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series of adducts of fluorinated sulfenyl chlorides to cis-polybutadiene

was made.
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ABSTRACT

The findings of a three-year program of research on the polymeriza-
tion of fluorinated monomers to form high polymers having random or
stereospecific microstructure are described. The objective of this pro-
gram was the preparation of new elastomeric materials which might be both
oil- and chemical-resistant and which might have useful rubbery proper-
ties over a wide range of temperatures, from -65° to +300°C.

The initial epproach was to apply to several easily-procurable fluor
inated olefins some of the stereospecific catalyst systems previously
developed for hydrocarbon olefins. Apparatus was constructed for handling
the volatile monomers and screening potential polymerization catalysts.
The monomers tested included olefins and acetylenes which might undergo
1,2-polymerization, cyclobutenes and norbornenes which might participate
in ring-opening polymerization, and conjugated dienes for which several
potential polymerization processes are possible. In addition to monomer
type, a number of other polymerization variables were explored including
(a) the catalyst type, whether cationic, anionic coordination or free
‘adical, (b) the transition metal of the catalyst, (c) the olefin complex-
ing power of the catalusk, (d) solvent. (e) temperature, and (f) monomer
ratio in copolymerizations.

It was observed that the fluorinated monomers were generally much
less reactive than their hydrocarbon homologs. The most reactive monomers
were seen to be the conjugated dienes. Rhodium-initiated polymerization
of the conjugated fluorinated dienes was most satisfactory from the view-
points of rate of conversion to polymer, yield ¢° polymer, ease of copoly-
merization with hydrocarbon olefins, and insensitivity to water or other
polar contaminants. Several fluorinated butadienes are quantitatively
converted to polymer by the rhodium catalyst in less than a day at 50°C.
The 1:1 copolymer of 1,1,2-trifluorobutadiene and butadiene has Tg of
-48°C., 1is sulfur-vulcanizable, and shows 180 percent swell in ASTM fuel
C. At the other end of the monomer-catalyst reactivity range is the com-
bination hexafluoropropene-sesquiethylaluminum sesquichloride + vanadium
oxychloride which gives less than 4 percent conversion to polymer in 280
hours.

Some effort was directed toward chemically modifying a stereo-
specific polymer such as high cis-polybutadiene as an approach to form-
ing stereospecific polymers of improved oil resistance and low tempera-
ture properties. Thus, the reaction of pentafluorobenzenesulfenyl
chloride with 20 percent of the unsaturation of cis-polybutadiene yields
a sulfur-curable rubber of improved oil resistance having Tg of -66°C.
and no melting or crystallization phenomena above that temperature.
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POLYMERIZATION STUDIES LEADING TO HIGH-STRENGTH, CHEMICAL-
RESISTANT ELASTOMERS SERVICEABLE AT TEMPERATURE EXTREMES

I, INTRODUCTION

In recent years there has been e¢n extensive search for an elastomer
which might have the combination of properties needed for use at low
temperatures or in contact with petroleum or other fuels (1). The most
promising product of that search is "nitroso rubber”, the 1l:1 alterna-
ting copolymer of tetrafluoroethylene and nitrosotrifluoromethane.
However, even nitroso rubber has some serious deficiencies, notably a
vigorously exothermic decomposition above 270°C (2,3) and a glass trans-
ition temperature of -51°C. which is 10-20° higher than desirable (4).
This report describes the results of a research program whose goal was
to develop an elastomer having greater thermal stability and improved
low temperature properties and oil resistances Two approaches were used:

(1) the polymerization of fluorinated olefins, dienes
or other unsaturates, mainly by coordination
catalyst systems known to be stereospecific with
hydrocarbon olefins and diene, and

(2) the chemical modification of cis-polybutadiene by
reagents which might improve oil resistance without
great harm to thermal stability or glass transition
temperature.

Although neither approach was completely successful, several new
polymers with some properties apnroaching the goals wecre developed.

I1. RESULSS AND DISCUSSION
A, FLUORINATED OLEFINS

1. Attempted Homopolymerization by Anionic Coordination Latalysts

ne 12int of departure for obtaining an oil- and freeze-resistant
1ubber is the polyethylene chain, glass temperature -70° to -110°C (5).
This polymer backbone might be modified to improve oil resistance by the
introduction of fluorine substituents, either by preparation of a homo-
polymer of a fluorinated -olefin or by copolymerization of ethylene
with a fluorinated -olefin,

The catalyst system ethyl aluminum sesquichloride-vanadium oxy-
chloride was chosen as a starting point for screening stereospecific
catalysts in fluoroolefin polymerizations because of the extensive experi-
ence at the Uniroyal Research Center in the use of this combination with
hydrocarbon olefins. Polymerizuiions were carried out in various sol-
vents with approximately 4 mole-percent cf traassition metal catalyst and
an Al:V ratio of 2:1 or 5:1. The results are summarized in Table I,




“he fluorinated monomers are listed in Table I in an arbitrary order as
follows: vinyls, acetylenes, ring compounds, dienes, and heteroatom
compounds. Some data for control polymerizations run on simple hydro-
carbon olefins are placed at the end of the Table. None of the fluoro-
olefin homopolymerizations gave more than about 4 percent conversion to
polymer during 280 hours at 28°C. The higher ratio of Al:V and the more
polar solvents (benzene, methylene chloride) appear to be most favorable
to polymerization. These results are reminiscent of those recently
reported ty Sianesi and Caporiccio (6), who found tetralkyl titanates

to be weakly active catalysts for the polymerization of perfluorodlefins,
but most effective in halogenated solvents.

In general, each fluorinated olefin monomer was tested for copoly-
merization with ethylene (two catalysts) and butadiene (two cis-1,4-
butadiene catalysts). Those results are described in Section IIA2.
Remaining monomer was tried with a tetrabutyl titanate catalyst or a
TiCl4 catalyst and as many as four other catalysts. These results are
reported in Table I.

Literature results on Ziegler polymerizations of fluorinated mono-
mers indicate general sluggishness, uniformly low rates and low yields,
:na low molecular weight. The best results in the literature were ob-
‘ained with aluminum alkvl/tetrabutyl titanate at slightly elevated
cemperature for hexafluoropropene, but the results for all vinyl mono-
mers reported are quite discouraging. These results were confirmed in
that the polymer yields from the 12 vinyl monomers reported are uniform-
ly low to zero and several runs showed evidence of degradation by
atalvst attack cn the monomer or polymer. Some positive results are
:nown in the case of two substituted acetylenes and in some of the tests
m the five dienes tested.

“he readilv available monomers hexafluoropropene and vinylidene
luoride were studied in the preliminary work when technique of polymer
‘ecoverv was being developed. These monomers were found to be generally
Jdnreactive, even toward catalysts containing electron-rich ligands (7,8).
(Experiments 37 and 38). Hexafluoropropene was studied with preformed

ethylene propylene rubber (EPR) catalyst from Et3Al,Cl3-VOClj in two
different ratios in three solvents (Experiment 13); with aluminum tri-

isobutyl-tetrabutyl titanate in two ratios and three solvents at 50°;
in methylene chloride with premixed catalysts (prepared by prior mixing
of reducing agent and transition metal compound) formed from four cata-
lyst combinations in two or more ratios of reducing agent to transition
metal; with aluminum triisobutyl-tetrekis (diethylamino-) titanium vs.
the latter component alone or vs. triphenyl phosphine; with aluminum
triisobutyl-tetrabutyl titanate in four combinations of hydrocarbon and
halogenated solvent of different types; with a decyl magnesium iodide-
tetrabutyl titanate catalyst in two Mg/Ti ratios in two hydrocarbon
solvents v:. three halogenated solvents (Experiment 19); and with a mag-
r..sium phenyitetrabutyl titanate catalyst in benzene. No practical
ylelds were obtaifnieds_




Similar failures occurred with all vinyl monomers tested containing
one unsaturated group, zlithough the other monomers were mostly tested by
spot checks consisting of simple trials of typical catalysts in hydro-
carbon solution.

1,1,2-Trifluoro-2-chloro-3-methyl-3-ethynyl-cyclobutane polymerized
to low moleccuiar weight polymer with several catalysts. The highest
7jeld and molecular weight were obtained with an AlR4qTiCl, catalyst. An
sttempt to raise the molecular weight by running at -43°C. with varied
:mounts ot catalyst and varied procedures of assembly resulted in no
_mprovement. Low molecular weight is apparently a characteristic of
‘his catalyst (see results of Experiment 63-3 with a-trifluoromethyl-
=~tvrene, which should have yielded a resin if high molecular weight
olymer had been formed).

2. 2,2-Trifluoroethyl vinyl ether gave low molecular weight products
71th VOC13 and TiCl, catalysts.

. Copolymerization with Ethylene by
inionic Coordination Catalysts

ipproximately 30 fluorinated monomers of various types were tested
or copolymerization with ethylene, usually with the VOCl3 and butyl
ranadate catalysts, if sufficient monomer was available, and with other
:atalysts such as tetrabutyl titanate activated with aluminum triiso-
butyl or magnesium phenyl, titanium tetrachloride activated with aluminum
triisobutyl, or zirconium acetylacetonate catalyst. The results of
these experiments are given in Table 1V.

The molar ratio was usually two moles of fluorinated monomer to ona
of ethylene (but one-to-one in the case of liquid F monomers) because of
the high reactivity of ethylene, as well as a desire to avcid high pres-
sures in the polymerization tubes. At 0.5 mmole of transition metal in
the catalyst, the molecular weight was high enough for an easy separa-
tion of product, while the catalyst was in high enough concentration to
avoid the effects of adventitious impurities.

Most of the monomers showed a polymerization activity in the pres-
ence of ethylene that was far less than the activity of propylene, which
is generally considered not to polymerize with an EPR catalyst unless
ethylene is present. Copolymers fairly rich in fluorinated monomer were

ormed oniv in the case of hexafluoro-2-butyne, 2-trifluoromethyl buta-
iiene and l.l-triflucrobutadiene. In four cases a side reaction between
:atalyst and fluorinated monomer or fluorinated product was indicated by
<1ther the infrared spectrum or the color of the product. These monomers
were 1,1, 2-trifluorobutadiene, vinyl fluoride, 1,1,2-trifluoro-2-chloro-
3-vinyl cyclobutane, and 2,2,2-trifluoroethyl vinyl ether. A single
trial of 3,3,3-trifluoropropene with ethylene did not give a uniform
product as microanalysis indicated 16.96 percent F, while infrared indi-
cated about 1 percent F. So the usual product of a copolymerization was




3z polyethylene with its typical X-ray diffraction pattern and with an
“nfrared spectrum showing so little fluorine that a microanalysis for
= was not considered worthwhile.

“he more reactive monomers in copolymerization were hexafluoro-2-
wutyne and two fluorinated dienes. Specific catalyst effects occurred.

lexafluoro-2-butyne did not copolymerize with ethylene using VOClj3,
sutyl vanadate, TiCls or tetrabutyl titanate catalysts, but it did re-
<pond to magnesium phenyl-tetrabutyl titanate, giving an amorphous resin
6.3 percent F, 25 mole percent butyne, with CF3 group to every four
:nain carbons. Replicate runs with slightly increased ethylene feed
sage with butvne from a different source and a different catalyst com-
sosition produced pure poly (hexafluoro-Z-butyne) with no hydrogen
:ontent, as shown by the infrared spectrum. However;, it is doubtful
<nether a rubber could be produced from ethylene and a comonomer of such
in expected high glass temperature.

iontroi polymerizations with ethylene gave high yields (40-1, 91-9)
sn1th the VOCia: EPR catalyst and lower yields with butyl vanadate (55-1,
-5-2) or zirconium acetyl acetonate (42-6) catalysts. No polymerization
sccurrea with a tetrabutyl titanate catalyst (45-3), which is most
-tfective for fluorinated dienes.

:ince no rubbers were made in the attempted copolymerizations of
luorinated monomers and ethvlene, several approaches were made to this
-nd bv combinations of ethylene with two oi' more monomers (Table V).

As an ethynyl substituted fluorinated cyclobutane had shown some
reactivity, it was tested with ethylene and hexafluoropropene (42-6)
with the tutyl vanadate catalyst. The product was a resinous copolymer
of ethylene and the substituted acetylene (like 40-6 Table IV) contain-
ing no CF3 side groups.,

In Experiment 7°, 2,3-bis(trifluoromethyl) norbornadiene was tested
as a fluorine carrier in a mixture with ethylene and propylene. The
71-1 copolymer (VOClj catalyst) of ethylene and the norbornadiene incor-
porated some fluorine. When propylene was used with the other two mono-
mers, a stiff rubber was obtained. The terpolymer, which has a low
fluorine content and a glass temperature above that of EPR, appears not
to be useful. When the same pair of experiments was repeated with the
butyl vanadate catalyst, a copolymer of ethylene and the norbornadiene
with a little higher F content than 71-1 was obtained. However; the
termonomer mixture made a product (71-4) similar to 71-3 with no incor-
poration of propylene. Hence, there are specific catalyst and monomer
interactions that make behavicr of mixed monomers unpredictable. 1In a
control experiment (71-5), a mixture of propylene and ethylene in 2/1
molar ratio made a high propylene EPR in bigh conversion with no diffi-
culty.




another approach to a suitable ethylene terpolymer is to use a mix-
ure of ethylene with a hydrocarbon diene for low glass temperature and
*.1,2-trifluorobutadiene to supply fluorine, since in Table IV mixtures
»t ethvlene and trifluorobutadiene invariably yielded resinous products
wver a wide range of monomer ratios. To choose the hydrocarbon diene,
hutadiene and isoprene were compared at 5° in heptane and benzene using
: TiCl, catalyst at two ratios of Al/Ti. Butadiene in benzene at the
iigher Al/Ti ratio gave the best yield of high cis polymer. Then, in
ixperiment 75 (Table V), also at 5°, mixtures of ethylene and butadiene
sere polymerized in benzene-heptane with four types of catalyst (and
:ome variations in Al/Ti ratios). Infrared spectra indicated no ethyl-
‘ne 1n the product made with the cobalt catalyst, while mixtures of two
vpes of product appeared with the vanadate catalyst. TiI, catalyst
:nowed ethvlene and cis butadiene in a copclymer, while TiCl, catalyst
rave a 1arge yield although molecular weight was low.

"ils and TiCl, catalysts were selected for trial with ternary mix-
ures ot ethylene, butadiene and trifluorobutadiene, again at 5° (77
:eries. Table V), and with various monomer ratios. The TiCl4 catalyst
zgain showed ethylene combined with butadieme but no F in the product.

m the other hand, the Til; catalyst showed a mixture of products, 1)
oryethylene containing some butadiene; and 2) polybutadiene containing
:ome ¥F. In Experiment 79 (Table VII) it was found that with the four
vpes ot catalyst tested, trifluorobutadiene combines with butadiene at
-° only in a small amount. So the choice of temperature to polymerize
he terpolymers in the 77 series was unfortunately too low, but the lack
it reactivitvy of trifluorobutadiene as compared with butadiene and ethyl-
-ne (77-2 and 77-3) and the tendency to form two products (77-4 through
7-6) make it unlikely that a controllable polymerization of the type
iesired can be achieved.

t is concluded that ethvlene is of no value in making the target
iroduct. It is of marginal utility for freeze resistance, and to meet a
25°F. specification for elastomeric properties, comonomers to decrease
crystallinity and impart additional chain flexibility are required. As
butadiene is much better than ethylene for freeze resistance, it is more
productive to attempt the simple combination of cis butadiene units and
fluorinated monomer. T

B. FLUORINATED DIENES

A second approach to an cil- and freeze-resistant rubber is via the
cis -polybutadiene chain (glass temperature -110°C)(9). A partially or
completely fluorinated form of cis-polybutadiene might be obtained by
proper choice of monomer or comonomer and catalyst. 1t seemed desirable
to use catalysts leading to high cis-stereospecificity in polybuta-
diene (10,11) since trans or vinyl polymerization is detrimental (glass
temperatures -83°C and -9°C, respectively (12,13)).

i,1,3-Trifluorobutadiene was used in the initial experiments be-
cause of its ready availability. Since the diene was much more reactive
in anionic coordination polymerization than the olefins, a series of

|
:
z
;
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fluorinated dienes was prepared to determine the effect of structure on
polymerizability and polymer properties. Synthesis, rather than pur-

:nase. was dictated by the limited thermal stability of these diene
HONOmers.

Preparation of Fluorinated Dienes

“he following synthetic routes were employed:

a) 1,1,2-Trifluorobutadiene by the method of Tarrant and Lilyquist (14):

3 - = Z = - =
BrCFZ—LFCI CH: CH2 ETF;BE—> CF2 CF-CH CH2

81 - 92%

) 2-(Trifluoromethyl)butadiene from an intermediate furnished by
‘rofessor Tarrant (15):

TFE CFB
530% !
'H.-C-CH=CH > CH=C-CH=CH,
S 2 N7 atm, &
JCOCH., -
i ~ 10 seconds

32%

2y 5,5,5-Trifluoro-4-(trifluoromethyl)-1, 3-pentadiene from the propyl-
:ne anda hexafluoroacetone adduct {16), furnished by Professor

Tarrant:
CF3 NaOAc Crs CF4
CH_ -C-CH.,CH=CH HOAC o cp b cu -cneci—2 > CF.-G=CH-CH=CH
3y 2 217 hr. reflux’ 3 | 2 2 3 2
OH 0COCH,
807% 62%

d) 2,3-Bis(trifluoromethyl)butadiene by the route cf Putnam, Harder,
and Castle (17):

CF

3
= - = ' === ————————— P
CH2 CH-CH CHZ + CF3 C=C CF3 %
3
94%
, F, CFy fFy
— —~—————> CH,=C——C=CH,
Pt 2 2
F
3
53% 52%
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2. Homopolymerization by Anionic Coordination Catalysts

Table I shows that attempted homopolymerizations of 1,1,2-tri-
fluorobutadiene with the cis-polybutadicnc catalysis titanium tetra-
iodide/phenyl magnesium (Experiments 22-1, 22-2) or titanium tetraio-
dide/aluminum triisobutyl (Experiments 22-3, 22-4) gave very low conver-
sions. However, the use of the more nucleophilic catalyst tetrabutyl
titanate activated with either phenyl magnesium (Experiments 23-1, 23-2)
decyl magnesium iodide (Experiments 23-3, 23-4), or aluminum triiso-
butyl (Experiments 23-5, 23-6), led to significanc conversion to

polymer.

This polymer is soluble in methyl ethyl ketone and can be molded
easily at 360°F. to a soft film.

It was noted that although 1,1, 2-trifluorobutadiene is stable for
several months at -78°, it spontaneously polymerized on the walls of a
clean vacuum line at room temperature. It polymerized more slowly when
the vapor was left in the vacuum line (now polymer coated) at room tem-
perature over a weekend. A thermal polymer (from polymerization in the
liquid phase) differs in properties from the titanium catalyst-initiated
polymer. The thermal polymer (insoluble in methyl ethyl ketone) has a
brcader band at 1750 cm.”* than the catalyst-initiated polymer and its
absorption in the fluorine region (1000 to 1450 cm.'l) is a continuum
instead of a series of sharp bands as in the catalyst-initiated polymer.
To further demonstrate the effectiveness of the catalyst system, the
rates of thermally and chemically initiated polymerizations were com-
pared in Experiments 28 and 32, Table I. The results indicate that the
titanium-initiated polymerization is 10 to 20 times faster than the
thermal (room-temperature) polymerization.

The tetrabutyl titanate-aluminum triisobutyl initiated polymeriza-
"ion was scaled up to provide a sample of polymer for the U. S. Army
vatick Laboratories.

1,1,2-Trifluoro-3-chlorobutaciene and the other fluorinated buta-
dienes were found to be less reactive in homopolymerization than was
1,1, 2-trifluorobutadiene (Experiments 81, 91-6, 92 and 119, Table I).
Consequently, further anionic coordination polymerization with these
monomers was restricted to copolymerizations, mainly with butadiene.

3. Copolymerization® Using Anionic Coordination Catalysts

These were not much more successful than the homopolymerizations
and do not appear to offer a practical solution to the present problem.
These experiments are described in detail in Table IV and VI.




4. Homopolymerizationi and Copolymerization with Olefins
Initiated by Anionic or Cationic Catalvysts

These experiments, summarized in Tables VIII and IX, indicate that
the anionic initiators examined (lithium butyl,t-butylmagnesium chloride)
are not effective in promoting polymerization of 1,1,2-trifluorobuta-
diene or its copolymerization with butadiene. Certain comonomer-
cationic catalyst combinations produced significant yields of polymer
with extensive incorporation of the fluorinated comonomer. These com-
binations are:

1,1,Z-Trif]uorobutadiene-isobutylene-AlBr3

1,1,2-Trif1uorobutadiene-isobutylene-BF3

1,1,2-Trifluorobutadiene-methyl vinyl ether-AlBr3
The first two combinations gave obviously low molecular weight

products under the conditions used. Probably all of the molecular
weights could be increased by increasing the monomer/catalyst ratio.

5. Rhodium Salt-Initiated Emulsion Polymerizationg

The Uniroyal Research Center discovered the unique ability of
rhodium salts to cause the stereospecific trans polymerization of
butadiene (18, 19). Rhodium chloride was examined as catalyst in a
survey of the reactivity of a range of fluorinated monomers in this type
of controlled structure polymerization. Table XII shows that the con-
jugated dienes 1,1,2-trifluorobutadiene (1), 1,1,2-trifluoro-3-chloro-
butadiene (2), and 5,5,5-trifluoro-4-trifluoromethylpentadiene-1,3 (3),
are readily polymerized by rhodium chloride in aqueous emulsion.

il CF3
:F4=CF-CH=CH2 CF,\-':CF" =CH2 CF3_$=CH- CH:CH2
Q1) (2) 3

The polymers obtained had the following properties: poly-1l, resin, Tg
-35°C.; poly-2, rubber, Tg -17°; and poly-3, resin, m.p. 112°.

Exploratory polymerizations of unsaturated fluorine compounds other
than conjugated diencs showed them to be much less reactive with the
rhodium initiator. The results of these latter experiments, which are
presented in detail in Table XII, are briefly summarized as follows:




Monomer % Conversion to Polymer

3-Chloro-3,4,4-trifluoro-2-isopropenyl-
cyclobutene-1 1
6,6, 86-Trifluorostyrene
2,2,2-Trifluorcethyl vinyl ether
2-Chloro-2,3,3-trifluorovinylcyclobutane
1,2-Bis(trifluoromethyl)-4-methylcyclohexadiene-1,4
1,1,2-Trifluoromethyl-1,4-pentadiene
1,1,2-Trifluoro-2-chloro-3-methyl-3-ethynylcyclo-
butane 0

COO0OOWO™

Copolymerizations of butadiene (4) or bis-2,3-trifluorcmethyl-
butadiene (5), with monomers 1, 2 and 3 initiated by rhodium trichlor-
ide in aqueous emulsion, were studied as possible means of obtaining
rubbers with lowered Tg values. Monomer 5 was of particular interest
because its free radical-initiated homopolymer has been reported to
have good high-temperatire stability (17). These polymerizations are
described in detail in Table XIII. The most successful ones are sum-
uarized below:

fole-% of First

4onomer Pair Monomer in Polymer Tg, °C.
=4 51.4 -48
-4 55.1 -35
-4 9.8 -20
-4 31.9 -27
1 51.4 -2

:ince rhodium-initiated polybutadiene has the trans configura-
tion, it might be expected that the butadiene units of the fluorodiene
copolymers and the fluorodienes themselves also have the trans configur-
ation. Preliminary studies of the microstructure of the copolymers have
been made using infrared spectroscopy to determine cis, trans and vinyl
ccntents of butadiene portion (20), and nuclear magnetic resonance to
establish the presence or absence of unsaturation of certain carbon
atoms of the fluorinated monomers. The results indicate that the reac-
tivities of butadiene and 1,1, 2-trifluorobutadiene are about the -~ame,
since their copolymer has a composition near that of the feed and in-
corporates 30-35 percent fluorine. The infrared spectrum shows the
butadiene is combined in the trans form, as expected. Glass tempera-
tures are -47 to -48°. Since glass temperatures of cis polybutadiene
and 1,1, 2-trifluorobutadiene are -105° and -35°, respectively, a
copolymer of cis butadiene and trifluorobutadiene in equimolal ratio
(1 to 2 by weight) would be expected to have a glass temperature of
-64°., One possible erplanation is that a significant amount of the
butadiene monomer has polymerized in the 1,2-manner. Another possibil-
ity is that a block or graft copolymer has been formed. This latter
explanation would account for the high oil-swelling values which are
much larger than would be predicted for a polymer containing 35 percent
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fluorine. 1In this case the polymer would consist of soluble polybuta-
diene chains filled with insoluble poly(trifluorobutadiene) blocks,

permitting high oil swelling. Further study would be required to
clarify this point.

The monomer pair 4 and 5 was tested at a feed ratio of 1:2 and
gave a polymer with nearly the same ratio of combined monomers. All
the other monomer pairs were used at a 1:1 feed ratio and gave polymers
of about a 1:1 monomer ratio except in the case of the monomer 3 and 4
combirnation. Monomer 3 appears much less reactive than the others,
perhaps because it is highly unsymmetrical, both from electronic and
steric viewpoints. '

All the successful copolymerizations proceeded with conversion
rates of at least 2-3 percent per hour in these prliminary experiments.
In several cases it was evident that the reactions proceeded very rap-
idly, but they were allowed to continue for relatively long periods to
insure good yields. In Experiment 99-2, formic acid was added in an
attempt to enhance the rate (21, 22). It seems to be an active modi-
fier. Methylene chloride seems to have no particular effect.

An cttempt to make rhodium-catalyzed cis structure by adding KI
to the polymerization recipe was unsuccessful with butadiene (Experi-
ment 109).

Three proprietary fluorinated emulsifiers of unknown composition
(MMM FC-17C, FC-172 and FC-128) failed to support polymerization of
butadiene catalyzed by RhClj.

A bis(l,4-cyclohexadiene chloroi..odium) catalyst was compared with
rhodium chloride in several runs. As it made similar copolymers at a
slower rate (104-3 vs. 99-3, 108-1 vs. 108-2), no further work was
ione with this catalvst.

6. Iridium-Tnitiated Polymerization of Fluorine-Containing Dienes

Other work in this laboratory has shown the effectiveness of iridium
catalysts in polymerizing norbornenes (18). The close relationship of
iridium to rhodium suggested that the iridium catalysts might also be
active in polymerization of the fluorinated dienes. A representative
group of fluorinated monomers was tested for polymerizability with
iridium catalysts in aqueous emulsion. These experiments are summarized
in Table XI. As was the case with rhodium catalysts, significant con-
versions were obtained only with dienes. One comparison was made of
the efficacies of ammonium iridium chloride and bis(l,4-cyclohexa-
dienechloroiridium) as catalyst for the polymerization of monomer 6.
The salt gave about four times as much polymer as did the complex.
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IFZ-TFCI
H=C 6

CHZ'é-CH3

The iridium salt is comparable in activity to rhodium chloride with
monomer 6, but much slower than rhodium chloride with monomer 3.

C. PREPARATION AND POLYMERIZATION OF 1,1-DIFLUOROALLENE

i novel fluorine-containing polymer (such as 7 or 8) might be pre-
:area by the polymerization of 1,1-difluoroallene (9) with a nickel (0)
-atalvst which has recently been reported to polymerize allene (23).

CH G -<CF2-@——x;
F. H

2
8

rofessor Tarrant's observations on the thermal instabilitv of 9 indi-
:ated that it would not survive as monomer during shipment. Therefore,
tofessor Tarrant furnished as the precursor 2-bromo-3,3,3-trifluoro-
ropene-1 (10) which was dehalogenated by the reaction

;ul‘ia CF.=C=CH

‘F.-CBr=CH, —%™ 2 2

:0 9
~he product 9 has a boiling point sufficiently close to the ether sol-
rent 80 that purification by distillation is difficult. Hence, the
sroauct was obtained as an ether solution which was suitable for use
s1th a nickel (0) catalyst but not with such anionic coordination
-atalvsts as the TiCl,A-Al(i-Bu)3 pair.

“he ether solution of 1.,1-difluoroallene was used in several explor-
1tory homopolymerizations (Table X). The highest conversion to polymer
40 percent) was obtained in an azobisisobutyronitrile-promoted free
‘aaical polymerization (one week at 50°). Lower conversions (15 percent)
zere observed in a thermal polymerization (one week at 50°) or in a
oron trifluoride-promoted polymerization (one week at -80°). Only
* percent solids were obtained in a t-butylmagnesium chloride-promoted
~eaction. All of the polymers showed only weak infrared absorption at
760 cm~!, indicating few, if any, pendant =CF2 groups along the chain

“structure 7). Possible structures for the polymer include 8 or a
‘epeating cyclopropane unit.

"able X describes the homopolymerization of 1,1-difluoroallene and
'ts copolymerization with allene, both promoted by nickel (0) bis(l,5-




cyclooctadiene). Both proceeded readily to give 81 percent conversion
to resins. A homopolymerization of allene under the same conditions
gave only 1A percent conversion to a resinous polymer. An analogous
:eries of polymerizations initiated with VOCly-Al(iBu), gave dark res-
ins. The color may possibly be the result of dehydtohalogenation of
the polymer. This effect has been previously ncted in polymerizations
of vinyl chloride with VOCl3 as a catalyst component (24).

It appears that a polymer prepared from allenes as the sole mono-
mers has a chain too rigid to allow rubbery properties. Copolymeriza-
tion of allenes with dienes might be considered as a route to rubber
polymers.

D. PREPARATION! AND ATTEMPTED RING-OPENING POLYMERI-
ZATION OF FLUORINATED CYCLOBUTENES

A number of transition metal-catalyzed polymerizations of cyclic
bydrocarbon olefins which proceed by opening of the ring to form linear
polymers has been described recently. These include polymerizations of
cyclobutene (25, 26, 27), ciclopentene (28), norbornene (29), and larger
(Cg-C12) rings (30). The application of this polymerization technique
to cyclic fluorocarbon olefins could lead to novel fluorinated polymers.

First attempts at this type of polymerization were made with the
commercially available perfluorocyclobutene. When these did not succeed
(see Table 1IA), it was thought that cyclobutenes which did not have
fluorine atoms on the double bond might be more reactive in ring-opening
polymerization. Hence, the lithium aluminum hydride reduction of per-
fluorocyclchbutene was carried out under two sets of conditions to furnish
the potential monomers liwng-l2.

2
1.3 LiAlw, l 1
» diglyme
2 AF F, p
F ~F "2 A
2 2 LiAlH, .
FE_U | ‘ 12
2 —
N
F B

Compound 11 was unreactive in ring-opening polymerization. Compound 12
was obtained only in impure form because of the difficulty of separat-
ing it from diethyl ether. An attempt to prepare it in a higher-boiling
ether (1,2-diethoxyethzne) to permit easier purification was unsuccess-
ful. The polymerizations of 6 promoted with either a TiCl -based
catalyst or Mo or W ring opening catalysts gave only trace yields of
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polymer (Table IIA). Attempted polymerizations of hexafluoro 1,2-
dichlorocyclopentene and 2,3-bis(trifluoromethyl) bicyclo[2.2.1]~
heptadiene were also unproductive and this approach was abandoned.
E. CHEMICAL MODIFICATION OF cis-POLYBUTADIENE

1. With Sulfenyl Chlorides

The very low glass transition temperature of the commercially
available polymer cis-polybutadiene (Tg = -108°C.) suggested that a
‘ubber meeting the goals of this contract might be prepared from it by
:ading to the carbon-carbon double bonds one or more reagents which
would improve the oil resistance. Sulfenyl chlorides are a class of
compounds which add readily to carbon-carbon double bonds, generally
adding in the sense RSt C1-. Addition of a fluorinated or other helo-
genated sulfenyl chloride to cis-polybutadiene might introduce a suffi-
cient number of oil-repelling groups per polywer chain to provide iw-
proved oil resistance. This addition was, in fact, found to proceed
rapidly at room temperature to give rubbery adducts according to the
following equation: .

T H H 1 Hy

N - ”~ /C.c

P + mRSCl—> —{~(CH,-CH-CH-CH,)_(CH \cuz-%n——-
CH, = CH T— SR i

2 2 |

m+ n \
£1P 5 threo cis |
Percent Saturation = ——=— x 100
m+n

The threo configuration of the adduct sites is assigned on the basis of
the trans orientation of addition observed in sulfenyl chloride reac-
tions with cyclic olefins (31) and the cis configuration of the unreact-
ed sites is based on the infrared spectrum of the adduct. Thus, the
adduct has stereospecificity in its microstructure but a random macro-
structure derived from the random location of the sites of addition
along the chain. The practical result is a disappearance in the adduct
of the crystallization (-64°C.) and melting (-21°C.) phenomena charac-
teristic cf cis-polybutadiene.

A preliminary evaluation of these rubbery adducts was made through
neasurement ot glass trans{tion temperature (Tg) with the aid of a
Jifferential Thermal Analvzer. The summary of Tg data given below shows
.hat adducts of perf{luorosulfenyl chlorides (CF3SCl and CgF5SCl) display
ow Tg, values to a higher degree of saturation than do the corresponding
perchlorosulfenyl chlorides. For the same reason the aliphatic sulfenyl
chlorides are preferable to the aromatic analogs.

13
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;lass Transition Temperatures (°C.) for Adducts
it cisePolybutadiene and Sulfenyl Chlorides

F2SCl -92 -84  -75  -68  -44 j
2. Fs5Cl -90 -80  -66  -52 -
:C1..SC1 -85  -50  +28 - -
: ¢l scl 99  -50 418 - -

1 sample of an adduct of pentafluorobenzenesulfenyl chloride and !
cis-polybutad.ene in which sufficient sulfenyl chloride was added to
saturate 15 percent of the double bonds of the polymer was examined at i
the U.S. Army Natick Laboratories. A sulfur-cured specimen showed an
R67.5 twist recovery (<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>