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TITLE 

POLYMERIZATION, AND DEPOLYMER!ZATION, 
OF CYCLIC ETHERS USING HETEROGENEOUS CATALYSTS 

FIELD OF THE INYENTION 

5 Polymerizat~on of cyclic ethers to polyethers is 
catalyzed by heterogeneous catalysts which conta~n 
selected metal cations. The metal cation may be the 
charge balancing counterion of a zeolite structure, or a 
metal perfluoroalky_lsulfonate, preferably a triflate, 

10 attached to a support may be used. Depolymerization of 
polytetrahydrofurans to tetrahydrofurans is catalyzed by 
a metal perfluoroalkylsulfonate, preferably a triflate, 
attached to a support. 

TECHNICAL BACKGRQUND 

15 Cyclic ethers are polymerized by various means to 
give products of'.w1despread utility. For instance, 
ethylene oxide.is polymerized to polyethylene oxide 
which is useful for (in lower molecular weight grades) 
ceramics, cosmetic~, ~ubricants, polyurethanes, (and"in 

20 higher molecular ·weight grades), packaging film, qenture 
adhesive_s, lubricants, and· flocculation, and tetrahydro­
furan (THF) is polymer.ized to poly (tetramethylene ether) 
glycol which is useful in_the preparation of Spandex 
fibers, polyurethane resins useful in elastomeric parts, 

~5 and thermoplastic elastomers useful for molding various 
mechanical parts. Therefore, improved methods of making 
these.polymer~ are sought. 

U.S. Patent· 4,303,782 describes the u~e of zeolites 
to catalyze the polymerization of ·tetrahydrofuran. 

30 These polymerization appear to proceed very slowly. 
U.S. Patent 3,842,019 describes the polymerization 

of o~iranes and other small ring compounds by a presumed 
cationic mechanism, using as the catalyst the 
decomposition products of metal perf luoroalkyl-

35 sulfonates. These catalysts are described as "latent", 
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that is no reaction occurs until the metal salt is 
decomposed. The reactions reported are relatively slow, 
even at elevated temperatures . 

. U.S. Patents 5,084,586 and 5,124,417 describe the 
5 cationic polymerization of various monomers, including 

cyclic ethers, ·using onium cations, whose· corresponding 
anions are fluoroalkylsulfatometallates. Onium ion 
catalyzed cationic polymerizations are well known, and 
there is no mention in these patents of the use of metal 

10 salts not containing onium ions, such as metal 
trif lates, as catalysts for the polymerization of cyclic 
ethers. 

Japane~e Patent Application 51-82397 describes the 
polymerization of tetrahydrofuran using a combination of 

15 fluorosulfonic acid and a carboxylic acid as catalysts. 
No mention is~m\de of metal salts, such a metal 
triflates as catalysts. 

J. s. Hrkach, et al., Macromolecules, vol. 23, 

p. 4042-4046 (1990) describe the polymerization of 
20 tetrahydrofuran using trimethylsilyl trif luoromethane­

sulfonate (herein triflate) as the initiator. No 
mention is made of any other triflates as catalysts for 
this polymerization. 

s. L. Bo~kowsky, et al., Organometal., vol. 10, 

25 p. 1268-1274 (1991) report that certain zirconium 
complexes can initiate the polyroerization of tetrahyQro­
furan. No mention is made of zirconium perfluoroal~yl­
sulf onates, ·or of copolymers • 

T. Misaki, et al., Nippon Kagaku -Kaishi, p. 168-174 
30 (1973) report .on the polymerization of THF using a. 

combination of metal aceylacetonates and acetyl 
chloride. None of the metal compounds herein disclosed 
as c~talysts are mentioned. 

Japanese Patent Application 51-82397 describes the 
35 polymerization of tetrahydrofuran using a combination of 
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fluorosulfonic acid and a carboxylic acid as catalysts. 
No mention is made of metal salts as catalysts . 

. SUMMARY OF THE INYENTIQN 

This invention concerns a process for the 
5 polymerization of cyclic ethers, comprising, contacting 

one or more oxiranes, oxetanes, tetrahydrofurans, 
oxepanes, 1, 3-dioxolanes, or 1., 3, 5-trioxanes; with a 
zeolite which contains a metal cation selected from the 
group consisting of strontium, barium, scandium, 

.10 yttrium, the rare earth metals, titanium, zirconium, 
hafnium, chromium, molybdenum, tantalum, rhenium, iron, 
ruthenium, osmium, rhodium, iridium, palladium, 
platinum, silver, gold, zinc, cadmium, mercury, 
aluminum, gallium, ·indium, thulium, germanium, tin, 

15 lead, arsenic, antimony and bismuth; and an accelerator 
• • selected from the group consisting of carboxylic 

anhydrides, acyl halides and carboxylic acids whose pKa 
in water is less than about 6. 

This invention also concerns a process for the 
20 polymerization of cyclic ethers, compri~ing, contacting 

one or more oxiranes, oxetanes, tetrahydrofurans, 
oxepanes, 1,3-dioxolanes, or 1,3,5-trioxanes; witha 
heterogeneous catalyst containing a metal perf luoro­
alky lsulfonate attached to the su·rface of sai.d catalyst, 

25 said metal selected from the group consisting of 
strontium, barium, scandium, yttrium, the rare earth 
metals, titanium, zirconium, hafnium, chromium, 
molybdenum, tantalum, rhenium, iron, ruthenium, osmium, 
rhodium,. iridium, palladium, plat·inum, silver, gold, 

30 zinc, cadmium, mercury, aluminum, gallium, indium, · 
thulium, germanium, tin, . lead, arsenic, antimony and 
bismuth; and an accelerator selected from the group 
consisting of carboxylic anhydrides, acyl halides, and 
carboxylic acids whose pKa in water is less than about 

35 6. 
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·This invention also concerns a process for the 
·depolymerization of a polyether to a tetrahydrof-qran, 
comprising, contacting at a temperature of about 100°~· 

to about 2S0°c, a polymer consisting essentially of one 
5 or· more repeat units of the formula 

wherein each Rl, R2, R3 and R4 is independently hydrogen 

10 or hydrocarbyl containing l to 20 carbon at.oms, with a 
heterogeneous catalyst containing a m~tal perf luoro­
alkylsulfonate attached to the surface of said catalyst, 

·said metal select~d from the group consisting of 
strontium, barium, scandium, yttrium, the rare earth 

15 met~ls, titanium, zirconium, hafnium, chromium, 
molybdenum, t4nlalum; rhenium, iron, ruthenium, osmium, 
rhodium, iridium, palladium, platin~m, silver, gold, 
zinc, cadmium, mercury, aluminum, gallium, indium, 
thulium, germanium, tin, lead, arsenic, antimony and 

20 bismuth. 
• DETAILS OF THE INVENTION 

All of .the descriptions of the processes that 
follow, except for those of the catalysts themselves, 
and where otherwise noted, are applicable to both types 

25 of heterogeneous catalysts, the zeolites and ·those to 
which metal perfluoroalkylsulfonates are ~ttached. 

In the polymerization processes described herein 
one or more cyclic ethers, oxiranes, oxetanes,· tetra­
hydrofurans, oxepanes, 1,3-dioxolanes, or_l,3,S-tri-

30 oxanes are polymerized to form a polyether. Oxirane 
(more commonly called epoxide) is herein given its usual 
structure, a saturated three membered ring containing 
two carbon atoms ~nd one oxygen atom. Oxetane is also 
given its common meaning, a saturated four membered ring 

35 containing 3 carbon atoms and one oxygen atom. The term 
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1,3-dioxolane means a saturated 5 membered ring which 
contains two oxygen atoms separated by l carbon.atom. 
The term 1,3,5-trioxane means a six membered ring 
containing 3 oxygen atoms in which the oxygen atoms and 

5 carbons atoms are alternated. 
The terms oxirane, oxetane, oxepane, 1,3-dioxolane, 

1,3,5-trioxane, and tetrahydrofuran include.compounds 
containing those ring systems which are substituted with 
hydrocarbyl or ~ydrocarbylene groups containing l to 20 

10 carbon atoms. The hydrocarbylene groups form carbo­
cyclic rings, which include bicyclic, tricyclic, etc. 
systems. By a hydrocarbylene group herein is meant a 
divalent radical containing carbon and hydrogen which is 
part of a.carbocyclic ring. 

15 Preferred cyclic ethers have the formula , 

or 

wherein n is 2 or 4, and each Rl, R2, R3 and R4 is 
20 independently hydrogen or hydrocarbyl containing 1 to 20 

carbon atoms. . Some cyclic ethers polymerize to give 
repeat units of the formula -[CHRl(cR2R3)nCaR40J-. In a 
more preferred cyclic ether all of Rl, R2, R3 and R4 are 
hydrogen. In another more pr~ferred cyclic ether where 

25 n=2, Rl, one of R2, both of R3 and R4 are hydrogen, and . . 
the remaining R2 is alkyl containing 1-4 carbon atoms, 
especially preferably the remaining R2 is methyl. By 
hydrocarbyl herein is meant a univalent radical 
containing carbon and hydrogen. 
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THIS SHEET HAS BEEN 
REPLACED 

The polymerization is carried out in the presence 
of an acceierator (sometimes also called a co-catalyst) . 
Suitable accelerators are carboxylic anhydrides, acyl 
halides an~ carboxylic acids whose pKa is less than 

5 about 6 in water. 
By a carboxylic anhydride is meant a compound 

containing the grouping -C(O)O(O)C-, wherein the free 
valencies are.to other carbon atoms. A preferred 
carboxylic anhydride is an anhydride of an alkyl 

10 carboxylic acid or a halogen substituted alkyl 
·carboxylic acid, and particularly preferred anhydrides 
are acetic anhydride and trifluoroacetic anhydride. 

By an .acyl halide is meant a compound containing 
the grouping -C(O)X, ~here X is chlorine or bromine and 

15 the free valence it to another carbon atom. In 
,· . ' 

preferred acy~ halides X is chlorine. Preferred acyl 
halides are alkyl acyl halides, and especially preferred 
are acetyl halides, more preferably acetyl chloride. 

By a carboxylic acid is meant a compound containing 
20 the grouping -c (0) OH, wherein the free valence is to 

another carbon.atom. Preferred carboxylic acids have a 
pKa of less tha·n 5 in water. . Useful carboxylic acids 
include, but are not limited ~o formic,· acetic, 
trif luoroacetic, chloroacetic, benzoic, trichloroacetic, 

25 p-nitrobenzoic, butyric, and naphthoic acids. Preferred 
carboxylic acids are trif luoroacetic, formic, acetic, 
cyanoacetic, nitropropion~c, nitrobenzoic, acrylic ~nd 
methacrylic. These and other acids that themselves 
don't cause polymerization of the cyclic ethers are also 

30 believed to be accelerators, especially if their pKa in 
water is about 6 or less. 

When carboxylic anhydride is present one half or 
mpre of the end groups are carboxylic esters. As is 
known to the artisan, these may be hydrolyzed to 

35 hydroxyl groups by reaction with water, preferably in 
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the presence of a·catalyst, such as a strong ac~d 
(sulfuric acid for instance) or a strong base (such as 

NaOH) . The proportion of acetate ends increases the 
longer the polymerization.is allowed to proceed. 

5 Although the polymeric diol is often the desired product 
(it can be used to make other polymers, such as 

polyurethanes and polyesters.>, the half ester or diester 

is also useful, as in relatively low molecu~ar weight 
polymers which can be.used as solvents. 

10 When acyl halides are· used as the accelerator, the 
end groups are usually ester on one end, and the halide, 
X, on the other. Thus the complete formula for such ·a. 
polymer could be X-{CHRl(CR2R3)nCHR4o]-C(O)Y, where Y is 

the group to which the acyl group of the acyl halide was 

15 bound. Such polymers are useful as intermediates for 
• I# . • 

the preparation'of polymers containing different 
functioQal groups. For example, the ester may be 
hydrolyzed t~ a hydroxyl group, and the halide may be 
reacted to· form another functional group such as 

20 nitrile. If a bis(at::yl halide), X(O)CYC(O)X, is used as 

the accelerator, the product of the polymerization will 

be a polyether with halide (X) end groups which contains 

two internal ester groups, and may have the foz::m~la 

X-[CHRl(CR2R3)nCHR4o]-C(O)YC(O)-[OCHRl(cR2R3)nCHR4]-X. 

25 Useful bis(acyl halides) include adipoyl chloride, 
terephthaloyl chloride, and diglycolyl chloride 
[Cl(O)CCH20CH2C(O)Cl]. 

When a carboxylic acid is u_sed as the accelerator, 
the end groups are usually mostly ester. Thus the 

30 ·complete formula for such a polymer could be 
Y-C(0)-0-[CHRl(CR2R3)nCHR40]-C(O)Y, where Y is the group 

to which the acyl group of the carboxylic acid was 
bound .. The ester group may be hydrolyzed as described 
above in the para~raph_describing the products when a 

35 carboxylic anhydride is .used as the accelerator. 
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The polymerization may be run at a temperature of 
about -80°C to about 130°C. If this temperature is 
above the boiling point of the cyclic ether monomer, a 
pressure vessel may be used. A preferred· temperature is 

5 ambient to the boiling point of the monomer or 110°C, 
whichever.is lower. An inert solvent such as di-n-butyl 
ether, diethyl ether.or toluene may be used, but it is 
preferred if solvents are not present. Protic compounds 
such as water, methanol and ethanol should preferably 

·10 not be present, and it is convenient to exclude them. by 
drying the· starting materials and keeping the process · 
under an inert dry gas such as.nitrogen or dry air. As 
in most" chemical processes, the ingredients should be 
mixed. Continued agitation is preferred ~o assure 

15 contact of the process liquids with the heterogeneous 
catalyst, and··.t& avoid overheating. The polymerization 
is mildly exothermic. If the polymerization temperature 
goes up appreciably~ refluxing of the monomer may be 
used to help cool the proces.s. 

20 With both types of catalysts the polymerization may 
be run in a variety of methods, such as batch, semi­
continous, or continuous. While the heterogeneous 
catalyst may be recovered each.time,. as 'by filtration, 
and reused, in another embodiment the catalyst is fixed . 

25 in place and the polyinerization mass circulated or 
agitated so that uniform contact with. the catalyst 
surface is obtained. In this way, the catalyst may be 
used for long periods in a continuous process, or for 
many batches in. a batch polymerization, without the need. 

30 to .recover ~he catalyst. Contact time of the liquid 
reaction mass with the catalyst will depend on many 
factors, such as the. catalytic metal used, its 
concentration on the catalyst, the temperature, cyclic 
ether being polymerized, etc., but will usually be in 

35 the range of a few minutes to a few hours. 
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THIS SHEET HAS BEEN 
·REPLACED 

Both types of catalysts used herein contain 
selected metal cations. Preferred metal cations are 
those of strontium, scandium, yttrium, the rare earth 
metals, titanium, zirconium, hafnium, vanadium, niobium, 

5 tantalum, chromium, molybdenum, tungsten, rhenium, iron, 
ruthenium, palladium, copper, gold, zinc, tin and 
bismuth. More preferred metals are yttrium, the rare 
earth metals, scandium and zirconium. Especially 
pref erred metals are yttrium, ytterbium, dysprosium, 

10 erbium, neodymium, lanthanum, scandium and zirconium. 
Another preferred metal is "mischmetall" (sometimes also 
called "didymium"), which is a mixture of rare earth 
metals as obtained from the ore .. ·By rare earths herein 
is meant lanthanum, cerium, praes·eodymium, neodymium, 

15 promethium, samarium, europium, gadolinium, terbium, 
dysprosium, holm£u~, erbium, thulium, ytterbium, and 
lutetium. By a perfluoroalkylsulfonate herein is meant. 
a metal salt of a perf luoroalkylsulfonate in which the 
metal is bonded to one or more perf luoroalkylsulfonate 

20 groups. 

One of the catalysts used herein is·a zeolite in 
which some of the metal cations present are the cations 
listed above. The anions of such cations are not 
critical, and may be those normally found in zeolites. 

25 The zeolites containing the appropriate metal cations 
can be made by the ion exchange of cations in known 
zeolites. Such ion exchange processes are know to the 
artisan, see for instance o. w. Breck in Zeolite 
Molecular Sieves, R.E. Krieger Publishing Co., Malabar, 

30 Florida, 1984 and Examples 7, 9, 12, · 14, 16, 18, and 20. 

• 

It is preferred if at least 0.5 atom percent of the 
metals and metalloids in the zeolite are one of the 
useful "catalytic" metals, mpre preferably at least 5 
atom percent. It has been found that the zeolite 
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catalysts usually yield polyethers with bimodal 
molecular weight distributions. 

In another heterogeneous catalyst, a. "catalytic" 
metal perf luoroalkylsulfonate is attached to the surface 

5 of a material that in effect acts as a heterogeneous 
support for the metal perfluoroalkylsulfonate. The 
metal is not attached to the surface through the 
perf luoroalkylsulfonate, but through another bond or 
ligand. The catalytic metal should have at least one 

10 perf luoroalkylsulfonate anion attached to it, and 
preferably, except for the group attaching the metal to 
the support surface, all of the groups should be 
perfluoroalkylsulfonate . 

. The metal may be attached to the surface by a 
15 covalent bond, or coordination, or any other method. It 

is preferred if •significant amounts (>25%, preferably 
<10%) of the. catalytic metal cannot be leached from the 
heterogeneous catalyst by the polymerization process 
liquids. In one m~thod of ~ttachment, a ligand which 

20 can coordinate with the metal cation is attac~ed via one 
or more covalent bonds to the surface of the support, 
and then the metal cation is coordinated to the ligand, 
thereby fixing the metal cation on the support surface. 
Particularly u~eful for such are silicon compounds to 

25 which the ligand is attached by a stable (to hydrolysis 
and the polymerization process conditions) bond, and in 
which the silicon is directly attached to groups which 
are readil.Y hydrolyzed. When these hydrolytically 
unstable groups.are hydrolyzed from the sil~con atom, 

30 the resulting "compound" can readily bond to surfaces 
which have hydroxyl groups present. Many common 
~upports, such as alumina, silica (gel), many metal 
oxides, and others have such surfaces. After the ligand 
is attached to the surfa~e, an appropriate metal 

35 compound is contacted with the surface containing the 
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ligands, and the metal cation becomes fixed to the 
support surface. See E'xamples 1, ·3, 5, .22, 24, 26, and 

28 for such processes. 

The heterogeneous ~upports for such catalysts can 
5 . be those which are conunonly used for supported 

catalysts. It is preferred if they have a relatively 
large surf ace area, at least 25 m2/gm, and it is also 

preferred if the support is inorganic (inorganic 
includes various forms of carbon, such as activated 

10 car~on, graphite, etc.). Useful supports include 
alumina, silica, silica-aluminates, carbon, zirconia, 
yttria, magnesia, ceria, aluminum fluoride and barium 
sulfate. Preferred supports are alumina, silica, 

silica-aluminates, carbon and zirconia. I~ is preferred 
1.5 if the supports themselves are acidic. Although not 

, . " 
critical, a convenient amount of the catalytic metal.on 
the catalyst is about 0.1 to about 20 weight percent,· 

measured as catalytic metal. 

The depolymerization process is carried ~ut at 
20 about l00°C to about 250°C, preferably about 130°c to 

about 200°C. Although air can be used to blanket the 
process, it is preferred to us·e an ;nert atmosphere such 

as nitrogen to avoid possible side reactions. A solvent 
may be us.ed, but it is .preferred to carry out the 

25 process without solvent. 

The amount of catalyst compared to polyether 
present is not critical, 0.1-15% by weight (percent of 
the catalyst to polyether) being_ useful, preferably 
about l to 3% by weight of catalyst. 

30 _The depolymerizati9n process may be carried out by 
just heating the polyether in the presence of the 
heterogeneous catalyst. In order to avoid boiling off 

the often volatile tetrahydrofurans, a pressure vessel 

may be needed. However, it is preferred to carry out 
• 

35 the depolymerization while constantly distilling off the 

• 
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(substituted) tetrahydrofuran as it forms. It is 
·believed that this ensures driving this process to 

produ~e the monomeric tetrahydrofuran. 
In both the polymerization and depolymerization 

5 processes disclosed herein the heterogeneous catalyst 
may be recovered and reused in either process. It may 
be recovered from both processes by filtration, and if 
desired, drying. The recovered catalyst may be used 
again in the polymerization or depolymerization 

1.0 processes. 
All of the above processes may be carried out as 

batch, sernibatch or continuous processes. For all of 
the processes, continuous type processes are preferred. 

15 used: 
In the Examples, the following abbreviations -are 

ACA - acetic anhydride 
DETM - diethyl 2-[3-(triethoxysilyl)propyl)]­

malonate 
GPC - gel permeation chromatography 

20 Mn - number average molecular weight 
Mw - weight average molecular weight 
PD - polydispersity, Mw/Mn 
PS - polystyrene 
SS - stainless steel 

25 STD - standard 
THF - tetrahydrofuran • 

EXl\MPLE 1 

Heterogeneous 10 wt\ Yttrium triflate 

on alumina catalyst preparation 

30 25 g commercial alumina pellets AL-3945 (3.2 mm dia 
x 3.2 mm)was placed in 250 mL water and the pH adjusted 
to 3 with acetic acid. After stirri~g 15 mins t:h_e 
pellets were collected by filtration and suction dried. 
A solution of 1·90 mL ethanol and 10 mL water had its 

35 apparent pH adjusted to 5 with acetic acid and 5 g of 
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DETM was added. After stirring for 5 minutes the 
alumina pellets were added and agitated for 30 minutes. 
The supernatant liquid was then decanted and the pellets 

·washed with 2 x 25 mL ethanol and suction dried. The 
5 solid was dried in flowing nitrogen by heating to 110°C 

for 1 hour and then sealed and taken into a nitrogen 
glove box. 5 9 yttrium triflate was dissolved in 50 mL 
acetonitrile and added to the dry alumina pellets. This 
slurry was allowed to sit undisturbed overnight in the 

10 · glove box and then evaporated to dryness in vacuo. The 
solid was then extracted with 2 x 25 mL acetonitrile, 
filtered and washed with acetonitrile. Evaporation of 
all ~ashings and extracts indicated that -50% of the 
original yttrium triflate had been retained on the 

15 pellets. The pellets were s·uction dried and then dried ... 
in flowin~ nitrogen at 110°C for 1 hour before returning 
to the glove box for collection and sto~age prior to 
testing. 

EXAMPLE 2 
·20 Polymerization of THF oyer 10\ Yttrium Triflate 

on Alumina Pellets with Acetic Anhydride 

THF was charged into a 500 mL cap~city ISCO pump, 
which was connected to a 3 way 0.3 cm SS connector ("T" 
mixer), via 8 cm of 0.3 cm SS tubing containing a check 

25 valve. A second ISCO pump was charged with .acetic 
anhydride and this was connec1;:ed to the "T" mixer b.y 
75 cm of 0.3 cm SS tubing also containing a check valve. 
In.a dry box, all of the catalyst made in Example 1 

.(23.9 g) was charged into the reactor.1 This was in 
30 turn connected to the "T" mixer by 12 cm of SS tubing. 

This reactor was then connected to a holdup tank 
(approximately 60 mL volume) via Cajon flex tubing with 
ultra torr fitting (0.6 cm, 13 cm. Polymerization was 
started by first filling the reactor with THF 

35 (approximately 83 mL) • Then THF was fed at .a rate of 
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0.75 mL/min and acetic anhydride at a rate of 
0.075 mL/min. The exiting polymerized solution was fed 
to a beaker. After each fraction, the pumps were 
refilled and the collected polymer solution diluted with 

5 diethyl ether and washed with water, separated, 

concentrated at reduced pressure and then dried under 
vacuum. The following are the conditions under which 

the various fractions were collected, together with 
weight of polymer obtained and GPC analysis: 

THF ACA 
Polymer. Flow Rate Flow Rate Wt. Mn 

Fraction Time (mL/min) (mL/min) <g:> (PS STD.) Mw 

1 3'12 mins. 0.75 0.075 108.9 10800 22800 
2 899 mins. 0.50 o.os 139.2 15800 36800 
3 491 mins. 0.50 0.05 17.73 27400 92300 
4 975 mins. o.so 0.05 74.19 28400 602·00 

f 
5 464 mins. . 0.50 o.9s 20.6 
6 935 mins o.so 0.05 38.25 

10 

lreactor design to be supplied upon preparation of 
patent application. 

EXAMPLE 3 
Heteti)geneous 10 wt% Yttrium triflate 

15 pn 'silica-alymina catalyst ~~eparation 

25 9 comm.ercial silica-alumina pellets (Alfa cat 

PD 

2.11 

2.32 
3.37 
2.12 

# 31269; 91% Al203, · 6% Si02) was placed in 250 mL water 

and the pH adjusted to 3 w,ith acetic acid. The pell.ets 
were then treated in a manner identical to that 

20 described in Example 1 above. 
EXAMPLE 4 

Polymerization of THF oyer 10% Yttrium on 

Silica-Alumina Pellets with Acetic Anhydride 

All of the catalyst of Example 3, 10% yttrium 
25 triflate on silica-alumina pellets (20. 8 9) was charged 

in the reactor. The apparatus was as described in 
Example 1. The·following are the conditions under which 
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polymer ~as collected, together with weight of polymer 

obtained and GPC analysis. 

THF ACA 
Polymer. Flow Rate Flow Rate Wt. Mn 

Fraction Time (mL/min) (mL/min) (a) (PS STD.) Mw 

5 

1 945 mins. 0.50 0.05 148.78 . 43'10 8790 

2 466 mins. 0.50 0.05 121.3 17000 33000 

3 990 mins. 0.50 0.05 177.17 24800 48900 

4 449 mins. 0.50 0.05 70.05 10000 26800 

EXAMPLE 5 
Heterogeneous 10 wt% Zirconium triflate 

on alum!na catalyst ·preparation. 

25 9 commercial.alumina pellets (Al-3945, 3.2 mm 

dia. x 3.2 mm)) was placed in 250 inL water and the pH 

adjusted to 3 with acetic acid. The pellets were then 

treated in a man~ei identical to that des.cribed in 

10 Example 1 above except substituting zirconium triflate 

for yttrium trifl.ate. 

15 

20 

EXAMPLE 6 
Polymerization of THF over 10%.Zirconium 

Triflate on Alumina Pellets with Ace$:ic Anhydride 

All of the catalyst of Example S, 10% zirconium 

trif late on alumina pellets (22. 74 q), was charged in 

the reactor. The apparatus was as described in 
'Example 1. The following are the conditions under which 
polymer was col;J.ected, together with weight of polymer 

obtained. 
THF ACA 

Polymer. Flow Rate Flow Rate Wt. Mn 
Fraction Time (mL/minl (mL/min> iSll (PS STD.) Mw 

1 928 mins. 0.50 o. o.s 247.97 9010. 22500 

2 498 mins. o.so 0.05 75.00 10800 32500 

3 948 mins. o.so 0.05 164.13 29000 55800 

4 482 mins. 0.50 0.05 58.91 45000 80700 

5 896 mins. 0.50 0.05 201.15 41100 80600 

PD 

2.01 

1.94 

1.97 

2.66 

PO 

2.51 

2.99 

1.92 

1.79 

1.96 
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EXAMPLE 7 

Preparation of La loaded zeolite HY 

for THF polymerization 

10 9 of zeolite LZY-82 (NH4+ ion form of zeolite Y) 

5 was. slurried into. 1 liter distilled water and the pH was 
adjusted to 4 with nitric ~cid. 1.56 9 lanthanum 
nitrate hexahydrate (calculated to give a final product 
having -Swt% La) was added and the slurry stirred and 
warmed for 4 hours. The stirring was stopped and the 

10 mixture left to sit overnight to complete the exchange. 
The solid was collected by filtration and washed with 1 

liter distilled water. then suction dried. The wet solid 
was loaded into a horizontal tube furnace and fired as· 
follows in flowing dry air (flow rate 200.mL/min): 

15 Room temperature to 500°C at 12°C/min. 

Hold at-~at>0c for 2hours 
Cool to room temperature over lhour and collect 

white_powder. 
The cool powder was quickly transferred to a 

20 tightly capped sample vial in order·to minimize exposure 

to atmospheric moisture. A small portion of the 
material was sent for x-ray diffraction analysis .and 
showed that the zeolite crystallinity had been 
maintain~d during the ion-exchange and calcination 

25 procedure and that there was no presence of a bulk La203 

phase. 

30 

EXAMPLE 8 

Polymeriz·ation of THF with Lanthanum 

Zeolite and Acetic Anhydride 

In a· dry box, the lanthanum zeolite of E~ple 7 
(2.00 9) was added to an oven dried 100 mL round bottom 
flask equipped with a stirring bar. The flask was 

sealed with a rubber septum and removed from the dry 
box. A nitrogen bleed was attached and THF (20.00 mL} 

35 and acetic anhydride (1.00 mL) were added. After 
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stirring overnight the· resulting material was diluted 

with THF (50 mL) and fllter.ed. The resl:llting filtrate 

was concentrated a.t reduced pressure. The vicous liquid 
was dissolve in THF (50 mL) and dried over anhydrous 

5 NaHC03, filtered concentrated at reduced pressure and 
then dried. under vacuum. Polymer yield: 3.86 g. GPC 

analysis: Mn·= 969, Mw = 5970, PD= 6.17 (PS STD., 
bimodal distribution) . 

10 
EXAMf LE 9 

Preparation of 5% Y loaded zeolite 

HY for THF polymerization 

10 9 of zeolite.LZY-82 (NH4+ ion form of zeolite Y} 

was slurried into 1 liter distilled water and the pH was 

adjusted to 4 with nitric acid. 2.20 g yttrium nitrate 
15 pentahydrate (calculated to give a final product having -· . -s wt% Y) was added and·the slurry stirred and warmed 

for 4 hours. The stirring w~s stopped and the mixture 
left to sit overnight.to complete the exchange. The 

solid was collected by filtration and washed with 1 
20 liter distilled wate·r then suct·ion dried. The wet solid 

was loaded into a horizontal tube furnace and fired as 

follows in flowing dry air (flow rate 200 mL/min): 
Room temperature .t.o S00°C at 12°C/min. 
Hold at S00°C for 2 hours. 

25 Cool to room temperature over 1 hour and collect 
white powder. 

The cool powder was quickly transferred to a 
tightly capped sample vial ·in order to minimize exposure 
to atmospheric moisture. A small portion of the 

30 material was sent for x-ray diffraction analysis and 
showed that the zeolite crystallinity ~ad been 
maintained during the ion-exchange and calcination 
procedure and that there was no presence of.a bulk Y203 

phase. 
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EXAMPLE 10 · 

Polymerization of THF with 5% Yttrium 

Z~olite and Acetic Anhydride 

In a dry box, the yttrium zeolite of Example 9 

5 (5.00· g) was added to an oven dried 100 mL round bottom 

flask equipped with a stirring bar .. The flask was 

sealed with a rubber septum and removed from the dry 

box. A nitrogen bleed was attached and THF (20.00 mL) 

and acetic anhydride (1.00 mL) were added. After 

10 stirring overnight ether {50 mL was added to the 

resulting polymerized solution. After filtering, ether 

CSO mL) and water (25 mL) were added and the organi.c 

phase separated, concentrated at reduced pressure and 
- . 

then dried under v~cuum .. Polymer yield: 2.21 g. GPC 

15 analysis: Mn= 840, Mw = 4600, PD= 5.48 (PS STD.,. 
. ~ 

bimodal distr1bution) • 

EXAMPL~ 11 

Polymerization of THF with 5% Yttrium 

Zeolite HY and Acetic Anhydrid~ 

20 In a dry box, the 5% yttrium zeolite HY of . . 
Example 9 (10. 00 g) was added to an oven dried 100 mL 

round bottom· flask equipped with a stirring bar. The 

flask was sealed with a rubber septum and removed from . . 
the dry bo_x. A nitrogen bleed was attached and TBF 

25 · (20.00 niL) and acetic anhydride (1.00 mL) were added. 

After stirring overnight ether· (50 mL) was added to the 

resulting polymerized solution. After filtering, ether 
(50 mL) and water (25 mL) were added and.the organic 

_phase separated, concentrated at reduced pressure and 

30 then dried under vacuum. Polymer yield: 7.29 g. GPC 

analysis: Mn • 1350, Mw = 14800, PD = 10.94 (PS STD., 

bimodal distribution). 
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EXAMPLE 12 

Preparation of 10 wt\ Y loaded zeolite 

HY for THF polymerization 

SO 9 of zeolite LZY-82 (NH4+ ion form of zeolite Y) 

5 was slurried into 1 liter distilled water and the pH was . 
adjusted to 4 with nitric acid. 22.0 g yttrium nitrate 
pentahydrate (calculated to give a final product having 
-10 wt\ Y) was added and the slurry stirred and warmed 
for 4 hours. The stirring was stopped and the mixture 

10 left to sit overnight to complete the exchange. The 
~olid was collected by filtration and washed with 1 
liter distilled water then suction dried. The wet solid 
was loaded into a horizontal tube furnace and fired as . 
follows in flowing dry air (flow rate 200 mL/min): 

15 Room temperature to 500°C at 12°C/min. 
Hold at SOO~c" for 2 hours: 
Cool to room temperature over 1 hour and collect 

white powder. 
The cool powder was quickly transferred to a 

20 tightly capped sample vial in order te minimize exposure 
to atmospheric moisture. A small portion of the 
material was sent for x-ray diffraction analysis and 
showed that the zeolite crystallinity had been 
maintained during the ion-exchange· and calcination 

· 25 procedure and that there was no presence of a. bulk Y203 

,phase. 
EXAMPLE 13 

Polymerization of THF with 10 wt% Yttrium 

Zeolite HY and Acetic Anhydride 

30 In a dry box, the 10\ yttrium zeolite ·uy of 
Ex~ple 12 (10.00 g) was added to .~n oven dried 100 mL 

round botto~ flask equipped with a stirring bar. The 
flask was sealed with a rubber septum and removed from 
the dry box. A nitrogen bleed was attached and THF 

3 5 (20. o·o mL) and ~ceti,c anhydride ( 1. 00 mL) were added. 
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After 4 hrs. ether (SO mL) was added to the resulting 

polymerized solution. After filterinq, the orqanic 
phase was washed with 5\ NaOH (10 mL), separated 

concentrated at reduced pressure then dried under 
S vacuum. Polymer yield: . 6.11 g. GPC analysis: 

Mn = 690, Mw = 4120, PD = 10.94 (PS STD., bimodal 
distribution) . 

EXAMPLE 1:4 

Preparation of Y loaded zeolite mordenite 
10 for THF polymerization 

10 g of zeolite H-mordenite was slurried into l 
liter distilled water and the pH was adjusted to 4 with 
nitric acid.· 2.20 g yttriu~ nitrate pentahydrate 
(calculated to give a final product.having ~5 wt\ Y) was 

15 added and the slurry stirred and warmed for 4 hours. 

The stirrin~ w~s' stopped and the mixture left to sit 
overnight to complete the exchange. The solid was 
collected by filtration and washed with 1 liter 
distilled water then suction dried. The wet solid was 

20 loaded into a horizontal tube furnace and fired as 

follows in flowing dry air (flow rate 200 mL/min): 

Room temperature to S00°C at 12°C/min. 
Hold at S00°c for 2 hours •. 

· Cool to roo~ temperature over 1 hour and collect 
25 white· powder. 

The cool powder was quickly transferred to a 

tightly capped samp~e vial in order to minimize exposure 
to atmospheric moisture. A small portion of the 
material was sent for x-ray diffraction analysis and 

· 30 showed that the zeolite crystallinity had been . 
maintained during the ion-exchanqe and calcination 
procedure and that there was no presence of a bulk Y203 

phase. 
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EXAMPLE 15 

Polymerization of THF with Yttrium 

Mordenfte and Acetic Anhydride 

In a dry box, the yttrium mordenite of Example 14 

5 (5.00 g) was added to an ~ven dried 100 mL round.bottom 
flask equipped with a stirring bar. The flask was 
sealed with a rubber septum and removed ·from the dry 

box. A nitrogen bleed was att~ched and THF (20.00 mL) 

and acetic anhydride (1.00 mL) were added. After·· 

10 stirring overnight ether (50 mL) was added to the 

· resulting polymerized solution. After filtering, ether 

(5.0 mL.> and water (25 mL) were added and the organic 
phase separated, concentrated at reduced pressure and .. 

then dried under vacuum. Polymer yield: · l. 43 g. GPC 

15 analysis: Mn = 6020, Mw = 15500, PD = 2.58 (PS STD.) . 
• · # . EXAMPLE 16 

Preparat'ion of -10 wt%. Didymium loaded 

zeolite HY for THF polymerization 

50 g of zeolite LZY-82 (NH4+ ion form of zeolite Y} 

20 was slurried into l liter distilled water and the pH was 
adjuste~ to 4 with nitric acid. 10 q didymium chloride 

was added and.the slurry stirred and warmed for l hour. 

The zeolite .was recovered by filtration washed with 1 

liter distilled water and then re-slurried.into 1 liter 

25 fresh distilled water. Another 10 g didymium chloride 

was added and the pH adjusted to 4 with nitric acid and 
this slurry was stirr~d for l hour. The stirring was 
stopped and the· mixture left to sit overnight to 

complete the exchange .. The solid was .collected by 

30 filtration and washed with 1 liter distilled water then 
suction dried. The wet solid was loaded into a 

horizontal tube furnace and fired as follows in flowing 

dry air (flow rate 200 mL/min): 

· Room temperature to 500°C at 12°C/min. 

35 Hold at 500°C for 2 hours. 
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Cool to room temperature over 1 hour and collect 

white powder. 

The cool powder was quickly transferred to a 

tightly capped sample vial in order to minimize exposure 

5 to atmospheric moisture. The powder was then pressed to 

10 tons and the resultant cake siev~d through 10-20 mesh 

to give granulated catalyst. 
EXAHPLE 17 

Polymerization of THF with 10% Didymium 

10 Zeolite HY and Acetic Anhydride 

In a dry box, the 10%.Didymium zeolite HY of 

Example 16 (10.00 g) was added to an oven dried 100 mL 

round bottom flask equipped with a stirring bar. The . 

flask was sealed with a rubber septum and removed from 

15 the dry box. A nitrogen bleed was attached and ~HF 

(20.00 mL) and·.a4Cetic anhydride (l.00 mL) were added .. 

After stirring overnight the polymerized solution was 

fitered, then. ether (25 mL), THF (25 mL) and water 

(25 mL) were added the orga~ic phase separated 

20 concentrated at reduced pressure then dried under 

~acuum. Polymer yield: 7.56 g. GPC analysis: 

25 

Mn= 1010, Mw. =·7l50, PO= 7.08 (PS STD., bimodal 

distribution) . 
EXAMPLE 18 

Preparation of 5 wt% Sc loaded zeolite 

HY for THF polymerization 

5 9 of zeolite LZY-82 (NH4+ ion form of zeolite Y) 

was slurried into l liter dis~illed water and the pH was 

adjusted to 4 with nitric acid. 1.44 g scandium 

30 chloride (calculated to give a final product having 

-s wt% Sc) was added and the slurry stirred and warmed 

for 4 hours. The stirring was stopped and the mixture 

le~t to sit overnight to complete the exchange. The 

solid was collected by filtration and washed with 1 

35 liter distilled water then suction dried. The wet solid 



23 

was loaded into a horizontal tube furnace and fired as 
follows in flowing.dry air (flow rate 200 ~/min): 

Room temperatu.re to 500°C at 12°C/min. 
Hold at 500°C for 2 hours. 

5 Cool to room temperature over 1 hour and collect 
white powder. 

The cool powde~ was quickly transferred to a 
tightly capped sample vial in order to minimize exposure 
to atmospheric moisture. A small_portion of the 

10 material was sent for x-ray diffraction analysis and 
showed that the zeolite crystallinity had been 
maintained during the ion-exchange and calcination 
procedure_ and that there was no presence of a bulk Sc203 
phase. 

15 EXAMPLE 19 

Polymeriz~tion of THF with 5% Scandium 
Zeolite HY and Acetic Anhydride 

In a dry box~ the 5% scandium zeolite BY of 
Example 18 (3.94 g} was added to an oven dried 100 mL 

20 round bottom flask equipped with a stirring bar. The 
flask was sealed with a rubber septum and rem~ved from 
the dry box. A nitrogen bleed was attached and THF 
(20.00 rnL) and acetic anhydride (1.00 mL) were added. 
After stirring overnight the polymerized solution was 

25 filtered, then ether (25 rnL), THF (25 mL) and water 
(25 rnL) were added the organic phase separated 

30 

concentrated at reduced 
vacuum. Polym~r yield: 
Mn = 736, Mw = 7890, PD 
distribution) • 

pressure then dried under 
4.48 g. GPC analysis: 

= 10.72 (PS STD., bimodal 

EXAMPLE 20 

Preparation of 10 wt% Y on zeol-ite NaY pellets 

12.5 g yttrium nitrate pentahydrate was dissolved 
in lliter distilled water and the pH adjusted to 4 with 

35 nitric acid. 25 g zeolite LZY-52 (NaY) pellets (3 mm 
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dia x 3 mm) was added and the mixture allowed to sit 
overnight. The pellets were then filtered and washed 
with lliter distilled water and suction dried. The 
pellets were then calcined in flowing dry air (flow rate 

5 200 mL/min) : 

Room temperature to 500°C at 12°C/min. 
Hold at S00°c for 2 hours. 
Cool to room temperature over 1 hour and collect 

white powder. 
10 The cool pellets were quickly transferred to a 

tightly capped sample vial in order to minimize exposure 
to atmospheric moisture. 

Ex;AMPLE 21 

Polymerization of THF with 10% Yttrium 

15 Triflate on Zeolite NaY Pellets and Acetic Anhydride 

In a dry-pdx, the 10% yttrium triflate on zeolite 
NaY pellets of Example 20 (10. 00 q) .was added to an oven 
dried 100 mL round bottom flask equipped with a stirring 
bar. The flask was sealed with a rubber septum and 

20 removed from the dry box. A nitrogen bleed was attached 
and THF (20.00 mL) and acetic anhydride (l.00 mL) were 
added. After stirring for l hour THF (50 mL) the 
polymerized solution then filtered. The fitrate was 

·washed with water (25 mL), then ether (50 mL) was added. 
25 The organic phase was separated concentrated at reduced 

pressure then dried under vacuum. Polymer yield: 

30 

0.700 9. GPC analysis: Mn= 18800, Mw = 27100, 
PD - 1.44 (PS STD.). 

EXAMPLE 22 
Pr~paratioo of Yttrium triflate supported 

on alumina deriyatized with diethylmalonate 

.95 mL ethanol and 5 mL water were mixed and the pH 
adjusted to 5 with acetic acid. 2 9 DETM was added and 
the ·mix stirred for 5 minutes. 10 q y-alumina was added 

35 and the slurry stirred a further 3 min. The solid was 
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allowed to settle and ·the supernatant liquid decanted. 
The recovered solid was then washed with two portions of 

25 mL ethanol and suction dried. The solid was finally 
dried in flowing nitrogen (200 mL/min) by heating to 

5 110°C and holding at that temperature for 1 hour. The 
cooled powder was immediately transferred to a nitrogen 
glove box. 

Untjer a dry nitrogen atmosphere inside a qlove box, 

0.5 g yttrium triflate was disso~ved in 25 mL 
10 acetonitrile and 5 g of the alumina powder prepared 

above was added. The slurry was stirred for 1 hour and 
then filtered, rinsed with 25 mL acetonitrile and 
suction dried. The· powder was then pumped to dryness in 
vacuum and stored under nitrogen. 

15 EXAMPLE 23 

Polymerization of THF with Yttrium Triflate 

Sup~orted on Alumina Deriyatiged With Diethyl Malonate 

In a dry box, the yttrium trif late supported on 
diethylmalonate derivatized alumina of Example 22 

20 (S.00 g) was weighed in an oven dried 100 mL RB flask. 

The flask was sealed with a rubber septum and removed 
from the dry box. A nitrogen purge was attached and THF 
(15.00 mL) and acetic anhydride (2.00 mL) added via 
syringe. After 360 minutes the polymerization was 

. . 

25 terminated by decanting; followed by concentration at 
reduced pressure and then drying under vacuum. Polymer 

yield: 2. 53 g. GPC analysis: Mn = 83·00, Mw = 20 900, 
PD= 2.52 (PS STD.). 

30 Preparation of bisfn-cyclOl"entadienyl>tetra­
hydrofuran-bisCtrifluoromethanesulfonatol­

zirconium sup,ported on silica deriyatized with PETM 

95 mL ethanol and 5 mL water were mixed and the. pH 

adjusted to 5 with acetic acid. 2 q DETM was added and 

35 the mix stirred for 5 minutes. 10 g silica was added 
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and the slurry stirred a further 3 mins. The solid was 
allowed to settle and the.supernatant liquid decanted. 
The recov·ered solid was then washed with two portions of 

25 mL ethanol and suction dried. The solid was finally 
5 dried in flowing nitrogen. (200 mL/min) by heating to 

ll0°C and holding at that ·temperature for 1 hou~. The 
cooled powder was immediately transferred to a nitrogen 
glove box. 

· Under a dry nitrogen atmosphere inside a glove box, 
10 0.5 g bis(n-cyclopentadienyl)tetrahyd~ofuran-bis(tri- ·. 

fluoromethanesulfonato)zirconium was dissolved in 25 mi. 
acetonitrile and 5 g of the silica powder was added. 
The slurry was stirred for l hour and then filtered, 

rinsed with 25 mL acetonitrile and suction dried. The 
15 powder was then pumped to dryness in vacuum and stored 

under n'i.tro~en·, • 
EXAMPLE 25 

Polymerization of THF with BisCn-cyclO,Penta­

dienyl) tetrahydrofura.n-bis (trifluoromethane­

sulfonatol Zirconium S-qpported on Sil;_ca 

periyatiz~d With Piethyl Malonate 

In a dry box, the bis·(n-cyclopentadienyl)tetra­
hydrofuran-bis (trifluoromethane-sulfonato) zirconium 
supported on s_;l.ica of Example 24 cs:oo g) was weighed 

25 in an oven dried 100 mL RB flask. The flask was sealed 

with a rubber septum and removed from the dry box. A 

nitrogen purge was attached and THF (15.00 mL) and 
acetic anhydride (2.00 mL) were added via syringe. 
Afte'r 360 minutes the polymerization was terminated by 

30 decanting, followed by concentration at reduced pressure 
and then drying under vacuum. Polymer yield: 2.06 g. 

GPC analysis·: Mn = 7620; Mw = 19000, PD • 2.29 
(PS STD.) •. 
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EXAMPLE 26 
Preparation of bisCn-cyclopentadienylltetra­

hydrofuran-bis<trifluoromethanesulfonatolzirconium 
supported on alumina derivatized with PETM 

5 9SmL ethanol and 5 mL water were mixed and the pH 
adjusted to 5 with acetic acid. 2 g DETM was added and 
the mix stirred for 5 minutes. 10 g·A-alumina was added 
and the slurry stirred a further 3 mins. The solid was 
allowed to settle and the supernatant liquid decanted. 

10 The recovered solid was then washed with two portions of· . - . 
25 mL ethanol and suction dried.. The soiid was finally 
dried in flowing nitrogen (200 mL/min) by heat~ng to 
i10°c -and holding at that temperature for 1 hour. The . 
cooled powder was immediately transferred to a nitrogen 

15 glove box. 

Under a dry:n1trogen atmosphere inside a glove box, . . 

0.5 g bis(n-cyclopentadienyl)tetrahydrofuran-bis(tri-
fluoromethane~ulfonato)zirconium was dissolved in 25 mL 
acetonitrile and 5 g of the alumina powder prepared 

20 above wa·s added. ·The slurry was sti;rred for 1 hour and 
then filtered, rinsed with 25 mL acetonitrile and 
suction dried. T~e powder was then pumped to dryness in 
vacuum and stored under nitrogen. 

25 
EXAMPLE 27 

i>Olymerization of .-TBF with Bis<n-cyclcment-
dienyl>tetrahydrofuran-bis<trifluoromethane­

sulfonatol Zirconium Suworted on Alumina 
Deriyatiied with piethyl.Malonate 

In a dry box, the bis(n-cyclopentdienyl)tetrahydro-
30 furan-bis(trifluoromethanesulfonato)zircon~um supported 

on alumina ~f Example 26 (5.00 g) was weighed in an oven 
dried 100 mL RB flask. The flask was sealed with a 
rubber septum and removed from the dry box. A nitrogen 
purge was attached and THF (15.00 mL) and acetic 

35 anhydride (2. 00 mL) ·added via syringe. After 360 
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minutes the polymerization was terminated by decanting, 
followed by concentration at reduced pressure and then 
drying under vacuum .. Polymer yield: 1.99 g. GPC 

analysis: Mn = 9600, Mw = 25800, PD = 2.69 (PS STD.). 
EXAHPLE 28 

Preparation of -10 wt% Ytterbium triflate 

supported on silica-alumina 

50 .9 silica-alumina pellets (3.2 mm dia. x 3.2 mm) 
were placed in 250 mL. distilled water. The pH was 

10 adjusted to 3 with acetic acid and the slurry was 
stirred for 15 mins. The pellets were collected by 
filtration and then added to a· solution of 190 mL 

ethanol, 10 mL water in which the pH was adjusted to 5. 
with acetic acid and then 5 9 DETM was added. Stirred 

15 ·for 30 min and then the supernatant liquid wa·s decanted. 
The pellets w~:L'e washed with two portions of 25 mL 

ethanol and then suction dried prior to dryinq in 
flowing nitrogen (200 mL/min) at 110°C for 1 hour. The 
pellets were t_hen transferred to a nitroqen glove box. 

20 Inside the glove box 10 g ytterbium triflate was 
dissolved in 100 mL dry acetonitrile and this solution 
was added to the dry pellets. The slurry then sat 
overnight under nit~oqen befor~ being evaporated to 
dryness. The recovered solid was washed with three 

25 25 mL portions of dry acetonitrile, suction dried and 
then dried in flowing nitrogen to 110°C for 1 hour. The 
dry pellets were stored under nitrogen in a glove box. 

30 

EXAMPLE 29 

Depolymerization of Polytetrahydrofuran 

(Terathane® 1000) wi·th 10% Ytterbium 

Triflate Supported on Silica-Alumina 

Polytetrahydrofuran with hyd~oxyl ends 
(Terathane• 1000, 300 g, Aldrich) and the 10% ytterbium 
trif late supported on silica-alumina of Example 28 

. 35 (10 q) were placed fn a 500 mL three. neck flask equipped 
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with a stirring bar, Vigreaux column (12") and a 

fractional distillation head. A nitrogen purge was 

.attached and all other openings were glass stoppered. 

The resulting mixture was heated with an oi1 bath and 

5 the resulting water clear distillate fractions collected 

as follows: 

Oil Bath · Rxn Temp Head Temp 

Fraction Temp (oC) (oC) (oC·) 

l 180 152 64 

2 198 163 66 
3 ·196 124 66 
4 202 149 66 

Total weight of distillate collected: 296.72 g 

% Yield (Recovery): 98.9% 

Weight 

Cg> 
70.72 

112.0 

59.00 
55.00 

GC analyses of the various fractions confirm the 
product to be TH? .. 

·COMPARATIVE · EXAMPLE 1 

In a dry box; zeolite HY (l.00 g) was added to an 

10 oven dry 100 mL RB flask equipped.with.a stirring bar. 
The flask was sealed with a rubber septum and removed 

. from the dry box. After the attachment of. a nitrogen 

bleed THF (20.00 mL) was added by syringe. After 45 

minutes acetic anhydride (l.00 mL) was added. After 

15 filtering off the zeolite catalyst and concentration of 

the filtrate, .no polymer was obtained. 
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CLAIMS 

WHAT IS CLAIMED IS: 
1. A process for the polymerization of cyclic 

ethers, comprising, contacting one or more oxiranes, 
5 oxetanes, tetrahydrofurans, oxepanes, 1,3-dioxolanes or 

1,3,5-trio~anes; with a zeolite which contains a metal 
cat~on selected from the group consisting of strontium, 
barium, scandium, yttrium, the rare earth metals, 
titanium, zirconium, hafnium, chromium, molybdenum, 

10 tantalum, rhenium, iron·, ruthenium, osmium, rhodium,_ 
iridium, palladium, platinum,·silver, gold, zinc, 

cadmium, mercury, aluminum, gailium, indium, thulium, 
germanium, tin, lead, arsenic, antimony and bismuth; and 
an accelerator selected from the group consisting of 

15 carboxylic.anhydrides, acyl halides and carboxylic acids 
whose pKa in w~{er is less than about 6. 

2. The process as recited in Claim 1 wherein said 

cyclic ether i~ o~e or more tetrahydrofurans, oxepanes, 
1,3-dioxolanes, or 1,3,S-tr;ioxanes. 

20 3. The process as recited in Claim 2 wherein said 
cyclic ether comprises the formula: 

or 

25 wherein n is 2 or 4, and each Rl, R2, R3 and R4 is 

independently hydrogen· or hydrocarbyl containing 1 to 20 
carbon atoms. 

4. The process as recited in Claim 3 wherein all 
of Rl, R2, R3 and R4 are hydrogen. 
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5. The process as recited in Claim 3 wherein n is 
2; and wherein Rl; one of R2, both of R3 and R4 are 
hydrogen and the remaining R2 is alkyl containing 1-4 
carbon atoms. 

6. The process as recited in Claim 1 wherein said. 
metal cation is strontium, scandium, yttrium, the rare 
earth metals, titanium, zirconium, hafnium, vanadium, 
niobium, tantalum, chromium, molybdenum,· tunqsten, 
rhenium, iron, ruthenium, .palladium, copper, qold, zinc, 

10 tin or bismuth. 
7. The process as recited in Claim 6 wherein sa~d 

metal cation is yttrium, ytterbium, dysprosium, erbium, 
neodymium, lanthanum, mischmetall, scandium or 
zirconium. 

15 8. The process as recited in Claim l wherein said 
accelerator is a-~drboxylic acid whose pKa in water ~s 
about 6 or less. 

9. The process as recited in ~laim 8 wherein said 
carboxylic acid is selected from the qroup consistinq of 

20 formic, acetic, t_rifluoroacetic, acrylic_, methacrylic, 
cyanoacetic, nitropropionic, and nitrobenzoic. 

10. A process for the polymerization of cyclic 
ethers, comprising, contacting one or.more oxiranes, 
oxetanes, tetrahydrofurans, oxepanes, 1,3-dioxolanes, or 

25 1,3,5-trioxanes; with a heterogeneous catalyst 
contai_ning a metal perfluoroalkylsulfonate attached to 
the surface of said catalyst, said metal selected from 
the group consisting of strontium, barium, scandium, 
yttrium, the· rare earth metals, titanium, zirconium, 

30 hafnium, chromium, molybdenum, tant-alum, rhenium, iron, 
ruthenium, osm~um, rhodium, iridium, palladium, 
platinum, silver, gold, zinc, cadmium, mercury, 
aluminum, gallium, indium, thulium, germanium, tin, 
lead, arsenic, antimony and bismuth; and an accelerator 

35 selected from the group consisting of carboxylic 
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anhydrides, acyl halides, and carboxylic acids whose pKa 
in water is less than about 6. 

11. The process as recited in Claim 10 wherein 
said cyclic ether is one or more of tetrahydrofurans, 

5 oxepanes, _ 1, 3-dioxolanes, or 1, 3, 5-trioxanes. 

10 

12. The process as recited in Claim 11 wherein 
said.cyclic ether comprises the formula: 

or 

wherein n is 2-~ot 4, and each Rl, R2, R3 and R4 is 
independent~y hydrogen or hydrocarbyl containing 1 to 20 
carbon atoms. 

13. The process as rec~ted in Claim 12 wherein all 
15 of Rl, R2, R3 and R4 are hydrogen. 

14. The process as recited in Claim 12 wherein n 
is 2; and wherein Rl, one of R2, both of R3 and R4 are 
hydrogen and the remaining R2 is alkyl containing 1-4 
carbon atoms. 

20 15. The process as recited in Claim 10 wherein 
said metal cation is strontium, scandium, yttrium, the 
rare earth metals, titanium, zirconium, hafnium, 
vanadium, niobium, tantalum, chromium, molybdenum, 
tungsten, rhenium, iron, ruthenium, pal_ladium, copper, 

25 gold, zinc, tin or bismuth. 
16. The process as recited in Claim 15 wherein 

said metal cation is yttrium, ytterbium, dysprosium, 
erbium, neodymium, lanthanum, mischmetall,·scandium or 
zirconium. 
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17. The process as recited in Claim 10 wherein 
~aid accelerator is a carboxylic acid whose pKa in water 
is about 6 or less. 

18. The process as recited in Claim 10 wherein 
5 said heterogeneous catalyst support is alumi~a, silica, 

silica-aluminate, carbon or zir~onia. 

19. A process for the. depolymerizatio~ of a 
polyether to a tetrahydrofuran, comprising, contacting 
at a temperature of about 100°C t:o about 250°C, ·a 

10 polymer consisting essent.ialiy of one or more repeat 
units of the formula 

15 wherein each Rl, R2, R3 and R4 is independently hydrogen 

or hydrocarby~ a9rfcaining l to 20 carbon atoms, with a 
heterogeneous catalyst containing a metal perfluoro­
alkylsulfonate attached to the surface of said catalyst, 
said metal selected from the group consisting of 

20 strontium, barium, scandium, yttrium, the rare earth 
metals, tit~nium, zirconium, hafnium, chromium, 
molybdenum, tantalum, rhenium, iron, ruthe~ium, osmium, 
rhodium, iridium, palladium, platinum, silver, gold, 

zinc, cadmium, mercury, alumin~m, gallium, indium, 
25 thulium, germanium, tin, ·1ead, arsenic, antimony and 

bismuth~ 

20. The process as recited in Claim 19 wh~rein 

Rl, one of R2, both of R3 and R4 are hydrogen, and the 
remaining R2 is alkyl containing 1-4 carbon atoms. 

30 21. Th~ process as recited in-Claim 19 wherein 
• 

said metal cation is strontium, scandium yttrium, the 
rare earth metals, titanium, zirconium, ·hafnium, 
vanadium, niobium, tantalum, chromium, molybdenum, 
tungsten, rhenium, iron, ruthenium, palladium, copper, 

35 gold, zinc, tin or bismuth. 
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22. The process as recited in Claim 19 wherein all 
of Rl, R2, R3 and R4 are hydrogen. 

23. The process as recited in Claim 19 wherein 

said heterogeneous catalyst support is alumina, silica, 

5 silica-aluminate, carbon or zirconia. 
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