from signal B and 3JF,F (probably negligibly small) from D, but also 3JF,H (~ 16 Hz) and 
4JF,H (~ 5 Hz) from φ and o respectively. In the case of signal D, its largest splitting 

contribution would come from 3JF,H (~ 16 Hz) since literature values predict a 3JF,F of ~ 0 Hz. 

Both signals have widths which are reduced by one third to ~ 33.0 Hz (E) and ~ 16 Hz (D) 

when proton decoupled. Proton decoupling seems, therefore, to be more effective on D than 

E. As discussed in the introduction, 3JF,H and 4JF,F should normally provide the strongest 

coupling in VDFT19; the broad signal for E reflects this. It is, however, possible to 

distinguish a triplet in signal D with a 14.0 Hz coupling, which must be to its nearest 

neighbour E, as D does not correlate to C in 19F COSY (Figure 6) (i.e., it shows no 5J 

coupling and no through-space coupling to C - often seen in COSY for other CF2 groups38 as 

noted in the introduction). This would mean that the reverse unit 3JFF coupling has a 

significant magnitude, in contrast to published values of near zero for straight-chain 

perfluorinated molecules.19 

 

4. Assignments of the various end groups and chain substructures. 

A proton singlet at 1.252 ppm (σ) (Figures 1 and 2) is assigned to the methyl groups of the 

tert-butyl alcohol (CH3)3-C-O-H produced from the radical initiator di-tert-butyl peroxide 

((CH3)3-C-O-)2, as noted in the literature34. The corresponding OH hydrogen in tert-butyl 

alcohol possibly exchanges with adventitious water to give the signal at 3.348 ppm. 

However, an alternative assignment is to a (CH3)3-C-O-CH3 structure containing the signal µ 

at 2.653 ppm, which is a quartet and the only other signal of the same intensity as σ . 

Protons λ, giving a triplet at 2.720 ppm with 3JH,H (7.5 Hz) and ν, showing a triplet of 

triplets at 2.358 ppm with 3JH,H (7.5 Hz) and 3JF,H (16.5 Hz), correlate in the 1H COSY 

(Figure 3). Only the proton signal ν correlates to the fluorine signal I at –95.568 ppm, as 
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seen in the 19F/1H HETCOR spectrum (Figure 5 and Table 4). As the signal λ is not affected 

by 19F decoupling nor is it adjacent to any fluorine group, its chemical shift would imply that 

an electronegative group is adjacent to it, possibly (CH3)3-C-O-, but this is speculative asthe 

integrals do not verify this . Scheme 4.  

      X-CH2-CH2-CF2-CH2- 5 

                                                 λ         ν        I          φ 

Scheme 4 

        

In Figure 1, a triplet of quartets is seen at 1.961 ppm (θ), showing both 3JH,H (7.5 Hz) and 
3JF,H (16.5 Hz) coupling. The proton coupling magnitude and the intensity of this signal 

correspond to those for the triplet at 0.967 ppm (τ), These signals also show mutual coupling 

in the 1H COSY (Figure 3), but only the signal θ couples to a CF2 group (H) at –95.330 

ppm, which also couples to the main-chain protons ϕ as seen in the 19F/1H HETCOR 

spectrum (Figure 5). Further coupling with agreeable integarals are that of H to P On the 

basis of such assignments and integrals, these signals represent an end group, as  shown in 

Scheme 5. 

-CF2-CH2-CF2-CH2-CH3 6 

   P       ω        H        θ         τ 

Scheme 5 

 

The triplet at 1.794 ppm (ρ), with a 3JF,H of 19.5 Hz (Figure 1), is a singlet in the decoupled 

spectrum (Figure 2). Furthermore, the fluorine signal K at 107.415 ppm (figure 4) is a 

quartet with the analogous 3JF,H of 20.0 Hz (Table 3), giving the assignment to a -CF2-CH3 

end group. The 19F/1H HETCOR (Figure 5) shows K to be coupled to ρ at 1.794 ppm but not 

to any other protons.  Published data from unresolved spectra 11, 12 suggest this signal 

originates from a CH3-CF2-CF2- end group; indeed in the 19F COSY (Figure 6) K does 

couple to L at –114.319 ppm, which couples further to the main-chain proton signal ϕ at 

2.905 ppm giving the sub-structure ϕ-L-K-ρ and all signals have commensurate relative 

intensities in the respective spectra. Thus K and L should give 3JF,F. However, the signal K is 

a singlet when proton decoupling is applied whereas L is a broad triplet with an apparent 

~10 Hz 3JF,F coupling. The coupling of L to K is questionable as the signal K, which has an 8 



 

16032008 

12 

Hz linewidth, should also show the 10 Hz coupling seen in signal L and it does not. A 

possible explanation for this is that the 3JF,F coupling of K to L is smaller than 8 Hz and the 

coupling of 10 Hz for L is 4JF,F t. This would be in agreement with the known attenuation of 

fluorine couplings19, 39, 40, suggesting the end-group structure shown in Scheme 6.   

CH2-CF2-CF2-CH3 7 

          φ        L       K     ρ 

Scheme 6 

 

5. Short-chain oligomers showing similar 19F,19F coupling 

Many of the 19F signals, such as H-T, F, G, and B, show increased resolution due to 

decoupling, but do not allow measurement of the magnitude of 3JF,F or 4JF,F because 

linewidths are 10 Hz or more. Along with signal C, these resonances are here assigned to 

fluorine groups adjacent to the defect units or end groups (see section 3). The signals C, H 

and I also show an increase in resolution due to decoupling. Although the signals H and I 

have been discussed in previous sections, the affect of decoupling on these signals is worth 

an special mention here. Both The signals H and I give a 4JF,F of ~ 9.5 Hz and C is resolved 

into two separate signals, now labelled C’ and C (Figures 9a and b) at –94.577 and –94.659 

ppm respectively. A 4JF,F of 9.5 Hz for C’ is also seen. Furthermore, new signals (N, O, and 

P) are observed in the region of the main-chain fluorine signal H-T at –91.897 ppm, with a 
3JF,F of 9.5 Hz. The fluorine signals C`, H and I (figure 9b) are all triplets with different 

integral values  but have very similar 4JF,F values of ~ 9.5 Hz  as do N, O and P. However 

credible integral values for N and O are not obtainable due to insufficient resolution, but the 

signal P has the same integral as H and they do couple in the 19F COSY spectrum as shown 

above. The proton-coupled fluorine spectra show the signals H and I with multiplet 

intensities 1:2:5:8:10:12:10:8:5:2:1, which could be from a four-spin system showing 4JF,F  ~ 

9.5 Hz and 3JF,H ~ 19 Hz.  

The 19F/1H HETCOR spectrum (Figure 5 and Table 4) of the CF2 signal H shows coupling to 

the CH2 protons (θ) in the -CH2–CF2-CH2-CH3 end group, so it is assigned as shown in 

Scheme 5. In the same spectrum signal H can be seen to couple to signal ω. From the 19F 

COSY experiment (Figure 6) H is shown to couple to P. The signal H also shows coupling 

to protons of minor intensity (ω) and I to ϕ, though resolution does not allow a complete 
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assignment of the fluorine or proton signals No further coupling can be verified for P again 

due to resolution.  

 

6. The main-chain structures 

From the 19F and 1H correlation spectroscopy discussed in the previous sections, it is seen 

that the fluorines of the defect units (A’ and F) scheme 3, both couple to the main-chain 

signal (H-T), which in turn couples to G of the end group, scheme 1 (see Figure 6). It is also 

important to note here the relative integral values of the end group protons and fluorine 

signals (G, M, κ and α ) in scheme1, show relative integral values of 4, double that of the 

defect unit signals and adjacent groups. This true for integral values presented in both the 

proton and fluorine data, tables 1 and 2 (compare α withοand φ and M and G with D or E 

respectively). Furthermore, no other signal with corresponding integral values or correlation, 

was found to be associated with  these groups. 

 

  On the basis of these observations a tentative structural type (Scheme 7) for the main 

component in the reaction mixture can be suggested were the end groups are the same.   

H-CF2-CH2-CF2-CH2-CF2-CH2--[CF2-CH2-CF2-CH2-CF2-CH2-CH2-CF2-CF2-CH2-CF2-CH2-CF2]n-CH2-CF2-CH2-CF2-CH2-CF2-H 

α  M       κ    G      ϕ    HT     ϕ   [ A      ϕ    F      ϕ      C     o       o     D     E      φ     B      ϕ     A’]n  ϕ     HT    ϕ      G     κ     M  α 

Scheme 7 

 

7. Degree of polymerisation and the reverse unit. 

The degree of polymerisation ( ncumDP ) and reverse unit (RU%) formation are commonly 

reported parameters for VDF polymers and are calculated by Equations (1) and (2)10:  

                     (1)

%          (2)

ncum
HT A B C F G E D

DP
M

E
RU

HT A B C F G M E D

+ + + + + + +
=

=
+ + + + + + + +

 

We calculate these parameters using the proton-coupled and -decoupled fluorine spectra 

with integration as follows: 
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The average cumulative degree of polymerisation was evaluated by integration of the 

fluorine signals representative of the VDF backbone, as indicated in Scheme 7 (H-T, A, B, C 

D, E, F, G) and the fluorine signal M representing the end groups. Using integrated values of 

signals from the 1H-decoupled 19F NMR (Table 3) and equation 1 the degree of 

polymerisation is estimated to be 18 and, using a molecular weight of 64 for the (-CH2-CF2-) 

unit, an average molecular weight for the VDF telomer was found to be 1200 Dalton. The 

decoupled spectrum should give a more accurate assessment of these parameters than the 

coupled spectrum. However, in the literature proton spectra without decoupling are often 

used. Moreover, the main-chain signal often has contributions from signals not associated 

with the polymer backbone structure, leading to possibly erroneous evaluations.  

A reverse-unit content  was calculated to 3%, using Equation 2  with integral values from 

the proton-decoupled fluorine spectrum. As stated earlier, the amount of reverse units is 

usually large in the early stages of polymerisation, up to 50%, and decreases with increase in 

molecular weight34. In this study, the amount of reverse units is low and comparable to 

values reported for photochemically induced polymerisation10. The reverse-unit values 

measured from the fluorine spectra for our low molecular weight VDFT (1200 D) is about 

half of that for PVDF (1×106 D)10, 34.  

 

CONCLUSIONS 

The decoupling of 19F or 1H when 1H or 19F spectra are being acquired, respectively, results 

in a significant improvement in resolution, clearly seen in the 19F spectra for the VDFT 19F 

signals N, O, P H, I and C`, which are to our knowledge not previously assigned in the 

literature on VDFT. Decoupling has also allowed verification of 3JF,H and 4JF,H coupling 

constants, which were found to be in general agreement with literature values. Two 

structures are tentatively presented, one with reverse units scheme 7, and one apparently 

without, scheme 2. As the linewidths for the higher molecular weight compound, scheme 

7,showed typical values in excess of 10 Hz, splittings arising from 4JF,F (~ 9.5 Hz) were only 

resolved for the compound with no reverse units i.e. lower molecular weight. We suggest 

this compound has a lower value of ncumDP , though this could not be calculated, because of 

the limited spectral resolution. We also conclude that the proton-decoupled fluorine spectra  

should   give more accurate values for reverse unit and end group content due to  higher 
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resolution of the signals in question. The increased resolution available from decoupling also 

aided the determination of new hetero- and homo-nuclear coupling constants. It was found 

that 3JF,F can be greater than 4JF,F, as in the case for the reverse-unit signals, and vice versa. 

This shows that great care must be taken in the structural determination of highly fluorinated 

compounds. The fluorine spectrum of VDFT shows signals of specific interest, namely J and 

K. We have assigned these signals  to small molecular by-products.. Although several end-

group signals appear in the spectra of VDFT, only the CF2H end group was shown to 

terminate the main polymer chain based on correlation and integral values. Signals 

associated with major polymer backbone structures have linewidths, which are generally 

equal to or greater than the magnitude of homonuclear 3JF,F and 3JH,H coupling constants, 

making their determination difficult. This work has shown that the main reaction product 

has reactive end groups giving the possibility of further modification and aided our 

understanding of the structural complications of these compounds.  
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