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Abstract

The reaction products of vinylidenefluoride (VDF)thwmethanol as a telogen have been
analysed in the solution state Byl and *°F nuclear magnetic resonance (NMR). High-
resolution'®F and*H NMR spectra were achieved using high-pot¢rand*°F decoupling
respectively, giving superior resolution and reirgalpreviously unresolved signals of the
vinylidenefluoride telomer (VDFT)'H and'°F homo- and hetero-nuclear scalar coupling
constants are presented and the spectra of fuatpaups and reverse units (including the
identification of short-chain structures) are dissed. Furthermore, the application*% or

'H decoupling for the correct assessment of revensie-content and degree of
polymerisation is demonstrated. This work highlgghthe need for high-resolution
spectroscopy to determine both the chemical streacnd composition of these important

fluoropolymers.
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INTRODUCTION

The large chemical shift dispersion of fluorine l®ac magnetic resonance (NMR) led to
some of the first spectra determining the compmsitiand structure of synthetic
fluoropolymers™. These first structures were deduced frfd NMR spectra withoutH
decoupling revealing the characteristic head-tah@#H), head-to-tail (H-T) and tail-to-
tail (T-T) monomer sequences of poly(vinylideneofide) (PVDF), which are well known
in the literature. The development of high-field gnats offer'*F spectra of greater
sensitivity, which, combined with developments irolge technology, make feasible the
observation of'H and *F with *F and 'H decoupling respectively. Thus, a great
improvement in spectral resolution was achievedwéie@r, many laboratories do not have
this facility, partially due to cost, and many gssnents are still made using spectra of
lower resolution. The problems of resolution andsaguent signal assignment for
fluorinated polymers is often further complicateztuse analyses are made on samples of
raw synthetic samples, which contain a mixtureeafction products, i.e. with varying chain
lengths and functional groups from which, reversiisuand end chain groups are estimated
. Such analyses are, also important for the uteletgg of the polymerisation reactions
and thus for finding improved efficiencies for pumihg fluoropolymers. Separation
procedures have substantial drawbacks and NMReisiity technique sufficiently powerful
to determine structural details of the reactiordpiasin situ.

Multinuclear correlation experiments have been engnted on samples related to PVDF,
often to gain resolution for a specific group afrslé®. The assignments are often deduced
from spectra of model compounds or of samples pethby various synthetic pathway$

'H and *F solution-state NMR spectroscopy has revealedptheence of -Ckl -CH,OH
and -CEH end groups™2 but poor resolution often inhibits the identificat of signals
associating them with the adjacent main-chain teertstructures. Furthermore, without
decoupling the overlap of signals is considerabie @ the extent and magnitude’sf and
F homo and heteronuclear scalar couplihig#/e are here concerned with relatively small
PVDF samples, i.e. with vinylidene fluoride telom@DFT) products. No extensive
investigation using one- and two-dimensional solustate NMR experiments on such
samples by observation tfl and*°F resonances while decouplifif and'H, respectively,
appears to have been carried out previously.
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Comparison of coupled and decoupled spectra en#idescalar coupling constants to be
determined, leading to a more accurate structuvaluation. Typical (H,F) coupling
constants found in the literature for PVDF mainiosh@RCH; groups ar€Jy ~ 16 Hz,
and“Jyp = 0 - 5 Hz, while*J is typically 10 HZ>" The reverse unit provides a well-
documented feature in the spectra of VDF maten@s e (0 - 5 Hz) anddy i (3 -12 Hz)
are often not resolved and therefore only a limitathber of values have been documented
for such systems. Usually tHé- coupling constants involved in reverse units aso al
reported to be of the order of 16 ¥izFurther couplings of importance are those ofethe-
groups showingJe (55.2 Hz) anddn (4.4 Hz) for H-CB-CHy-, 334 (7.5 Hz) for CH-
CH,-, and®3} 4 (19.3 Hz) for CH-CR-'". For the observation of small coupling constants
the linewidth and resolution of the spectrum argialsly of great importance, which is
probably the main reason Wi r and“Jy  coupling effects are seldom seen in spectra of
high molecular weight PVDF polymers. Th& r couplings do not follow the same general
behaviour as"3yy couplings. It is possible for groups in straightin fluorinated
compounds such as VDF to have vicifilr couplings near to zero, where'dsg coupling
constants can be quite large, ~10HZ his must be taken into consideration when agsign
coupling constants and thereby determining thecstra. °F COSY spectra can often give
more correlations than are typically found inHeCOSY spectrum. Whilst many examples
of *H/**F heteronuclear correlation experiments have beddighned® % few have been
applied to polymeric fluorine systems and it is etbthat°F/*°F TOCSY experiments
involve a difficulty in creating a spin-lock oveme entire*F chemical shift rangé A *°F-
COSY spectrum has revealed unambiguously the pastignments in isoregic poly(vinyl
fluoride® and on aregic poly(vinylidene fluorid8) such that the main regiosequence
assignments out to the heptad level were verif@oe major advantage of the 2D COSY
experiment is that correlations are observable wdwempling between multiplet systems are
not resolved in 1D spectra. This is usually theedas polymers, where couplings as large as
7-10 Hz may not be resolved because of the 10 h&wvidths. In our earlier work on
PVDF® we showed that a 2D COSY spectrum revealed pdaks-407 ppm, which were
assigned to possible CF sites at chain-branchisgipes, as these signals showed no off-
diagonal cross peaks. The literature suggestsramsigis for some of these peaks to,-CF

CHs end groups and offers chemical shift calculatimnpustify assignments of other peaks
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in this region to chain branchiffg®’. Any variations such as hydroxyl groups, defedtsun
or modification of existing functionalities are gfeat importance, specifically for further
chemical modification resulting in enhanced matepigperties for applications in, for
example, modified membranes in polymer electrofyiel cell$€® . In earlier work® we
suggested an extended structure for the reverds and CFE groups adjacent to them.
However, the corresponding protons of the revemsts and end chains and any correlations
of protons to the fluorine signals at ~ —106 an@8-ppm were not investigated. Recently,
we studied the reaction products of VDFT by sotates NMR® which revealed a great
difference in the solid characteristics and maapsc properties of VDFT compared to
those found by our previous solid-state NMR studiasPVDFE> 3133 Therefore, in this
paper, we characterize VDFT BYF and’H solution-state NMR spectroscopy to evaluate,
structure, defect-unit content, degree of polynatios and the effect decoupling has on the
analysis. Coupling constants are reported whersilples but this is greatly dependent upon
linewidth and scalar coupling attenuationdé supra) for 3y 3¢ and “J 5 including
relevant’Jy couplings®. Furthermore, assignments of minor peaks in ‘tHeand *°F
spectra, including chain end-groups and short-c&@FRT fragments are offered. Any new
information provided by these assignments coulduémfce perceived synthetic reaction
pathways as the proton and fluorine spectra aena@tnployed to deduce reaction products
and their intermediat&$

Geminal (F,F) coupling constants are large (ca.R280and in principle can affect spectra.
In most cases, the two fluorines of a,@foup and the two protons of a €group are
chemically (but not magnetically) equivalent, andgttier considerations are requifed
Thus, the nuclei of a main-chain £€EH, group will give an [AX} contribution to the total
spin system. However, the magnitude®d&§ will render the result indistinguishable from
that of an AX, systent". When the CEfluorines are chemically non-equivalent, whichyonl
occurs when the group is adjacent to a chiral eefgtrg. at branching points), the situation
could be more complicated, but even here such iflaer are, in practice, rendered
effectively equivalent by the coupling. Of courde full spin system of a VDFT is actually

very complex.

EXPERIMENTAL



Figure 2

Figure 1

Table 1

Figure 2

16032008

The VDF telomer was prepared as described in teeaturd®. The solution-state spectra
were recorded at 22 °C on a Bruker 500 MHz Avamertsometer equipped with a QNP
probe and operating at 499.78 MHz fid and 470.21 MHz for®F. The solvent was
dimethylsulfoxide-g@ (DMSO-d). *°F chemical shifts were measured and are quotetiveela
to the signal for a replacement sample of GR@'H shifts are relative to the signal for
tetramethylsilane. The one-dimensionidF spectra were recorded with the following
parameters: spectral width 28 kHz; data size 32ulse delay 1 s; pulse duration {$Q1.9
us. The one-dimensioniH spectra had a 7 kHz spectral width, pulse defayand pulse
duration (90) of 10.5us. Standard Bruker pulse sequences were usé#t fand*°F COSY
and 'H /**F HETCOR spectroscopy, with 20 kHz spectral widd#ieng the ¢ and ¢
directions, a 256x4k data-point matrix for'F and a recycle delay of 3 s. FH
experiments, 4 kHz spectral widths irahd t and a 256<2 k data point matrix were used in

the COSY experiments. Similar parameters were usttte HETCOR experiment.

RESULTS AND DISCUSSION

1. Major signalsin the *H and *°F spectra of VDFT

Firstly, most of the major signals in th& and'H spectra of VDFT, with and without
decoupling, and their structural assignment byetation spectroscopy will be discussed,
since many of these signals are common to VDF-sypectures and are well known?> %
Figure 1 shows the fluorine-coupled proton spectairdDFT with expansions (a, b, ¢ and
d). This spectrum involves both 4 and & 4 coupling patterns, as listed in Table 1 together
with assignments, integrals and magnitudesJgf. couplings. The peaks are denoted by
Greek letters, and the assignments become clean thieesplitting patterns are considered
and the results of two-dimensional experimentsatad. The fluorine-decoupled proton
spectrum (Figure 2b) shows an increase in protsolugon, which allows a more accurate
determination of chemical shifts and proton homdéearccoupling strengths (as given in
Table 1 and quoted in the text below), and alsmtifieation of the heteronucleatk 4
coupling constants by comparison with the fluorioepled proton spectra. The relative
signal intensities, given in Table 1, were obtaibgdntegration of the fluorine-decoupled

spectrum only. ThéH COSY (Figure 3 and Table 2) shows the protonetigm coupling,
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with signal assignments given in Table 1. Figutasand 4b show th€F spectra (proton-
coupled and proton-decoupled respectively).
The one-dimensional spectra contain a number afiatdgthat are well known in the
literature. An intense quintet at 2.905 ppé) (Figure 1) is identified as the main-chain
protons in -CECH,-CF»- structures of the polymer backbdh& This signal is reduced to
a broad singlet in th&F-decoupled spectra (Figure 2), with no visibldtspy, probably
because the proton-proton coupling is smaller thia@ linewidth of ~10 Hz. The
corresponding fluorine signal of the main chaisegn at —91.897 ppm (HT), table 3 and in
figure 4a and 4b. Both of these signals show venjlar relative integral values in both
proton and fluorine spectra.
The decoupling does, however, reveal new low-intgrsgnals in both spectra for this
region, which will be discussed later (see Secsipn
The proton resonance at 6.360 ppm) {or -CH,-CFH shows a characteristic triplet of
triplets pattern (figure 1), withly ¢ (54.5 Hz) andJyn (4.5 Hz) coupling constants typical
of end chain¥. The signalsx andk couple, as seen in thid COSY (Figure 3 and Table 2).
The signalk is a quintet of doublets (Figure 1c), which becsraedoublet when fluorine-
decoupled (Figure 2) and therefore has twe @Bups adjacent to it, coupled By ~ 16
Hz, and one CH group. The signal M seen in therith@ospectrum (Figure 4a, insert b) is
assigned to the fluorine in the -@BF.H end-group® ** '’ This signal shows°F'H
coupling, causing a doublet splitting with ; ~ 54.5 Hz, and is split further into a triplet of
triplets fJe 4 of 16.5 Hz andJ- of 6.0 Hz). The'*F/*H HETCOR spectrum (Figure 5 and
table 4) verifies the proton assignments of sigmaland k to end-chain @,-CRH by
demonstrating correlations to fluorine group M affdr k) to fluorine group G.
Furthermore, thé’F COSY (Figure 6) shows that groups giving the aigM and G are
near neighbours, proving that the end-group straa$-G-k-M-a (-1).
-CH,-CF-CH,-CFH
0) G « M a
Scheme 1
A complex triplet ¢) in Figure 1 at 2.267 ppm is in the region anttgal for the methylene
groups of the reverse unit H3-CHx-CR—CR-?* *" The **F-decoupled spectrum of the
same resonance (Figure 2) gives only a singletshewing no (H,H) splitting. One would
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expect to see a second-order [ABtternfor these protons in the fluorine-decoupled
spectrum, with additional splittings in the flucgicoupled spectrum. The linewidth of the
decoupled signal is ~ 6 Hz. We assume the resorarsms from both methylene groups of
the reverse units, the protons having almost idahtthemical shifts so that the signals
merge to form a singlet. A full assignment of thefedt unit signals and those of the
adjacent fluorine groups has been gifdnut is also described in this paper under Se&ion
The less intense signals in the spectra presergadeay challenge for interpretation. Many of
these signals have been previously assigned by taotative methods.

2. The occurrence of branching and/or end groups

It has been suggested that the fluorine signatldrregion between —106 and —108 ppm in
the *°F spectrum of VDF materials (Figures 4a and 4bjvddrom branching of the main
chairf® 2’ though no NMR spectra have convincingly confirmabithe signals in this
region. We now attempt to clarify the nature ofsinesignals and refer to the proton
spectrum in Figure 1, which shows a triplet at B.%8) with a 6.5 Hz3J}; 4 coupling
constant. This signal does not change Withdecoupling (see Figures 1a and 1b) nor has it
been reported in previous work. It is here tendyivassigned to a hydroxyl end-group on
the basis of the chemical shift and coupling camstarhich are similar to those of other
such groups in VDF¥. A second triplet is seen at 4.751 ppr) with a 334 coupling
constant of 6.0 Hz, also assigned to a hydroxyl gmdip by reference to the literattite
Furthermore, signals between 3.650 and 3.570 ppgur@1b) show a complex pattern, but
can probably be interpreted as two triplets of detsbat 3.622 ppmdj and 3.600 ) for
methylene protons of hydroxylated extremitiedH-€OH. Figures 7a and 7b show the
expanded region for both tHéF-coupled and -decoupled spectra of these two Isigia
Figure 7b only the doublet is seen for thesignal, showing that the coupling is to the
hydroxyl proton, whereas the signal ferremains unchanged. Hydroxyl structures have
previously been suggested for these signals, hacewt groups could not be determined
with any great clarif’. However, from théH COSY spectrum (Figure 3 and Table 3), it is
clear that the signal couples to that labeled at 2.138 ppm with ~ 6.5 Hz and fowith ~

5.5 Hz, whilep couples tad with ~ 6.5 Hz. Furthermore bothandd have &J 4 coupling

of ~ 14.5 Hz. ThéH/**F HETCOR (Figure 5 and Table 4) shows that bo#ndd correlate
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to the%F signal J at —107 ppm. This resonance is a quivitata >J- (14.5 Hz) but is a
singlet when decoupled (Figures 4a and 4b and T&pldhis strongly suggests that the
fluorine signal at —107 ppm (J) derives from a slebain species and is not associated
directly with end-chain groups of the VDF polymerckbone nor is it for a branch point; the
structure is given in Scheme 2. The integrals e¢hsignals also confirm the structure and
verify it as a reaction by-product. Perhaps ohtgeinterest is that these alcohol groups are
not part of the major polymer fragment , and tdasot fulfil a major purpose of providing
functionality for further chemical modification tie main polymer.

HO-CH,-CF,-CH,-CH,-OH
B ) J = € X

Scheme 2

3. The structure of the defect units.

There are several signals in the fluorine-decouplerton spectrum (Figure 2) at similar
chemical shifts to the main-chain signal at 2.9ph}); these are at 3.078)( 3.012 ),
2.997 Q), 2.963 (), 2.837 () and 2.792 ) ppm. The fine structure of these individual
signals is difficult to interpret because of sigoakrlap. All of them have similar linewidths
(~ 6 Hz) to that of the main-chain signal, and éfiere no*J, 4 coupling is seen. However,
we do suggest they are probably fronH-8CF,-CH,-main-chain structure types, apart from
the signakp, which correlates in thEF/*H HETCOR spectrum with resonance E of the CF
group in the defect unit (Figure 5). The reversié G, signal ) at 2.267 ppm correlates
to the fluorine signals D and C, seen in the sapeetsum; therefore, C and D must be
adjacent to the defect protons. The,@verse groups D and E couple, as shown in Figure
(in spite of the lack of observable splittings it spectra), and the signgtouples only to

E (Figure 5), sap is adjacent to a reverse unit. Other groups iselproximity to these
signals can also be assigned, since E couplesatadBEB to A". Proton signatgand¢ both
couple to resonance B. Furthermore, only D and @pleoto signab, F couples to both C
and A but C and A do not couple, F, and all codpléhe main-chain proton signdl(see
Figure 5 and Table 4) giving assignments for tlwerfhe and proton signals of the defect

unit with their adjacent groups (Scheme 3).
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-CF,-CH,-CF,-CH,-CF,-CH,-CH,-CF,-CF,-CH,-CF,-CH,-CF,-
A o F o C o o D E & B ¢ A

Scheme 3

Moreover, the defect-unit signals in the expandadrine spectrum (Figures 8a and 8b)
show that the linewidths of the proton-coupled algrare ~ 50 Hz (E) and ~ 45 Hz (D). By
reference to Scheme 3 and literature vafligéke signal E should be coupled B ¢ (~ 10
Hz) from signal B andJ: - (probably negligibly small) from D, but al$a  (~ 16 Hz) and
“J%n (~ 5 Hz) from@ and o respectively. In the case of signal D, émést splitting
contribution would come frofk 4 (~ 16 Hz) since literature values predi¢taeof ~ 0 Hz.
Both signals have widths which are reduced by bivd to ~ 33.0 Hz (E) and ~ 16 Hz (D)
when proton decoupled. Proton decoupling seemgeftire, to be more effective on D than
E. As discussed in the introductiotdy and “J ¢ should normally provide the strongest
coupling in VDFT® the broad signal for E reflects this. It is, hoee possible to
distinguish a triplet in signal D with a 14.0 Hzupting, which must be to its nearest
neighbour E, as D does not correlate to G’ COSY (Figure 6) (i.e., it shows 13
coupling and no through-space coupling to C - ofteen in COSY for other Gigroups® as
noted in the introduction). This would mean thae¢ treverse unitdr coupling has a
significant magnitude, in contrast to publishedueal of near zero for straight-chain
perfluorinated molecules.

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

A proton singlet at 1.252 ppno) (Figures 1 and 2) is assigned to the methyl gsafpthe
tert-butyl alcohol (G3)s-C-O-H produced from the radical initiator di-téxttyl peroxide
((CH3)s-C-O-), as noted in the literatute The corresponding OH hydrogen tisrt-butyl
alcohol possibly exchanges with adventitious wdtergive the signal at 3.348 ppm.
However, an alternative assignment is to a{)gd-O-CHs structure containing the signal
at 2.653 ppm, which is a quartet and the only olignal of the same intensity &s.
Protons), giving a triplet at 2.720 ppm witfly s (7.5 Hz) andv, showing a triplet of
triplets at 2.358 ppm withdyn (7.5 Hz) and®J-y (16.5 Hz), correlate in thtH COSY
(Figure 3). Only the proton signal correlates to the fluorine signal | -85.568 ppmas
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seen in thé’F*H HETCOR spectrum (Figure 5 and Table 4). As theai\ is not affected
by **F decoupling nor is it adjacent to any fluorineugpits chemical shift would imply that
an electronegative group is adjacent to it, poggiBH3)s-C-O-, but this is speculative asthe
integrals do not verify this . Scheme 4.
X-CH-CH,-CF,-CH,-
A Y I [0)

Scheme 4

In Figure 1, a triplet of quartets is seen at 1.fin @), showing botH*J, 4 (7.5 Hz) and
3% u (16.5 Hz) coupling. The proton coupling magnitwuated the intensity of this signal
correspond to those for the triplet at 0.967 ppmThese signals also show mutual coupling
in the'H COSY (Figure 3), but only the sign@lcouples to a GFgroup (H) at —95.330
ppm, which also couples to the main-chain protgnas seen in thé’F/"H HETCOR
spectrum (Figure 5). Further coupling with agreeahtegarals are that of H to P On the
basis of such assignments and integrals, thesalsigepresent an end group, as shown in
Scheme 5.

-CF,-CH,-CF,-CHy-CH;
P o H 0 T

Scheme 5

The triplet at 1.794 ppnp), with a3J 4 of 19.5 Hz (Figure 1), is a singlet in the deceuabpl
spectrum (Figure 2). Furthermore, the fluorine algd at 107.415 ppm (figure 4) is a
quartet with the analogoﬁs]F,H of 20.0 Hz (Table 3), giving the assignment tcC&,-CHz
end group. Thé’F*H HETCOR (Figure 5) shows K to be couplegptat 1.794 ppm but not
to any other protons. Published data from unresblspectra™™ *? suggest this signal
originates from a CHCFR-CF»- end group; indeed in thEF COSY (Figure 6) K does
couple to L at —114.319 ppm, which couples furtteethe main-chain proton signél at
2.905 ppm giving the sub-structugeL-K-p and all signals have commensurate relative
intensities in the respective spectra. Thus K astiduld give’J- . However, the signal K is
a singlet when proton decoupling is applied wheleas a broad triplet with an apparent
~10 Hz*J:  coupling. The coupling of L to K is questionabtethe signal K, which has an 8

11
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Hz linewidth, should also show the 10 Hz coupliegrs in signal L and it does not. A
possible explanation for this is that ttle - coupling of K to L is smaller than 8 Hz and the
coupling of 10 Hz for L i$J: ¢ t. This would be in agreement with the known attgion of
fluorine coupling® 3% *° suggesting the end-group structure shown in Selem
CHp-CF-CF-CH;
¢ L K p
scheme 6

5. Short-chain oligomers showing similar *°F,**F coupling

Many of the'F signals, such as H-T, F, G, and B, show increasedlution due to
decoupling, but do not allow measurement of the mitade of 3J-r or “Jr because
linewidths are 10 Hz or more. Along with signal tBese resonances are here assigned to
fluorine groups adjacent to the defect units or gralips (see section 3). The signals C, H
and | also show an increase in resolution due touaing. Although the signals H and |
have been discussed in previous sections, thet affetecoupling on these signals is worth
an special mention here. Both The signals H arigd g*J-r of ~ 9.5 Hz and C is resolved
into two separate signals, now labelled C’' and i@ufes 9a and b) at —-94.577 and —94.659
ppm respectively. Ak ¢ of 9.5 Hz for C’ is also seen. Furthermore, negnais (N, O, and
P) are observed in the region of the main-chaiarihe signal H-T at —91.897 ppm, with a
3J ¢ of 9.5 Hz. The fluorine signals C°, H and | (figu®b) are all triplets with different
integral values but have very simifdk  values of ~ 9.5 Hz as do N, O and P. However
credible integral values for N and O are not olathia due to insufficient resolution, but the
signal P has the same integral as H and they doledn the'®F COSY spectrum as shown
above. The proton-coupled fluorine spectra show ghgnals H and | with multiplet
intensities 1:2:5:8:10:12:10:8:5:2:1, which coutslftom a four-spin system showifig ¢ ~

9.5 Hz andJe 4 ~ 19 Hz.

The'°F/"H HETCOR spectrum (Figure 5 and Table 4) of the<ighal H shows coupling to
the CH protons ) in the -CH—CF-CH,-CH3 end group, so it is assigned as shown in
Scheme 5. In the same spectrum signal H can betsemsuple to signad. From the**F
COSY experiment (Figure 6) H is shown to couplétdrhe signal H also shows coupling

to protons of minor intensitywf) and | tod, though resolution does not allow a complete
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assignment of the fluorine or proton signals Ndffer coupling can be verified for P again
due to resolution.

6. The main-chain structures

From the®®F and'H correlation spectroscopy discussed in the previrctions, it is seen
that the fluorines of the defect units (A’ and [Eheme 3, both couple to the main-chain
signal (H-T), which in turn couples to G of the egrdup, scheme 1 (see Figure 6). It is also
important to note here the relative integral valoéshe end group protons and fluorine
signals (G, Mk anda ) in schemel, show relative integral values ofl@yble that of the
defect unit signals and adjacent groups. This ftoueéntegral values presented in both the
proton and fluorine data, tables 1 and 2 (compavégthoand@ and M and G with D or E
respectively). Furthermore, no other signal withresponding integral values or correlation,
was found to be associated with these groups.

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

component in the reaction mixture can be suggesezd the end groups are the same.
H-CF,-CH»-CF>-CH,-CF»-CH,.-[CF,-CH,-CF,-CH,-CF,-CH,-CH,-CF,-CF,-CH,-CF,-CH,-CF;] -CH»>-CF,-CH,-CF»-CH,-CF,-H
aM Kk G ¢ HT ¢ [A ¢ F ¢ C o o D E@ B ¢ Al,¢ HT ¢ G k Ma

Scheme 7

7. Degree of polymerisation and the reverse unit.

The degree of polymerisatiorDPs«m) and reverse unit (RU%) formation are commonly
reported parameters for VDF polymers and are cafledlby Equations (1) and t2)

— HT+A+B+C+F+G+E+D
DPncum = M (1

E
RU % = 2)
HT +A+B+C+F+G+M +E+D

We calculate these parameters using the protoniedugnd -decoupled fluorine spectra

with integration as follows:

16032008
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The average cumulative degree of polymerisation esaluated by integration of the
fluorine signals representative of the VDF backh@seindicated in Scheme 7 (H-T, A, B, C
D, E, F, G) and the fluorine signal M representimg end groups. Using integrated values of
signals from the'H-decoupled!®F NMR (Table 3) and equation 1 the degree of
polymerisation is estimated to be 18 and, usingkeaular weight of 64 for the (-GF-CF,-)
unit, an average molecular weight for the VDF tedorwas found to be 1200 Dalton. The
decoupled spectrum should give a more accuratessssat of these parameters than the
coupled spectrum. However, in the literature prospectra without decoupling are often
used. Moreover, the main-chain signal often hagriautions from signals not associated
with the polymer backbone structure, leading tcspmg erroneous evaluations.

A reverse-unit content was calculated to 3%, u&ggation 2 with integral values from
the proton-decoupled fluorine spectrum. As statadiex, the amount of reverse units is
usually large in the early stages of polymerisatigmto 50%, and decreases with increase in
molecular weight. In this study, the amount of reverse units is lamd comparable to
values reported for photochemically induced polysation®. The reverse-unit values
measured from the fluorine spectra for our low roolar weight VDFT (1200 D) is about
half of that for PVDF (¥10° D)3

CONCLUSIONS

The decoupling of°F or*H when'H or **F spectra are being acquired, respectively, results
in a significant improvement in resolution, cleasien in thé°F spectra for the VDFTF
signals N, O, P H, I and C’, which are to our krexgle not previously assigned in the
literature on VDFT. Decoupling has also allowedifigation of 33 ;and*Je 1 coupling
constants, which were found to be in general agee¢mith literature values. Two
structures are tentatively presented, one withreevenits scheme 7, and one apparently
without, scheme 2. As the linewidths for the highmlecular weight compound, scheme
7,showed typical values in excess of 10 Hz, sptitiarising fromJe - (~ 9.5 Hz) were only

resolved for the compound with no reverse unitdéewer molecular weight. We suggest

this compound has a lower value BPnam , though this could not be calculated, because of
the limited spectral resolution. We also conclua the proton-decoupled fluorine spectra

should give more accurate values for reverseamdtend group content due to higher
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resolution of the signals in question. The incrdassolution available from decoupling also
aided the determination of new hetero- and homdeancoupling constants. It was found
that®J- £ can be greater thdi:- , as in the case for the reverse-unit signals vizelversa.
This shows that great care must be taken in thetsitial determination of highly fluorinated
compoundsThe fluorine spectrum of VDFT shows signals of sfoeaterest, namely J and
K. We have assigned these signals to small maetwytproducts.. Although several end-
group signals appear in the spectra of VDFT, omy@kRH end group was shown to
terminate the main polymer chain based on cormeiand integral valueSignals
associated with major polymer backbone structuse® inewidths, which are generally
equal to or greater than the magnitude of homoantler and®3, 4 coupling constants,
making their determination difficult. This work halsown that the main reaction product
has reactive end groups giving the possibilityustifer modification and aided our

understanding of the structural complications esthcompounds.

15
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