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Polymerization of Vinylidene-d; Fluoride.
Minimal Regiosequence and Branch Defects and
Assignment of Preferred Chain-Growth Direction
from the Deuterium Isotope Effect

Poly(vinylidene fluoride) has attracted considerable
research and technological interest, mainly due to its
piezoelectric and pyroelectric behavior.! The properties
of the polymer (commonly abbreviated as PVF,) depend
on its chemical microstructure, which could be represented
as (-CH,-CF,-),, for an ideal, defect-free material (neg-
lecting end groups).

It is well established that the free-radical addition po-
lymerization of VF, is not regiospecific.2 Typically 5% of
monomer units enter the growing chain with a reverse
orientation creating anomalous head-head (-CF,—CF;-)
and tail-tail (-CH,~CH,-) junctions.? These anomalous
structures must exert some influence on the properties of
PVF,.* Therefore it would be desirable to prepare a
perfectly head-to-tail (isoregic) PVF, for comparison with
commercial samples, in which the level of reversed units
varies over a limited range of only 3.5-6%.!

However, it seems unlikely that this small range of
regiosequence defects can account for the variation in
properties of commercial PVF, materials. We postulate
that the number and type of chain branches present exert
an equal if not greater effect on the chemical and physical
properties of PVF,. Unfortunately this branch structure
is not as easy to characterize as the regiosequence struc-
ture, so we attempt to eliminate its effect here by preparing
a highly linear polymer.

The frequency of monomer reversals during VF, po-
lymerization is greater at higher temperature, but it is not
practical to eliminate their occurrence by going to low
temperatures.® We have published an alternative pro-
cedure for preparing pure isoregic PVF, by the reductive
dechlorination of the precursor polymer poly(1,1-di-
chloro-2,2-difluoroethylene).? In practice this material
could not be obtained with a molecular weight of sufficient
magnitude to impart typical polymeric properties, thus
obviating a meaningful comparison with commercial PVF,
samples.

We disclose here a method for obtaining high-molecu-
lar-weight PVF,; with only 2.84 + 0.02% of reversed mo-
nomer units, which is the lowest value yet reported. The
method involves the bulk polymerization of 1,1-di-
deuterio-2,2-difluoroethylene (VFy-d,) at 0 °C with tri-
chloroacetyl peroxide initiator. We believe this is the first
report of an isotope effect on polymer sequence distribu-
tion. Also, since deuteration of the polymer exerts a
primary isotope effect on the rate of hydrogen transfer,°
the frequency of chain branching is reduced. Thus our
samples of PVF,-d, are less branched than commercial
materials and more stable toward dehydrofluorination.
The higher stability results from fewer labile sites con-
taining tertiary hydrogen at branch points, and the isotope
effect on hydrogen fluoride elimination.

The perdeuterated monomer VF.-d; was synthesized by
the procedure of Edgell and Ultef.!! Trifluoroethanol-dg
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Table I
Properties of PVF,-h, and PVF,-d, Prepared in Bulk at 0
°C with Trichloroacetyl Peroxide Initiator

initiator %
conen, Tp° [0l »p°  reverse

sample monomer mol % °C dL/g g/mL addition
A-h, CH,=CF, 1 180.9 0.45 1.792 3.45
B-h, CH,~CF, 0.1 179.5 26 1770 3.46
C-d, CD/~CF, 1 1851 2.8 1840  2.86

D-d, CD,=CF, 0.1 1883 41 1880  2.83

4First melting point of nascent material measured by DSC.
Subsequent melting temperatures were always several degrees
lower. ©Intrinsic viscosity measured at 125 °C in dimethylform-
amide. Under these conditions the intrinsic viscosities of com-
mercial polymers (Kureha, Kynar, Solef, and Pennwalt) are typi-
cally around 1.0.} ¢Density of polymer melt pressed into 3-mm-
diameter disk of 1-mm thickness and rapidly quenched to room
temperature.

(99 atom % D minimum) was purchased from Merck,
Sharp, and Dohme and reacted with p-toluenesulfonic acid.
The ester derivative was then treated with sodium iodide
to liberate CF3CD,I. The purified CF;CD,I was dropped
slowly onto Mg in ether, and the evolved CD;=CF, was
collected and then transferred to a vacuum line where it
was freeze—thaw degassed and distilled. The overall yield
was 44%. The isotopic purity of the monomer was checked
by mass spectrographic analysis. The composition by mole
percent was as follows: CD,—CF,, 99.28; CDH=CF,, 0.68;
CH,=CF,, less than 0.04.

The polymerization initiator was trichloroacetyl per-
oxide, which was prepared from trichloroacetyl chloride
and sodium peroxide according to standard procedure.!?
It was added to heavy-wall Pyrex ampules as a solution
in 1,2-dichlorotetrafluoroethane, which was then evapo-
rated to dryness at =80 °C. The monomer was then con-
densed into the tube at —196 °C. The tube was sealed and
rapidly warmed to the polymerization temperature of 0 °C
in a pressurized reactor which was held in an ice-water
bath. Control samples with the protonated monomer
CH,=CF, were prepared in an identical manner.

After a suitable polymerization time had elapsed the
tubes were frozen in liquid nitrogen and cut open. The
recovered polymers were extracted with acetone to remove
initiator residue and possible traces of oligomers and dried
in a vacuum oven. The polymers were examined by NMR
with a JEOL GX-500 spectrometer. Fluorine-19 spectra
were recorded at 470.6 MHz using 5% by weight polymer
solutions in dimethylformamide-d, at 25 °C. The spectra
were analyzed according to our previously published pro-
cedure.'® ‘

Some properties of the PVF,-h, and PVF,-d, samples
are compared in Table I. We note that the molecular
weights of the deuterated samples, as reflected by their
intrinsic viscosities, are significantly higher than their
protonated analogues. This fact most likely results from
the primary kinetic isotope effect on transfer and dispro-
portionation reactions. We calculate M, values of 11.9 X
108 and 20.1 X 108 for PVF, samples C-d, and D-d, using
the literature Mark-Houwink—-Sakurada constants.!* The
viscosity measurement overestimates molecular weights
for PVF,,%>1% but it is clear that the deuterated samples
have extremely high degrees of polymerization so that end
groups will not interfere with our NMR analysis.

The densities of the deuterated polymers are higher as
well, but most of the difference arises from the larger mass
of deuterium. However the densities are still larger after
correcting for this than those of commercial PVF, samples
(e.g., 1.80 corrected for D-d, vs. 1.78 for Kureha 1100),
suggesting a higher degree of crystallinity and therefore
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Figure 1. 470.6-MHz fluorine-19 NMR spectrum of deuterated
PVF, sample D-d, dissolved in dimethylformamide at 25 °C. The
internal reference is C¢F at —163 ppm from CFCl;. Other details
are as follows: sweep width, 25000 Hz; points, 132K; acquisition
time, 2.62 s; pulse width, 14 us (90°); pulse delay, 10.0 s; transients,
4000. The regiosequence pentads are A; (10101), B5 (00101), Cs
(10110), and D5 (00110) (0 = CH,, 1 = CFy).

Scheme 1
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more regular chain structure in the deuterated polymers.

The melting temperatures of PVF,-d, are higher than
those of PVFy-h,. Deuteration would be expected to lower
the melting temperature, as observed for polyethylene
where the isotopic species exhibit a 6 °C difference.!” This
interesting result is likewise suggestive of enhanced crys-
tallinity arising from a more perfect chain structure.
Likewise the relative thermal stabilities show that the
deuterated polymers have fewer labile sites and are more
resistant to dehydrofluorination than commercial poly-
mers. Our preliminary study by thermal gravimetric
analysis gave the following temperatures for 10% loss of
initial weight: D-d,, 490 °C; A-h,, 474 °C; commercial
Kynar 900, 476 °C; commercial Kureha 1100, 474 °C.

Our primary concern here is the isotope effect on the
frequency of monomer reversals during VF, polymeriza-
tion. The data in Table I show that only 2.84 + 0.02 out
of every 100 monomer units are reversed in the PVF,-d,
samples (calculated from NMR peak probabilities as de-
scribed below). This level of head-head:tail-tail defects
is the lowest yet reported for PVF, made directly by ad-
dition polymerization of VF,;. The frequency of monomer
reversals in PVF,-h, prepared under identical conditions
is some 21% higher than this at 3.45 per 100 monomer
units. We have also reexamined here the defect levels in
commercial PVF, samples by 470.6-MHz fluorine-19
NMR. The lowest level of regiosequence defects we have
observed for these materials is 3.8% for Kureha 1100,
followed by 4.1% for Solef 1008 and 5.2% for Kynar 900.

Figure 1 shows the fluorine-19 NMR spectrum of sample
D-d,. The four groups of resonances are labeled A;—Dj; in
order of increasing field, in keeping with our previous
convention.!® The relative areas of these peaks were de-
termined by numerical integration and gave the observed
regiosequence pentad (five-carbon sequence) probabilities,
from which the appropriate reactivity ratios r, and r; may
be determined.'®* The percent of reversed units is simply
100Ppq(C5 + Dj). First-order Markov statistics are as-
sumed as shown by Scheme I, which treats the system as
a binary copolymerization (0 = CH,, 1 = CF,). Thus the
regiosequence statistics is fully defined by the two re-
activity ratios ry = koy/kg; and ry = kq;/kq,.
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Table I1
Observed Probabilities for the Four Nonequivalent
Regiosequence Pentads (0 = CH,, 1 = CF,) Determined from
470.6-MHz Fluorine-19 NMR Spectra and the Derived
Reactivity Ratios

Pobsd(sfy)
As B, Cs D,
sample 10101 00101 10110 00110 o r
A-hy 0.4492 0.0164 0.0164 0.0181 0.003 27
B-h, 0.4489 0.0164 0.0164 0.0182 0.003 27

C-d, 0.4576 0.0136 0.0136 0.0150 0.003 33
D-d, 0.4585 0.0133 0.0133 0.0149 0.003 33

The NMR method determines only the relative orien-
tation of monomer units and cannot discern the absolute
direction of chain growth, so that the preferred structure
of the propagating radical is unknown. There are two
possibilities, -CH,CF,- or -CF,CH,-, so there must be two
solutions for ry and ry consistent with the regiosequence
probabilities. If -CH,CF,- is preferred, then r; > ry; con-
versely if -CF,CH, is preferred, then r; < ry.*3

It has been generally accepted in the field that the
-CH,CFy propagating radical is more likely; i.e., the VF,
monomer is attacked more often at the CHy==carbon.
Maksimov and Zotikov'® have attempted to prove this in
vinylidene fluoride—tetrafluoroethylene copolymers by
following the change in NMR peak intensities with com-
position. Prior to the present work the only direct evidence
reported was from gas-phase kinetic data on the addition
of trifluoromethyl radicals to VF,.1°

The isotope effect we have observed provides an inde-
pendent and convincing test of the preferred direction of
propagation.® The positions of deuterium (hydrogen) with
respect to the reacting carbon centers are indicated in
Scheme 1. It has been shown for methyl and trifluoro-
methy! radical addition to selected olefins that the « ki-
netic isotope effect (kp/ky) is typically 1.1-1.2, whereas
the 8 effect is insignificant.? Therefore we can reasonably
assume a positive « effect with no 3 effect and deduce that
(ro)p < (ro)u and (ry)p > (r)n.

The results from the regiosequence analyses are given
in Table II, where we have chosen the solution with r; >
ro.- The ry values are vanishingly small, and the difference
between (ry)p and (ry)y for the polymerizations of VFy-d,
and VF,-h, cannot be measured reliably from pentad se-
quence data. We will consider this point in a subsequent
publication which will deal with higher order regiose-
quences. For the present it is sufficient to note that (r,)p
> (ry)y as predicted above, so that our solution with r; >
ro is correct. The alternative solution with {(ry)p = 33, (rgy
= 27, and r; < ry can be ruled out. Therefore the preferred
direction of VF, propagation results in the ~CH,CF,.
radical structure.

We can argue more simply that if -CF,CH, is the pre-
ferred propagating radical, then the « effect favors reverse
addition in the deuterated polymer which should contain
more regiosequence defects. On the other hand, if
~-CH,CF,. is the preferred structure, then the o effect
favors forward addition so the deuterated polymer should
have less defects as observed. We can calculate the
magnitude of the « effect from the (r;)p/(r,)y ratio in
Table II by assuming (k0)p = (kqo)y (ie., no 8 effect),
whence (ky,)p/(R1)u = 1.22. This value is consistent with
literature data for similar radical additions.?* Its magni-
tude shows that there is little deviation from planarity in
the transition state and that the incipient CF,——-CH,
bond is relatively long.??

The spectrum in Figure 1 is the highest field fluorine-19
NMR spectrum yet reported for PVF,. Close inspection
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Figure 2. Comparison of 470.6-MHz fluorine-19 NMR spectra
of (a) deuterated PVF, sample D-d, with (b) commercial PVF,
(Kynar 900 from Pennwalt) at equally high sensitivity. The
spectra were obtained under identical conditions (caption to Figure
1) and the detection limit is approximately 1 part in 10000. Note
the deuterium isotope effect on chemical shift which is responsible
for the 0.35 ppm displacement of the PVF,-d, spectrum to higher
field. The peaks marked X (with appropriate chemical shifts)
in commercial PVF, are not due to higher order regiosequences
and reflect mainly the increased chain branching in the commercial
material.

of the fine structure shows that 11-carbon regiosequences
are resolved, as has been noted by Lovchikov et al.?% and
Ferguson and Ovenall.? The intensities of many of the
11-carbon regiosequences S;; are exceedingly small®* and
are comparable to peaks often observed in commercial
PVF, samples which are not due to regiosequence isom-
erism. This makes the complete assignment of all 32 S,
sequences ambiguous for these polymers.

We believe that most of the interfering peaks seen in
typical PVF, spectra are due to branch structures. Short
branches can arise from a back-biting mechanism like that
for polyethylene,?> and hydrogen abstraction at a site re-
mote from the growing chain end will lead to long
branches. These mechanisms will be subject to the pri-
mary deuterium kinetic isotope effect!® so that their
likelihood is reduced substantially for the polymerization
of VFy-d,. The possibility of chain transfer to solvent or
emulsifier is also eliminated by the bulk polymerizations
as carried out here.

Figure 2 supports the above postulates. The fluorine-19
NMR spectra of PVF,-d, and commercial PVF, are com-
pared. The spectrum of the latter material has many
additional peaks, marked X, which cannot be due to reg-
iosequence isomerism. A few of these may be due to em-
ulsifier residue, but most can only be due to branches since
we observe the same peaks in our PVF, sample A-h,. A
definitive assignment of these peaks to particular branch
structures requires an analysis of the chemical shifts for
appropriate model compounds. The branch frequency
(number of branch carbons per total number of carbons)
ranges between 0.3 and 3 per 1000, depending on how the
peaks marked X in Figure 2 are assigned. If all these peaks
are generated by just the one type of branch structure, then
the lower value is appropriate. If, on the other hand, each
peak X represents a different type of branch structure,
then the upper value is correct. The true situation is most
likely intermediate. In any case we cannot detect these
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peaks in our PVF, sample D-d,, which therefore has an
upper limit on branching of 0.1 per 1000,

We are presently characterizing additional properties
of PVF,-d, and assigning the 11-carbon regiosequence
structure observed in the 470.6-MHz fluorine-19 NMR
spectrum. The results will be the subject of a forthcoming
publication.
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