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[57] ABSTRACT 
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alkylsiloxane compounds, are used as chain transfer agent in 
the radical initiated polymerization of ethylenically unsat 
urated monomers, to give polymers comprising non-ionic 
end groups. 
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FLUORINE-CONTAINING POLYMERS AND 
PREPARATION AND USE THEREOF 

Matter enclosed in heavy brackets [ ] appears in the 
original patent but forms no part of this reissue speci? 
cation; matter printed in italics indicates the additions 
made by reissue. 

This invention relates to ?uorine-containing polymers 
and their preparation and use. In another aspect, this inven 
tion relates to methods of free-radical polymerization of 
ethylenically unsaturated monomers in the presence of 
chain-transfer agents, and to the resulting polymers and 
shaped articles thereof. 

Fluorine-containing polymers, or ?uoropolymers, With a 
carbon-carbon backbone chain are an important class of 
polymers and include for example, ?uoroelastomers and 
?uoroplastics. Within this class are polymers of high 
thermal-stability and concurrent usefulness at high 
temperatures, and extreme toughness and ?exibility at very 
loW temperatures. Many of these polymers are almost totally 
insoluble in a Wide variety of organic solvents, and are 
chemically inert. Some have extremely loW dielectric loss 
and high dielectric-strength, and most have unique nonad 
hesive and loW-friction properties. F. W. Billmeyer, Text 
book of Polymer Science, 3rd ed., pp 398—403, John Wiley 
& Sons, NeW York (1984). 

Fluoroelastomers, particularly the copolymers of 
vinylidene ?uoride With other ethylenically unsaturated 
halogenated monomers, such as hexa?uoropropene, have 
particular utility in high temperature applications, such as 
seals, gaskets, and linings - see, for example, Brullo, R. A., 
“Fluoroelastomer Rubber for Automotive Applications,” 
Automotive Elastomer & Design, June 1985, “Fluoroelas 
tomer Seal Up Automotive Future,” Materials Engineering, 
October 1988, and “Fluorinated Elastomers,” Kirk-Othmer, 
Encyclopedia of Chemical Technology, Vol. 8, pp. 500—5 15 
(3rd ed., John Wiley & Sons, 1979). 

Fluoroplastics, particularly polychlorotri?uoroethylene, 
polytetra?uoroethylene, copolymers of tetra?uoroethylene 
and hexa?uoropropylene, and poly(vinylidene ?uoride), 
have numerous electrical, mechanical, and chemical appli 
cations. Fluoroplastics are useful, for example, in Wire, 
electrical components, seals, solid and lined pipes, and 
pyroelectric detectors. Polychlorotri?uoroethylene is com 
patible With liquid oxygen, and remains tough at cryogenic 
temperatures. See, for example, “Organic Fluorine 
Compounds,” Kirk-Othmer, Encyclopedia of Chemical 
Technology, Vol. 11, pp. 20, 21, 32, 33, 40, 41, 48, 50, 52, 
62, 70, 71, John Wiley & Sons, (1980). 

Fluorine-containing polymers can be prepared by free 
radical initiated polymerization of one or more ?uorine 
containing ethylenically unsaturated monomers. Free radi 
cals are typically formed by the decomposition of a free 
radical initiator. Free-radical initiators may be decomposed 
by light, heat, high energy radiation, or as a result of 
oxidation-reduction reactions. When free radicals are gen 
erated in the presence of free-radical polymerizable ethyl 
enically unsaturated monomers a chain reaction occurs 
producing polymer. The polymer can be prepared by poly 
merization of monomers in bulk, in solution, in emulsion, or 
in suspension. Fluoroelastomers and ?uoroplastics are pref 
erably prepared by aqueous emulsion or suspension poly 
merization because of the rapid and nearly complete con 
version of monomers, easy removal of the heat of 
polymerization and ready isolation of the polymer. Emulsion 
or suspension polymerization typically involves polymeriz 
ing monomers in an aqueous medium in the presence of an 
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2 
inorganic free-radical initiator system, and surfactant or 
suspending agent. 

Polymers of loW molecular-Weight can be prepared by 
polymerizing monomers in the presence of a chain-transfer 
agent. Chain-transfer agents react With the groWing 
polymer-chain. In this reaction, the groWing polymer-chain 
is terminated and the chain-transfer agent is converted into 
a radical. This newly-formed free-radical typically can 
immediately react With monomer, thereby initiating the 
polymerization of a neW polymer-chain. Examples of con 
ventional chain-transfer agents are carbon tetrachloride, 
acetone, diethyl malonate, and dodecylmercaptan. Chain 
transfer activity varies greatly With changes in solvents and 
monomers. 

The chain-transfer constants of triphenylsilane and tri 
ethylsilane in the thermal polymerization of styrene Were 
measured in J. Curtice, H. Gilman, and G. Hammond, “A 
Study of Organosilicone Free Radicals,” J. Am. Chem. Soc., 
Vol. 79, pp. 4754—4759, (1957). 

In aqueous emulsion or suspension polymerization of 
?uorine-containing ethylenically unsaturated monomer, 
conventional chain-transfer agents generally can terminate a 
groWing polymer-chain but generally do not immediately 
react With monomer to initiate a neW polymerization. As a 

result, the polymerization generally is sloW and most poly 
mer chains contain an ionic end-group due to initiation by 
ionic radical-initiator, e.g., sulfate radical ion. 

Ionic or polar end-groups generally are not desirable 
because of detrimental effects on rheology. US. Pat. No. 
4,524,197 (Khan) states that the presence of acid end-groups 
detrimentally effects the processing characteristics of ?uo 
roelastomers since these groups increase the viscosity of the 
polymer and interfere With curing systems, especially those 
based on quaternary phosphonium salts. 

Ionic or polar end-groups may also reduce the thermal 
stability of certain ?uorine-containing polymers. US. Pat. 
No. 4,743,658 (Imbalzano et al.) states that per?uorinated 
resins With certain end groups, especially —COF, 
—CONH2, and —CFZCHZOH, can be chemically reactive 
and thermally unstable. Such end groups evolve HF, Which 
is generated by the oxidation, hydrolysis and/or thermal 
decomposition of these end groups. 

Polymers With non-ionic end groups can be prepared by 
the use of non-ionic free-radical initiators, e.g., azobisisobu 
tyronitrile or benzoyl peroxide. HoWever, most non-ionic 
free-radical initiators are insoluble in Water and are therefore 
not suitable for aqueous emulsion or suspension polymer 
ization of ?uorine-containing monomers. The employment 
of Water-insoluble initiators Would require the use of organic 
co-solvents and/or seed latices produced With Water-soluble 
initiators. 

Brie?y, in one aspect, the present invention provides a 
method for the preparation of ?uorine-containing polymer 
comprising polymerizing, under free-radical conditions, a 
polymerizable mixture comprising ?uorine-containing eth 
ylenically unsaturated monomer, e.g., CF2=CF2, and a 
non-free-radically polymerizable organometallic compound 
comprising a group IV metal atom, e.g., Si, and an aliphatic 
carbon atom bonded directly to said metal atom and to a 
hydrogen atom, e.g., tetraalkylsilane, tetraalkylstannane, or 
tetraalkylgermane. 

In another aspect, this invention provides a ?uorine 
containing polymer comprising a ?uorine-containing, 
saturated, carbon-carbon backbone chain comprising inter 
polymerized units derived from ?uorine-containing ethyl 
enically unsaturated monomer, and an organometallic group, 
derived from a non-free-radically polymerizable organome 
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tallic compound, comprising a group IV metal atom and an 
aliphatic carbon atom bonded directly to said metal atom. 

The polymerization method of this invention can be used 
in aqueous emulsion or suspension polymerization to rap 
idly prepare loW molecular-Weight ?uorine-containing poly 
mers that are easy to process. These results can be obtained 
With loW levels of free-radical initiator and organometallic 
compound (conventional aqueous emulsion or suspension 
polymerization of ?uorine-containing monomer typically 
uses large amounts of both free-radical initiator and chain 
transfer agent in order to obtain loW molecular-Weight and 
rapid polymerization). 

Suitable monomers for use in the method and polymer of 
this invention include the terminally unsaturated monoole 
?ns typically used for the preparation of ?uorine-containing 
polymers such as vinylidene ?uoride, hexa?uoropropene, 
chlorotri?uoroethylene, 2-chloropenta?uoropropene, per 
?uoroalkyl vinyl ethers, e.g., CF3OCF=CF2 or 
CF3CF2OCF=CF2, tetra?uoroethylene, 
1-hydropenta?uoropropene, 2-hydropenta?uoropropene, 
dichlorodi?uoroethylene, tri?uoroethylene, 1,1 
dichloro?uoroethylene, vinyl ?uoride, and mixtures thereof. 
Per?uoro-1,3-dioxoles such as 

CF: CF 

0 o 
/ \C 

CF3 CF3 

may also be used. The per?uoro-1,3-dioxole monomers and 
their copolymers are described, for example, in US. Pat. No. 
4,558,141 (Squire). Certain ?uorine-containing di-ole?ns 
are also useful, such as, per?uorodiallylether and per?uoro 
1,3-butadiene. Said ?uorine-containing monomer, or 
?uoromonomer, may also be copolymerized With ?uorine 
free terminally unsaturated monoole?n comonomers, e.g., 
ethylene or propylene. Preferably at least 5% by Weight of 
all monomers in said polymerizable mixture are ?uorine 
containing. Said ?uorine-containing monomer may also be 
copolymerized With iodine-or bromine-containing cure-site 
comonomers in order to prepare peroxide curable polymers, 
e.g., ?uoroelastomers. Suitable cure-site monomers include 
terminally unsaturated monoole?ns of 2 to 4 carbon atoms 
such as bromodi?uoroethylene, bromotri?uoroethylene, 
iodotri?uoroethylene, and 4-bromo-3,3,4,4 
tetra?uorobutene-l. Preferably, all or essentially all of the 
comonomers in said polymerizable mixture are ethylenically 
unsaturated monomers. 

Preferred group IV metals in the organometallic com 
pounds useful in this invention are silicon, germanium, and 
tin. Preferred organometallic compounds are relatively loW 
molecular Weight compounds comprising from 1 to 10 group 
IV metal atoms, or oligomeric liquids, oils, or greases, e.g. 
silicone oils, comprising from 10 to 200 group IV metal 
atoms. Said metal atoms are bonded directly to each other, 
or linked to each other through carbon atoms or hetero 

atoms, e.g., O, N, S, P and the like, e.g., (CH3)3Si-NH-Si 
(CH3)3. Silanes, silazanes, and siloxanes are particularly 
preferred. 

Aclass of organometallic compounds useful in this inven 
tion can be represented by the formula 

R—[(R)2M]z—[(Q)X—M(R)2]y—CH(R)2 I 

Where M is Si, Sn, or Ge, Q is a divalent linking group, eg 
—S—, —O—, alkylene, e.g., —CH2—, —NR—, arylene, 
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4 
e.g., CGH4 (i.e., phenylene), or combinations thereof, each R 
is independently H, alkyl, aryl, or combinations thereof such 
as alkaryl or aralkyl, x is 0 or 1, z is 0 or 1, y is an integer 
from 1 to 9. As used herein, alkyl and alkylene includes 
substituted and cyclic moieties, e.g., ?uoroalkyl, and 
cycloalkyl. 

Representative examples of such compounds are 
(CH3)3Sn'Sn(CH3)3 
(CH3)3Si'Si(CH3)3 
(C2H5)3S1'S1(C2H5)3 
(CH3)3Si-O-Si(CH3)3 
(CH3)3Si-NH-Si(CH3)3 
Si(C2H5)~4 ' 
(CH3)3S1'S1(CH3)2'(CH3)3 
H'Si(C2H5)3 
H2Si(CH3)2 
(CHQZSKCGHSXCHQZ 
swig). 
(01193816406115) 
(CH3)3Si-CH2-Si(CH3)3 
(CH3)3Si_(C6H4)_Si(CH3)3 
(CH3)3Si-OCH3 
(CH3)3Si-OH 
Ge(CH3)4 

A second class of organometallic compounds useful in 
this invention is the class of cyclic compounds Where the 
metal atoms are part of a ring. Representative examples of 
such compounds are cyclic silanes and siloxanes such as: 

hexamehylcyclotrisiloxane, 

CH3 CH3 

O\ -/O 
Si 

CH3 CH3 
dodecamethylcyclohexasilane, 

CH3 

and octamethylcyclotetrasiloxane, 

The method of this invention can comprise the use of 
certain group IV organometallic compounds in otherWise 
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conventional free-radical polymerization of ethylenically 
unsaturated monomers. Such conventional polymerization 
includes free-radical polymerization of the monomers alone 
or as solutions, emulsions, or dispersions in an organic 
solvent or Water. Polymerization in an aqueous emulsion or 
suspension is often preferred because of the rapid and nearly 
complete conversion of monomers, easy removal of the heat 
of polymerization and ready isolation of the polymer. Emul 
sion or suspension polymerization of ?uorine-containing 
monomer typically involves polymerizing monomers in an 
aqueous medium in the presence of an inorganic free-radical 
initiator system, and surfactant or suspending agent. 

The formation of group IV organometallic alkyl radicals 
is described in P. Krusic, and J. Kochi, “Electron Spin 
Resonance of Group IV Organometallic Alkyl Radicals in 
Solution,” J. Am. Chem. Soc., Vol.91, pp. 6161—6164, 
(1969). Alkyl derivatives of silicon, germanium, and tin 
Were used to generate carbon-centered radicals by removal 
of a hydrogen atom from a carbon atom bonded directly to 
the metal. 

The organometallic compounds useful in the method of 
this invention are non-free-radically polymerizable com 
pounds that do not react With Water or monomer, but do react 
With radicals, e.g., the radical end of a groWing polymer 
chain. The organometallic compound thus acts as a chain 
transfer agent by terminating the polymerization of one 
polymer-chain and initiating the polymerization of a neW 
polymer-chain. 

Conventional inorganic free-radical initiators can be used 
in the free-radical polymerization method of this invention. 
Emulsion and suspension polymerization is preferred. 
Water-soluble inorganic peroxides knoWn to the prior art, 
such as sodium, potassium, or ammonium persulfates, 
perphosphates, perborates, percarbonates, or permanganates 
are useful. The free-radical initiators can be further activated 
by reducing agents such as sodium, potassium, or ammo 
nium sul?te, bisul?te, metabisul?te, hyposul?te, thiosul?te, 
phosphite, sodium or potassium formaldehyde sulfoxylate or 
hypophosphite, or by easily oxidized metal compounds such 
as ferrous, cuprous, and silver salts. 
Aqueous emulsion and suspension polymerizations may 

be carried out under conventional steady-state conditions in 
Which, for example, the monomers, Water, surfactants, buff 
ers and catalysts are fed continuously to a stirred reactor 
under optimum pressure and temperature conditions While 
the resulting emulsion or suspension is removed continu 
ously. An alternative technique is batch or semibatch poly 
merization by feeding the ingredients into a stirred reactor 
and alloWing them to react at a set temperature for a 
speci?ed length of time or by charging ingredients into the 
reactor and feeding the monomer into the reactor to maintain 
a constant pressure until a desired amount of polymer is 
formed. 

The amount of organometallic compound used can vary, 
depending for example on the molecular Weight of polymer 
desired. Preferably from 0.4 to 400 mmoles, and most 
preferably from 0.4 to 100 mmoles, of organometallic com 
pound are used per Kg of monomer. 

The polymer of this invention comprises a ?uorine 
containing, saturated, carbon-carbon backbone chain Whose 
interpolymerized units are derived from ethylenically unsat 
urated monomers. For example, Where vinylidene ?uoride 
and hexa?uoropropene are copolymerized the interpolymer 
ized units are -CH2-CF2- and -CF(CF3)-CF2-. Said polymer 
also comprises at least one organometallic group, derived 
from a non-free-radically polymerizable organometallic 
compound, comprising a group IV metal atom and an 
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6 
aliphatic carbon atom bonded directly to said metal. Par 
ticularly preferred organometallic groups are silyl, silazyl, or 
siloxyl. Preferably, said organometallic group terminates a 
polymer chain or branch as an endgroup. 
A class of the polymers of this invention comprise an 

organometallic group (covalently bonded to the polymer) 
Which can be represented by the formula 

Where M, Q, R, x, z, and y are as described above for 
formula I. 
The polymers of this invention, such as ?uoroelastomer 

gums, may be compounded and cured using conventional 
methods. Such polymers are often cured by nucleophiles 
such as diamines, polyhydroxy compounds, or ?uoro 
aliphatic sulfonamides. Certain polymers may be cured With 
peroxides. For example, the ?uoroelastomers of this inven 
tion may be crosslinked With aromatic polyhydroxy 
compounds, such as bisphenols, Which are compounded 
With the polymer along With a curing accelerator, such as a 
quaternary phosphonium salt, and acid acceptors, such as 
magnesium oxide and calcium hydroxide. Particularly use 
ful polyhydroxy compounds include 4,4‘-thiodiphenol, 
isopropylidene-bis(4-hydroxybenzene), and 
hexa?uoroisopropylidene-bis(4-hydroxybenzene) 
(“bisphenol AF”) Which are described, for example, in US. 
Pat. No. 4,233,421 (Worm). Such crosslinking methods are 
described, for example, in US. Pat. Nos. 4,287,320 (Kolb), 
4,882,390 (Grootaert et al.), and 5,086,123 (Guenthner et 
al.). Acure-site monomer susceptible to free-radical attack is 
required to render polymers peroxide curable. For example, 
polymers Which contain interpolymerized units derived 
from iodine- or bromine-containing monomers are often 
peroxide-curable. Such cure-site monomers are described, 
for example, in US. Pat. Nos. 4,035,565 (Apotheker et al.) 
and 4,450,263 (West). 
The polymers of this invention can also be compounded 

With processing agents, such as those conventionally used to 
aid in the molding or extrusion of the formulation, e.g. 
carnauba Wax or dichlorodiphenyl sulfone. Fluoroaliphatic 
sulfonamides can also be used as processing aids, including 
those of the formula RfSOZNHR“ Where Rf is a ?uoro 
aliphatic radical such as a per?uoroalkyl, e.g., CnFZn+1 
Where n is 4 to 20, or per?uorocycloalkyl, e.g., CnF2n_1 
Where n is 5 to 20, such compounds being described, for 
example, in Australian Pat. No. 581,641 (Guenthner et al.). 
Another type of processing aid Which can be used in this 
invention is diorgano sulfur oxides, such as those described 
in US. Pat. No. 4,287,320 (Kolb). 

Fillers can be mixed With the polymers of this invention 
to improve molding characteristics and other properties. 
When a ?ller is employed, it can be added to the vulcani 
zation recipe in amounts of up to about 100 parts per 
hundred parts by Weight of gum, preferably betWeen about 
15 to 50 parts per hundred parts by Weight of the gum. 
Examples of ?llers Which may be used are thermal-grade 
carbon blacks or ?llers of relatively loW reinforcement 
characteristics such as clays and barytes. 
The organometallic compounds useful in this invention 

result in polymers Which can have a variety of non-polar, 
non-ionic end-groups comprising a group IV metal atom. 
These non-ionic end-groups generally result in improved 
properties such as improved thermal stability and improved 
rheological behavior. Polymers With non-ionic end-groups 
exhibit loWer apparent viscosities during processing, e.g. 
injection molding, When compared at the same shear rates to 
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polymers With ionic end-groups. The resulting polymers 
may be elastomers or plastics. The polymers may be shaped 
to form useful articles including O-rings, fuel-line hoses, 
shaft seals, and Wire insulation. 

The polymers of this invention can be mixed With other 
polymers, for example, With polymers of higher or loWer 
molecular Weight to give a bimodal molecular-Weight mix 
ture. For example, loW molecular-Weight polymers of this 
invention can be mixed With conventional ?uorine 
containing polymers to improve the processing characteris 
tics thereof. 

EXAMPLES 

In the folloWing Examples and Comparative Examples 
polymers Were prepared. Viscosity of the resulting polymer 
Was determined using the folloWing test methods. 

Mooney Viscosity 

Mooney viscosities Were measured at 121° C. using a 
Monsanto Mooney viscometer model MV 2000, a large 
rotor, 1 minute preheat, and measurement after 10 minutes 
(“ML 1+10 @121° C.”), according to ASTM D1646-81. 

Inherent Viscosity 

Inherent viscosity (“iv”) Was measured using dilute solu 
tions of the polymers in 2-butanone at 35° C. Three samples 
Were run for each polymer (1.0, 0.5, and 0.25 Wt. % solids). 
An OstWald viscometer Was used and the iv Was calculated 
using the folloWing formula: iv=[ln(t/ts)]/c, Where t is the 
time for the solution to flow between the markers, ts is the 
time to flow between the markers for solvent Without 
polymer, and c is the concentration of the solution in g/dL. 

In the folloWing Examples 1—8 and Comparative 
Examples C1—C4, ?uoroelastomer polymers Were prepared 
by free-radical initiated emulsion-polymerization. The 
monomers utiliZed Were vinylidene ?uoride (“VEZ”), 
hexa?uoropropene (“HEP”), and tetra?uoroethylene 
(“TEE”). The polymers produced Were either copolymers of 
VE2 and HEP, or terpolymers of VE2, HEP, and TEE. 

The Examples of this invention utiliZed silanes and silox 
anes as the organometallic compound. The polymers of the 
Examples of this invention Were analyZed by proton NMR 
and shoWn to contain at least one silane or siloxane group. 

In the Comparative Examples, diethylmalonate Was used 
as a chain-transfer agent, or no chain-transfer agent Was 

used, instead of a silane or siloxane. 

EXAMPLE 1 

Asolution of 9 g of KZHPO4 and 3 g of K2520 8 in 2800 
g of Water Was placed in a 4-liter pressure reactor. The 
reactor Was evacuated and ?lled With nitrogen four consecu 
tive times and 1.8 g of hexamethyldisilane (“HMDS”) Was 
added via syringe through a septum on a inlet valve. The 
contents of the reactor Were stirred With a mechanical stirrer, 
heated to 71° C., and the reactor Was pressuriZed to 1.24 to 
1.31 Mpa With a monomer mixture of 61.7 Wt. % VE2 and 
38.3 Wt. % of HEP. Pressure Was maintained betWeen 1.24 
and 1.31 MPa during polymeriZation by adding more of the 
monomer mixture. After 750 g of monomer mixture had 
been added, the reaction mixture Was cooled to room 
temperature, and excess unreacted monomer mixture Was 

vented. The reaction time (“R-Time”) Was 6.5 hrs. The 
resulting latex Was coagulated by dripping it into an agitated 
solution of 20 grams of magnesium chloride hexahydrate in 
800 mL of deioniZed Water. The resulting copolymer of HEP 
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8 
and VE2 Was then Washed four times With 2.5 L of hot (750 
to 80° C.) deioniZed Water, and the Washed polymer gum 
dried overnight in a circulating air oven at 90° to 100° C. 

EXAMPLES 2—4 and COMPARATIVE 
EXAMPLES C1—C3 

In Examples 2—4 and Comparative Examples C1—C3 
copolymers of HEP and VE2 Were prepared as in Example 1 
except With the amounts of ingredients as shoWn in Table 1. 
Example 4 and Comparative Example C3 also contained 0.6 
g and 2.4 g, respectively, of EC-128 ?uorochemical emul 
si?er available from 3M Company. The organometallic 
compound used in Examples 2—4 Was either hexamethyld 
isilane (HMDS), tetramethylsilane (“TMS”), or hexameth 
yldisiloxane (“HMDSO”). The Comparative Examples 
C1—C3 do not contain organometallic compound. Compara 
tive Examples C2 and C3 used diethylmalonate (DEM) as 
chain-transfer agent. Each Example and Comparative 
Example utiliZed 2800 g of deioniZed Water and a monomer 
mixture of 61.7 Wt. % VE2 and 38.3 Wt. % HEP. 

TABLE 1 

Examples Comparative Examples 

2 3 4 c1 c2 c3 

K2HPO4 (g) 9 9 9 9 9 6.3 
K25208 (g) 5 3 5 3 3 15.3 
chain transfer HMDS, HMDSO, TMS none, DEM, DEM, 
agent, g 3 2 1.8 0 2 11.4 
monomer (g) 780 800 680 780 800 1000 
R-Time (hrs) 6.5 6 4 2.5 4.5 6.5 

The polymers of the above Examples and Comparative 
Examples Were analyZed for the presence of silane or 
siloxane groups by proton NMR. The Mooney (ML 1+10 
@121° C.) viscosity (“Mooney”) Was measured for each 
polymer. Where the Mooney viscosity Was 0, the inherent 
viscosity Was also measured. The results are summariZed in 
Table 2. 

TABLE 2 

Comparative 
E amnles E amnles 

1 2 3 4 C1 C2 C3 

chain HMDS HMDS HMDSO TMS None DEM DEM 
transfer .012 .021 .012 .020 0 .012 .071 
agent, moles 
Mooney 24 0 57 39 194 105 0 
iv — 0.15 — — — — 0.18 

The proton NMR of the polymers of Examples 1—4 
shoWed the presence of CH3-Si in each polymer at 0.1 to 0.5 
ppm in the spectra. The higher effectiveness of the silane and 
siloxane compounds as chain-transfer agents for reducing 
molecular Weight is shoWn in Table 2 by loWer Mooney 
viscosity or a loWer iv Which indicates loWer molecular 
weight. For example, although Example 3 and Comparative 
Example C2 used equimolar amounts of chain-transfer agent 
and persulfate initiator, the polymer prepared in Example 3 
had a much loWer Mooney viscosity. Comparing Example 2 
to Comparative Example C3 shoWs that loWer iv Was 
obtained in the same reaction time but With much less 
persulfate initiator and much less chain-transfer agent, When 
the method of this invention Was used. 

EXAMPLE 5 

In Example 5 a terpolymer of HEP, VE2, and TEE Was 
prepared as in Example 1 except the polymeriZation Was run 
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in a 86-Liter reactor using 45 Kg deionized Water, 145 g 
K2HPO4, 50 g HMDS, the pressure Was held constant at 
0.90 MPa instead of 1.24 to 1.31 MPa, 18.25 Kg of a 
monomer mixture containing 23.6 Wt. % TFE, 31.5 Wt. % 
HFP, and 44.9 Wt. % VF2 Was consumed, and 11.6 g FC-128 
emulsi?er Was used. Instead of K2SO208, 60 g of (NH4) 
2S208 Was used as free-radical initiator. The reaction time 
Was 6 hrs, and the Mooney viscosity Was 8. 

EXAMPLES 6—7 and COMPARATIVE 
EXAMPLES C3—C4 

In Examples 6—7 and Comparative Examples C3—C4, 
terpolymers of HFP, VF2, and TFE Were prepared as in 
Example 5 except using the amounts of ingredients shoWn in 
Table 3. Each Example and Comparative Example used 45 
Kg of deioniZed Water and the same monomer mixture as in 
Example 5. The reaction time for each Example and Com 
parative Example Was 6 hours. 

TABLE 3 

Comparative 
F amnles F amnles 

5 6 7 C3 C4 

KZHPO4 (g) 145 145 145 145 185 
(NH4)2S2O8 (g) 60 40.4 4.4 60 0 
K25208 (g) 0 0 0 0 250 
chain-transfer HMDS HMDS HMDS DEM DEM 
agent (g) 50 50 9.3 54.6 185 
FC-128 (g) 11.6 11.6 11.6 11.6 9.9 
Mooney 8 40 145 63 2 

The data in Table 3 shoW that high level of both persulfate 
and chain-transfer agent Were need to make a loW-viscosity 
gum at a reasonable reaction rate using conventional sys 
tems. For example, comparing Example 5 With Comparative 
Example C3 shoWs that When using equal molar amounts of 
chain-transfer agent and initiator, the method of this inven 
tion resulted in a polymer With loWer Mooney-viscosity. 
Comparative Example C4 illustrates the high levels of 
initiator and chain-transfer agent need to prepare a loW 
Mooney-viscosity polymer using conventional methods. 

EXAMPLE 8 

In Example 8 a terpolymer of HFP, VF2, and TFE Was 
prepared as in Example 1 except using an 86-L reactor and 
With 45 Kg deioniZed Water, 160 g ammonium persulfate, 
145 g K2HPO4, 11.6 g FC-128 emulsi?er, 200 g HMDS, and 
11.25 Kg of a monomer mixture containing 44.9 Wt. % VF2, 
31.5 Wt. % HFP, and 23,6 Wt. % TFE. The pressure as 
maintained during the run at 0.90 MPa. The temperature Was 
71° C. Agitation Was 140 rpm, and the reaction time Was 6 
hrs. The Mooney viscosity Was 0. The inherent viscosity of 
the resulting terpolymer of HFP, VF2, and TFE Was 0.10. 

EXAMPLE 9 

In this Example, chlorotri?uoroethylene (“CTFE”) Was 
polymeriZed by suspension polymeriZation to form a ?uo 
roplastic. The initiation system consisted of a redox initiator 
rather than a thermal initiator. 

A 4-liter reactor Was charged With deioniZed Water (2600 
g), KQHPO. (40 g), NaZHPO. (40 g), K2820. (15 g), 
CuSO45H2O (0.08 g), hexamethyl disilane (2.0 g) and 
CTFE (195 g). The pressure in the reactor Was 0.37 MPa at 
12° C. The reactor contents Were agitated (350 rpm) and a 
solution of KZSO3 (10 Wt. % in deioniZed Water) Was fed 
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10 
into the reactor by the use of a metering pump. When a 
pressure drop occurred (indicative of polymeriZation) CTFE 
Was fed into the reactor in order to maintain a constant 
pressure of 0.37 to 0.39 MPa. Over a period of 5 hours, a 
total of 945 g of CTFE monomer (including the 195 g 
precharged) Was added and a total of 429 g of the 10% 
K2SO3 solution Was pumped into the reactor. The reactor 
Was drained and the CTFE polymer Was isolated by 
?ltration, Washed With a mixture of a deioniZed Water and 
methanol, and the Washed polymer Was dried in a circulating 
air oven at 110° C. The polymer Was a White poWder. A 
proton NMR spectrum of the polymer revealed the presence 
of Si-CH3 at 0.05 ppm. 

EXAMPLES 10—21 

In Examples 10—21, terpolymers of VF2, HFP, and TFE 
Were prepared according to the procedure and using reac 
tants described in Example 5, except using 25 g (instead of 
50 g) of HMDS, 40 g (instead of 60 g) of (NH4)2S2O8, and 
11.5 g of FC-128 emulsi?er. The amounts of each monomer 
are shoWn in Table 4. The reaction time varied from 4 to 9.5 
hours. The Mooney viscosity and Weight percent ?uorine 
(determined by F-NMR analysis) of each of the polymer 
products Was determined. The results are shoWn in Table 4. 

TABLE 4 

Monomers Wt. % Mooney 

No. VF2 HFP T'FE viscosity Wt. % F 

10 40 30 30 68 69.5 
11 40 40 20 65 69.3 
12 50 20 30 57 67.5 
13 50 30 20 57 67.5 
14 60 20 20 69 65.9 
15 60 30 10 39 65.8 
16 30 40 30 22 71.4 
17 70 10 20 28 64.3 
18 30 50 20 48 71.0 
19 50 20 30 43 67.6 
20 50 20 30 47 67.6 
21 40 20 40 56 69.7 

EXAMPLES 22—30 

Nine of the ?uorine-containing polymers prepared in 
Examples 10—21 Were cured With a bisphenol crosslinking 
agent and onium accelerator, and the physical properties of 
the resulting cured polymers Were determined. 100 g of 
?uorine-containing polymer Was mixed With the folloWing 
curing and compounding ingredients: 0.862 g of tributyl 
(2-methoxy)propylphosphonium bisphenoxide AF, Which 
Was prepared as described in US. Pat. No. 4,882,390 
(Grootaert et al.), as a 57.5 Wt. % solution in methyl alcohol; 
1.23 g of bisphenol AF, as a 70 Wt. % solution in ethanol; 30 
g of carbon black (Termax MTTM, ASTM N990) as rein 
forcing agent; 3 g of magnesium oxide (Maglite DTM) as acid 
acceptor; and 6 g calcium hydroxide as acid acceptor. 
The compounded polymers Were press-cured for 10 min. 

at 177° C. and post-cured for 16 hours at 232° C. and 
physical properties determined. Tensile strength at break, 
elongation at break, and modulus at 100% elongation Were 
obtained using ASTM Method D 412-80 on a sample cut 
from 1.8 mm sheet of cured polymer With ASTM Die D. 
Hardness (Shore A) Was measured at room temperature on 
cured samples according to ASTM Method D-2240-81 using 
Shore Instrument and Mfg. Co. “A-2” hardness measuring 
device. Compression set Was determined using ASTM 
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Method D-395-78, Method B, on cured (10 min. press cure 
at 177° C. followed by 16 hours postcure at 232° C.) O-rings 
after 25% compression for 70 hours at 200° C. Compression 
set is reported as percent of original deformation remaining. 
The polymers that Were compounded and cured, and the 
resulting physical properties of the cured polymers are 
summariZed in Table 5. 

TABLE 5 

Fluoro- Tensile Elon- Com 
Ex. polymer strength gation Modulus Hard- pression 
No. of Ex.* (MPa) (%) (MPa) ness set (%) 

22 10 11.16 242 4.10 82 27.5 
23 11 9.36 273 3.08 76 34.6 
24 12 14.76 201 6.67 84 29.1 
25 13 11.80 219 4.25 78 27.4 
26 14 14.23 194 6.00 80 24.4 
27 15 10.65 158 5.74 78 26.8 
28 18 7.20 442 2.53 83 47.9 
29 19 15.76 198 7.17 88 28.3 
30 20 15.14 199 6.77 89 27.9 

*compounded and cured as described above 

The data in Table 5 shoW that the polymers of this 
invention may be compounded and cured to give shaped 
articles With typical ?uoroelastomer physical-properties. 

EXAMPLE 31 

In this example, the HFP, VF2, and TFE terpolymer of 
Example 6 Was cured as described in Examples 22—30, 
except that a ?uoroaliphatic sulfonamide curing-agent Was 
also used in addition to a bisphenol and onium accelerator. 

100 g of the HFP, VF2, and TFE terpolymer of Example 
6 Was mixed With the folloWing curing agents and com 
pounding ingredients: 0.805 g of tributyl 
(2-methoxypropylphosphonium bisphenoxide AF as a 57.5 
Wt. % solution in methyl alcohol; 1.54 g of bishpenol AF as 
a 70 Wt. % solution in ethanol; 0.5 g N-methyl 
per?uorooctanesulfonamide, C8F17SO2NH(CH3); 30 of car 
bon black (Termax MTTM, ASTM N990) as reinforcing 
agent; 3 g of magnesium oxide (Maglite DTM) as acid 
acceptor; and 6 g calcium hydroxide as acid acceptor. 

The compounded ?uoroelastomer composition Was press 
cured and post-cured, and properties determined as 
described for Examples 22—30. Physical properties are sum 
mariZed in Table 6. 

TABLE 6 

Tensile 
Ex. strength Elongation Modulus 
No. (MPa) (‘70) (MPa) Hardness 

31 13.59 187 6.12 77 

The data in Table 6 shoW that typical ?urorelastomer 
physical-properties Were obtained With a polymer of this 
invention When a ?uoroaliphatic sulfonamide Was used as a 
co-curing agent. 

EXAMPLE 32 

In Example 32, a copolymer of VF2 and HFP Was 
prepared as in Example 1, except With 4 g (0.023 moles) of 
octamethyl cyclotetrasiloxane instead of HMDS, and With 
0.6 g FC-128 emulsi?er. Reaction time Was 5 hrs, With 710 
g monomer consumed. The polymer Was isolated, and 
analyZed as in Example 1. The Mooney viscosity Was 62, 
and the H-NMR shoWed the presence of Si-CH3 at 0.1 ppm. 
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12 
Various modi?cations and alterations of this invention 

Will be apparent to those skilled in the art Without departing 
from the scope and spirit of this invention and this invention 
should not be restricted to that set forth herein for illustrative 
purposes. 
What is claimed is: 
1. A method for the preparation of ?uorine-containing 

polymer comprising, polymeriZing in an aqueous emulsion 
or suspension, under free-radical conditions, a polymeriZ 
able mixture comprising ?uorine-containing ethylenically 
unsaturated monomer, and a non-free-radically polymeriZ 
able organometallic compound [comprising a] containing 1 
to 10 silicon [atom] atoms and [an] at least one aliphatic 
carbon atom bonded directly to at least said silicon atom and 
to [a] at least one hydrogen atom. 

2. The method of claim 1 Wherein said ?uorine-containing 
monomer is selected from the group consisting of vinylidene 
?uoride, hexa?uoropropene, chlorotri?uoroethylene, 
2-chloropenta?uoropropene, per?uoroalkyl vinyl ethers, 
tetra?uoroethylene, 1 -hydropenta?uoropropene, 
dichlorodi?uoroethylene, 2-hydropenta?uoropropene, vinyl 
?uoride, tri?uoroethylene, 1,1-dichloro?uoroethylene, 
per?uorodiallylether, and per?uoro-1,3-dioxoles of formula 

Rf Rf 

Where each Rf is F, CnFZn+1 Where n is from 1 to 4, or Where 
the tWo Rf groups together with the depicted carbon atom to 
which they are bonded form a ring of formula CnF2n_2 Where 
n is from 5 to 8. 

3. The method of claim 1 Wherein said polymeriZable 
mixture further comprises ?uorine-free ethylenically unsat 
urated monomer. 

4. The method of claim 1 Wherein [said organometallic 
compound comprises from 1 to 200 silicon atoms, and] said 
silicon atoms are bonded directly to each other or through an 
alkylene group, arylene group, sulfur atom, oxygen atom, 
phosphorus atom, nitrogen atom, or combinations thereof. 

5. The method of claim 4 Wherein said organometallic 
compound is a siloxane, silaZane, or silane. 

6. The method of claim 4 Wherein said organometallic 
compound has the formula 

Where M is said silicon atom, Q is a divalent linking group, 
each R is independently H, alkyl, aryl, or combinations 
thereof, x is 0 or 1, Z is 0 or 1, and y is an integer from 1 to 
9. 

[7. The method of claim 1 Wherein said polymeriZing 
comprises polymeriZing in an aqueous emulsion or suspen 

sion.] 
8. The method of claim [7] 1 Wherein said organometallic 

compound is selected from the group consisting of 
hexamethyldisilane, tetramethylsilane, and hexamethyldisi 
loxane and Wherein said ?uorine-containing monomer is 
selected from the group consisting of vinylidene ?uoride, 
hexa?uoropropene, tetra?uoroethylene, and chlorotri?uoro 
ethylene. 

9. In a method of preparing ?uorine-containing polymer 
by polymeriZing in an aqueous emulsion or suspension, 
under free-radical conditions, a polymeriZable mixture com 
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prising ?uorine-containing ethylenically unsaturated 10. The method of claim 9 wherein said [organometallic 
monomer, the improvement comprising polymerizing said compound comprises from 1 to 200] silicon atoms are 
mixture in the presence of a non-free-radically polymeriZ- bonded directly to each other or through an alkylene group, 
able organometallic compound [comprising a] containing 1 arylene group, sulfur atom, oxygen atom, phosphorus atom, 
to 10 silicon [atom] atoms and [an] at least one aliphatic 5 nitrogen atom, or combinations thereof. 
carbon atom bonded directly to at least one of said silicon 
[atom] atoms and to [a] at least one hydrogen atom. * * * * * 


