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SEMI-BATCH ALKYLENE OXIDE POLYMERIZATION PROCESS
USING A LEWIS ACID CATALYST

This invention pertains to semi-batch processes for polymerizing an alkylene
oxide.

Polyethers are made across the globe in very large volumes. They are used for
making polyurethanes such as rigid, flexible, semi-flexible or viscoelastic foams, among
many other things.

Polyethers can be made by polymerizing an alkylene oxide in the presence of a
starter. The starter has one or more functional groups, which are typically hydroxyl,
primary amino or secondary amine groups, at which the alkylene oxide engages in a ring-
opening reaction. An oxyalkylene unit is thereby added to the chain, producing a new
terminal hydroxyl group at which subsequent alkylene oxide molecules can add to extend
the polyether chain.

The alkylene oxide polymerization can be performed batch-wise, continuously, or
in a semi-batch process. Semi-batch processes are characterized in that the alkylene oxide
is fed into the reaction vessel over a period of time under reaction conditions without
removing product until the polymerization is completed. Semi-batch are sometimes
advantageous because they can produce products having a narrow molecular weight
distribution.

The alkylene oxide polymerization reaction is catalyzed. The predominant
catalysts are alkali metal hydroxides (especially potassium hydroxide) and the so-called
“double metal cyanide” catalysts typified by zinc hexacyanocobaltate complexes. Each of
these has advantages and disadvantages. The alkali metal hydroxide catalysts are
inexpensive and can be used polymerize both of the two main alkylene oxides used in
polyether production (1,2-propylene oxide and ethylene oxide) and so can be used to make
a wide range of polyether products. A disadvantage of alkali metal hydroxide catalysts
is the product must be neutralized and catalyst residues scrupulously removed. This adds
considerable manufacturing costs. Another disadvantage is strongly basic conditions
catalyze an isomerization of 1,2-propylene oxide to propenyl alcohol and/or allyl alcohol,
each of which can be alkoxylated to produce unwanted monofunctional species.

Double metal cyanide catalysts are useful at very low concentrations, which allows
catalyst residues to remain in the product, avoiding neutralization and/or catalyst

removal steps and the associated costs. They also do not promote 1,2-propylene oxide
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isomeration. However, they polymerize ethylene oxide with difficulty; when producing an
ethylene oxide-capped polyether it is usually necessary to perform the capping step using
an alkali metal catalyst. This negates much of the advantage of using double metal
cyanide catalyss.

A third class of alkylene oxide polymerization catalysts is Lewis acids. Lewis acid
catalysts have an advantage of promoting both the head-to-head and head-to-tail addition
of 1,2-propylene oxide. This permits polyethers that have moderately high primary
hydroxyl contents to be made by polymerizing 1,2-propylene oxide. This is an advantage
when ethylene oxide is not readily available or when a highly reactive polyol with low
hydrophilicity is needed. Lewis acids tend to deactivate rapidly and often catalyze an
unwanted reaction of 1,2-propylene oxide to propionaldehyde.

WO 2019/055727, WO 2018/055731, WO 2019/055734 and WO 2019/055740
describe a class of boron, aluminum, indium, bismuth or erbium-containing, fluoroalkyl-
substituted Lewis acids for use as alkylene oxide polymerization catalysts. In examples,
these patent publications describe producing polyols having molecular weights of up
about 1000 at a polymerization temperature of 90°C, with higher molecular weight polyols
being produced at a lower polymerization temperature of 55°C. These polymerization
temperatures are too low for industrial scale polyether polyol production because the
polymerization reaction is highly exothermic and it is impractical to control an industrial
scale polymerization plant to such low temperatures.

This invention is an alkylene oxide polymerization process comprising the steps of

a) forming a starting reaction mixture comprising 1) a starter having at least one
functional group capable of being oxyalkylated and 2) at least one Lewis acid alkylene
oxide polymerization catalyst, the mixture being at a temperature of at least 75°C;

b) while maintaining a temperature of at least 75°C, continuously and
simultaneously adding to the starting reaction mixture, in separate streams, 3) at least
one alkylene oxide and 4) additional Lewis acid alkylene oxide polymerization catalyst,
combining the separate streams with the starting reaction mixture and polymerizing the
alkylene oxide to produce a polyether corresponding to a reaction of the at least one
alkylene oxide with the starter, wherein step b) is performed without removal of the
polyether product; and optionally

¢) discontinuing simultaneously adding the alkylene oxide and additional Lewis

acid alkylene oxide polymerization catalyst streams;
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d) after step c), optionally heating the reaction mixture to at least 75°C to continue
polymerizing alkylene oxide that remains in the reaction mixture at the conclusion of step
b) and

e) recovering a polyether product.

The process of the invention provides a route to efficiently alkoxylating the starter
at industrially acceptable operating temperatures using Lewis acid alkoxylation
catalysts.

The starter is a compound having one or more functional groups capable of being
alkoxylated. Examples of such functional groups include primary, secondary or tertiary
hydroxyl groups, primary or secondary amino groups, mercaptans and carboxylic acid
groups. Starters having one or more, especially 2 or more, hydroxyl groups and no
primary amino, secondary amino, mercaptan or carboxylic acid groups (or other functional
groups capable of being alkoxylated) are of particular interest for preparing polyether
alcohols useful for polyurethane applications.

The molecular weight of the starter is not critical and can range from 18 (in the
case of water) to 10,000 or more g/mol. Molecular weights for purposes of this invention
are formula molecular weights for compounds having formula molecular weights of up to
250 g/mol, and number average molecular weights otherwise. Starters of particular
interest have molecular weights of 60 g/mol to 1,000 g/mol.

Specific examples of useful hydroxyl-containing starters include allyl alcohol,
propenyl alcohol, water, ethylene glycol, diethylene glycol, triethylene glycol, 1,2- and/or
1,3-propylene glycol, dipropylene glycol, tripropylene glycol, penterythritol, erythritol,
cyclohexanedimethanol, glycerin, trimethylolpropane, trimethylolethane,
triethanolamine, triisopropanolamine, sorbitol and sucrose, as well as alkoxylates of any
one or more having number average molecular weights of up to 10,000 g/mol, especially
up to 1,000 g/mol.

Especially preferred starters are polyether polyols having 2 to 8 hydroxyl groups
and a number average molecular weight of 250 to 1,000 g/mol, especially 300 to 800 g/mol.

The catalyst is a Lewis acid, by which it is meant a chemical compound that can
accept an electron pair.

Among the useful Lewis acid catalysts are those represented by the general
formula

M®RH1EH (R 1(RYoor1 o
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wherein M is boron, aluminum, indium, bismuth or erbium, R! is a fluoroalkyl-substituted
phenyl group and R? and R3 each are a fluoroalkyl-substituted phenyl group, a fluoro-
substituted phenyl group, a chloro-substituted phenyl group, or a fluoro- and chloro-
substituted phenyl group. Optional R4 is a functional group or functional polymer group.
The M in the general formula may exist as a metal salt ion or as an integrally bonded part
of the formula. Suitable such catalysts and methods for preparing them are described, for
example, in WO 2019/055727, WO 2019/055731, WO 2019/055734 and WO 2019/055740.

The at least one fluoroalkyl substituent of the fluoroalkyl-substituted phenyl group
R!may be, example, a fluorine-substituted alkyl group having, for example, 1 to 5 carbon
atoms. Fluorine-substituted methyl groups are preferred. The alkyl groups contain at
least one fluorine substituent and may have any greater number of fluorine substituents,
up to being perfluorinated. A preferred fluoroalkyl substituent includes a —CF3 moiety.
In some embodiments the fluoroalkyl substituents are —CHs.

The fluoroalkyl-substituted phenyl group R! can be substituted with 1 to 5
fluoroalkyl groups. The fluoroalkyl groups can occupy any of the positions on the phenyl
ring. In some embodiments, the R* group is substituted with 2 fluoroalkyl groups, which
may be positioned at the 2 and 5 carbons or the 3 and 5 carbons. In specific embodiments,
the fluoroalkyl-substituted phenyl group R! is 2,5- or 3,5-bis(trifluoromethyl)phenyl.

R!, may be substituted to include other groups in addition to the at least one
fluoroalkyl group, e.g., a fluorine atom and/or chlorine atom that replaces at least one
hydrogen of the phenyl group.

R2 and R3, if a fluoroalkyl-substituted phenyl group, is as described with regard to
R R2 and R?® may be the same as R1. Alternatively, at least one of RZ and R? is different
than R!. R2 and/or R3 may be fluoro-substituted and/or chloro-substituted, instead of or
in addition to being fluoroalkyl-substituted. The phenyl group R2 or R® may be substituted
with 1 to 5 fluoroalkyl, fluorine and/or chlorine atoms. Examples of R? and Rs groups

include, in addition to 2,5- or 3,5-bis(trifluoromethyl)phenyl,
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With respect to optional R4, the functional group or functional polymer group may
be a Lewis base that forms a complex with the Lewis acid catalyst). By “functional group
or functional polymer group” it is meant a molecule that contains at least one of the
following: water, an alcohol group, an alkoxy group (examples include a linear or branched
ether and a cyclic ether), a ketone group, an ester group, an organosilane group, an
organosiloxane group, an oxime group, and substituted analogs of any of such groups.
Each of the molecules containing alcohol, linear or branched ether, cyclic ether, ketone,
ester, alkoxy, organosilane, organosiloxane, and oxime groups may include 2 to 20 carbon
atoms, 2 to 12 carbon atoms, 2 to 8 carbon atoms, or 3 to 6 carbon atoms.

In some embodiments, the functional group or functional polymer group has the
formula (YOH)., wherein O is O oxygen, H is hydrogen, Y is H or an alkyl group, and n is
an integer (e.g., an integer from 1 to 100).

Other suitable R* groups include diethyl ether, cyclopentyl methyl ether, methyl
tertiary-butyl ether, tetrahydrofuran, tetrahydropyran, 1,4-dioxane, acetone, methyl
isopropyl ketone, isopropyl acetate, and isobutyl acetate.

Examples of suitable Lewis acid catalysts as described above include (2,5-
bis(trifluoromethyl)phenyl)bis(3,5-bis(trifluoromethyl) phenyl)borane, bis(2,5-
bis(trifluoromethyl)phenyl)(3,5-bis(trifluoromethyl) phenyl)borane, bis(3,5-
bis(trifluoromethyl)phenyl)(2,3,5,6-tetrafluoro-4-(trifluoromethyl) phenyl)borane, bis(3,5-
bis(trifluoromethyl)phenyl)(pentachlorophenyl)borane, and the tetrahydrofuran (THF)
adduct of bis(3,5-bis(trifluoromethyl)phenyl)(2,4,6-trifluorophenyl)borane.  Bis(3,5-
bis(trifluoromethyl)phenyl)(2,4,6-trifluorophenyl)borane and adducts thereof such as the
THE adduct thereof are of particular interest herein because they tend to deactivate more
rapidly at elevated temperatures than many of the other compounds represented by
structure (I) above.

The alkylene oxide is one or more monoepoxide compounds such as ethylene oxide,
1,2-propylene oxide, 1,2- or 2,3-butylene oxide, 1,2-hexene oxide, styrene oxide,
cyclohexane oxide, and the like. Any of these may be the only alkylene oxide polymerized
in the process. Mixtures of any two or more can be polymerized if desired. Two or more
alkylene oxides may be polymerized sequentially in the process, in any order. In some
embodiments, ethylene oxide, 1,2-propylene oxide or 1,2-butylene oxide are
homopolymerized. In other embodiments, 1,2-propylene oxide is randomly polymerized

with ethylene oxide and/or 1,2-butylene oxide by adding a mixture of the oxides during
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step b). In other embodiments, ethylene oxide is randomly polymerized with 1,2-butylene
oxide by adding a mixture of the oxides during step b). In still other embodiments, block
copolymers of 1,2-propylene oxide and ethylene oxide or 1,2-butylene oxide, or block
copolymers of ethylene oxide and 1,2-butylene oxide, are prepared by adding the oxides
sequentially in step b) or by performing step b) multiple times with the different oxides
being used in two or more of the occurrences of step b).

The process of the invention is of the type commonly referred to as a “semi-batch”
process in which a starting reaction mixture is formed and reaction conditions
established, and additional components are added to and combined with the starting
reaction mixture under reaction conditions, which preferably are steady-state conditions.
In this case, the starting reaction mixture includes at least the starter and Lewis acid
alkylene oxide polymerization catalyst, the additional components include separately
added alkylene oxide and additional Lewis acid alkylene oxide polymerization catalyst,
and the reaction conditions include a temperature of at least 100°C. The pressure may
be subatmospheric, atmospheric or superatmospheric, with superatmospheric pressures
being generally preferred.

A starting reaction mixture comprising the starter and Lewis acid alkylene oxide
polymerization catalyst is formed in step a) of the process and brought to a temperature
of at least 75°C. This can be done by mixing the components in any order. The
components can be heated before, during or after mixing them to form the starting
reaction mixture. The temperature may be at least 90°C, at least 100°C, 110°C, at least
115°C or at least 120°C. In some embodiments, the temperature is up to 180°C, up to
150°C or up to 140°C.

The catalyst may be dissolved in a suitable solvent to facilitate forming the
starting reaction mixture. This is generally preferred when the catalyst is a solid or
highly viscous under the conditions at which it is added to the reaction. Preferred solvents
include starter compounds as described before including, for example allyl alcohol,
propenyl alcohol, water, ethylene glycol, diethylene glycol, triethylene glycol, 1,2- and/or
1,3-propylene glycol, dipropylene glycol, tripropylene glycol, penterythritol, erythritol,
cyclohexanedimethanol, glycerin, and 1,6-hexanediol, as well as alkoxylates of any one or
more having number average molecular weights of up to 10,000 g/mol, especially up to
1,000 g/mol or up to 500 g/mol. Other useful solvents include monoalcohols such as 1-

butanol, 1-hexanol, 1-octanol, 1-decanol, polyether monols having number average
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molecular weights of up to 10,000 g/mol, especially up to 1,000 g/mol or up to 500 g/mol,
hydrocarbons such as toluene, various glycol mono- and di-ethers and various glycol
mono- and diesters. A catalyst solution may contain, for example 5 to 50%, 10 to 50% or
10 to 30% by weight active catalyst.

The amount of Lewis acid alkylene oxide polymerization catalyst combined with
the starter to form the starting reaction mixture, may be, for example, at least 50, at least
100, at least 200, at least 400, or at least 500 parts by weight per million parts by weight
starter, and may be, for example, up to 5000, up to 3000, up to 2000, up to 1500 or up to
1000 parts by weight per million parts by weight of the starter.

The starting reaction mixture may contain some initial quantity of alkylene oxide
prior to the start of step b), although the presence of such an initial quantity of alkylene
oxide is optional and the starting reaction mixture may contain no alkylene oxide prior to
the start of step b). If an alkylene oxide is present in the starting reaction mixture prior
to step b), its mass is preferably no greater than that of the starter, and more preferably
is no more than one-half or one-quarter that of the starter.

In step b) of the process, separate streams of alkylene oxide and additional Lewis
acid alkylene oxide polymerization catalyst are added to the reaction mixture and
combined with it. The separate streams are added continuously and simultaneously. The
beginning of step b) coincides with the point in time at which the separate alkylene oxide
and addition Lewis acid alkylene oxide polymerization catalysts streams begin to be
simultaneously added. Step b) ends when the simultaneous addition ceases. The addition
of these streams is performed while maintaining the temperature at least 75°C. The
temperature during this step can be as described above with respect to the starting
reaction mixture. As before, the pressure can be subatmospheric, atmospheric or
superatmospheric. The foregoing temperature and pressure conditions represent
polymerization conditions; therefore the alkylene oxide will at least partially polymerize
during step b) to produce a polyether.

In a step b), the alkylene oxide and Lewis acid alkylene oxide polymerization
catalyst may be added over a time period of, for example, 10 minutes to 40 hours or more.
A preferred time period is at least 30 minutes, at least 60 minutes or at least 90 minutes.
The time period of addition in step b) in some embodiments is up to 20 hours, up to 15
hours, up to 8 hours, up to 6 hours, up to 4 hours or up to 3 hours. If step b) is performed

multiple times, the time of addition each time may be as stated above.
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In some embodiments, the rate of addition of the streams during any step b) is
selected so as to maintain the amount of unreacted alkylene oxide (URO) in the reaction
mixture at 10% by weight or less, preferably 6% less, 4% or less or 2% or less, based on
the total weight of the reaction mixture any the point in time of the measurement. In
especially preferred embodiments, the URO is maintained between 0.25 and 4%,
especially between 0.25 and 2% at all times during step b) of the process.

In a step b), the relative rates of addition of the streams in some embodiments are
such that the at least one alkylene oxide is added at a rate Ra g/minute and the at least
one Lewis acid alkylene oxide polymerization catalyst is added at a rate of 0.0001 to 0.01
Rao (on an active catalyst basis). The at least one Lewis acid alkylene oxide polymerization
catalyst may be added, for example, at a rate of at least 0.005 Rao, at least 0.0025 Rao, at
least 0.004 Rao or at least 0.005 Rao, and may be added, for example, at a rate of up to
0.0025 Rao, 0.0015 Rao, up to 0.001 Rao, or up to 0.0008 Rao. These relative addition rates
are applicable to both the average relative rates of addition during the entirely of step b),
and also to the instantaneous relative rate of addition at any particular time during step
b). The relative rates of addition of the streams may or may not be held constant during
a step b); therefore, the average relative rate of addition may differ from any
instantaneous relative rate of addition.

The total amount of Lewis acid alkylene oxide polymerization catalyst added to
the reaction mixture during the process may be, for example, 50 to 3000 or 200 to 3000,
parts by weight per million parts by weight of the combined weight of the starter and the
at least one alkylene oxide. The weight of the Lewis acid alkylene oxide polymerization
catalyst includes that added in step a), each step b), or otherewise. The weight of the
starter and at least one alkylene oxide each include all starter and alkylene oxide charged
to the reaction mixture during the process, including that added in step a) and each step
b), or otherwise.

Additional starter may be added during any step b), if desired.

After step b) (or after each step b), if more than one is performed), the simultaneous
addition of the alkylene oxide and Lewis acid alkylene oxide polymerization catalyst
streams is discontinued. It is within the scope of the invention to continue to add one or
both of these steams separately after any step b).

After step c), the reaction mixture is optionally heated (step d)) to at least 75°C to

continue polymerizing alkylene oxide that remains in the reaction mixture at the
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conclusion of step b). Temperature and pressure conditions as described with respect to
step b) are applicable to this step. It is preferred to perform this optional heating step
until the URO is reduced to no greater than 1% by weight, more preferably no greater
than 0.5% by weight. It is preferred not to add any additional catalyst, alkylene oxide or
starter during any step d).

As discussed above, steps b) and ¢) may be performed multiple times, optionally
and preferably with a step d) interposed between a step ¢) and any subsequent step b).
As stated before, the alkylene oxide(s) used in different steps b) may be the same or
different. Multiple steps d) can be performed when multiple steps b) and ¢) are performed.

The process produces a polyether product formed by polymerizing the alkylene
oxide(s) onto the starter(s). The polyether product has a higher molecular weight than the
starter(s). The polyether product may have a number average molecular weight of, for
example, 800 g/mol to 12,000 g/mol or more (by gel permeation chromatography (GPC)
against polyether standards). In specific embodiments, the polyether product may have
a number average molecular weight of at least 1000, at least 1200, at least 1500, at least
1800 or at least 2000 g/mol, and, for example, up to 8,000, up to 6,000 or up to 5,000 g/mol.
The polyether product preferably has at least one, more preferably 2 to 8, hydroxyl groups
and in such cases may have a hydroxyl equivalent weight of at least 200, at least 330, at
least 400, at least 500, at least 750 or at least 900 and up to 6,000, up to 4,000, up to 3,000
or up to 2500 g/equivalent (by titration to determine the corresponding hydroxyl number
in mg KOH/g according to ASTM D4274-21 or equivalent followed by conversion to
equivalent weight using the relationship equivalent weight = 56,100 + hydroxyl number).
The polyether product may have a polydispersity (weight average molecular weight
divided by number average molecular weight, in each case determined by GPC against
polyether standards), of no greater than 1.175. The polydispersity may be, for example,
1.00 to 1.16, 1.00 to 1.12, 1.00 to 1.10, 1.00 to 1.08 or 1.00 to 1.06.

The number average molecular weight of the polyether product may be, for
example, 2 to 200 times that of the starter(s). In specific embodiments, the number
average molecular weight of the polyether product may be up to 100, up to 50, up to 25,
up to 15, or up to 10 times that of the starter.

The product is recovered by removing it from the reaction vessel(s) upon the
completion of the polymerization. Various treatment steps may be performed before or

after the polyether product is recovered. Unreacted alkylene oxide and/or starter may be
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separated from the product. Catalyst residues may be separated from the product.
Volatile residues and/or by-products may be removed. One or more antioxidants or other
preservatives may be added to the product. The product may be blended with one or more
other polyethers, with water, and/or with other materials as may be useful in a
downstream application in which the polyether is to be used.

In some embodiments, the polyether product is a homopolymer of 1,2-propylene
oxide in which at least 40%, or at least 45% of the hydroxyl groups of the polyether product
are primary. In such embodiments, up to 85%, up to 80%, up to 70% or up to 65% of the
hydroxyl groups may be primary. Primary hydroxyl content can be determined by °F
NMR analysis of a trifluoroacetic anhydride derivative of the polyol.

The polyether product preferably contains at most small quantities of acetals.
Acetals can be formed in some alkylene oxide polymerization processes through the
formation and subsequent reaction of aldehyde-containing species as described, for
example, by Raghuraman et al. in Macromolecules 2016, 49(18), pp. 6790-6798. The
hydroxyl-containing polymer of 1,2-propylene oxide preferably contains at most 5 mole-%
acetals, and more preferably no more than 2 mole-%, no more than 1.5 mole-% or no more
than 1 mole-% thereof, based on the moles of carbon atoms in the polymer. Acetal content
can be determined by inverse-gated 3C NMR spectroscopy. A suitable procedure is as
follows: Samples are prepared in 10-mm NMR tubes as ~ 90% solutions in DMSO-d6. 13C
NMR data is acquired using a Bruker Avance 400-MHz spectrometer equipped with a
cryoprobe or equivalent apparatus, using at least 64 transient scans and a 30-second
relaxation delay (optimized for quantitative measurements). The acquisition is carried
out using spectral width of 25000 Hz and a file size of 65K data points. Relative moles of
acetal species are measured by integrating the area under resonances from acetal
carbons. Mole% acetal= 100% X relative moles of acetal carbon + sum of relative moles of
all carbon species in the spectrum.

The polyether product is useful in making polyurethanes as well as for other uses
for which other polyethers of like molecular weight are hydroxyl functionality are
suitable. The polyether product can be reacted with a polyisocyanate to produce a wide
variety of polyurethane polymers including, for example, rigid polyurethane and/or
polyurethane-isocyanurate foam; flexible polyurethane foam; viscoelastic polyurethane

foam; microcellular polyurethane foam; non-cellular polyurethane elastomers; non-
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cellular structural polymers, polyurethane coatings, polyurethane sealants, polyurethane
adhesives, and the like.

The following examples are provided to illustrate the invention but are not
intended to limit the scope thereof. All parts and percentages are by weight unless

otherwise indicated.

Examples 1-3 and Comparative Samples A and B

In the following examples, the catalyst in all cases is a tetrahydrofuran adduct of
bis(3,5-bis(trifluoromethyl)phenyl)(2,4,6-trifluorophenyl)borane. This  catalyst
corresponds to Catalyst 6 of WO 2019/055727 and is suitably prepared in the manner
described with regard to Catalyst 6 of WO 2019/055727. The catalyst solution contains 10
weight percent of this catalyst in 90 weight percent of a 425 Mx poly(propylene oxide) diol.

The thermal stability of this catalyst is evaluated as follows: Poly(propylene
glycol) (425 g/mol) is sparged with dry nitrogen for 18 hours at 110°C. In an oxygen-free
wet box, degassed water (50 ul)) is added to 10 mL of the poly(propylene glycol) in a 20
ml glass vial. 664 pl. of resulting wet poly(propylene glycol) is combined wih 35 mg of the
catalyst in a 8 mL glass vial and stirred vigorously for 15 minutes. The solution is
transferred to a 5 mm NMR tube that contains a sealed glass capillary which holds a 10
vol% solution of C¢Fs in toluene-ds. The NMR tube is capped, sealed with electrical tape
heated to 60°C and maintained at that temperature. F NMR spectra are collected on
Varian 400-MR and Bruker Avance 500 NMR spectrometers, using standard pulse
sequences, with ns =32, d1 =5 s. Spectra are collected every 15 minutes for 15 hours.
Integrations are normalized to the CsFs internal standard. The decomposition is
calculated from the integrals of the signals corresponding to the ortho-fluorine atoms of
the  bis(3,5-bis(trifluoromethyl)phenyl)(2,4,6-trifluorophenyl)borane  tetrahydrofuran
complex. The amount of catalyst decomposition after 15 hours at 60°C is about 2.9% by
weight.

When this test is repeated at 90°C, 14.5% of the catalyst decomposes after only 4
hours and 39.6% decomposes after 15 hours. When again repeated at 120°C, 96.8% of the

catalyst decomposes after 4 hours, with complete decomposition being seen after 15 hours.

Comparative Sample A: 270.48 g of a 700 M. poly(propylene oxide) triol starter is charged

to a 1.88 L stainless steel reactor along with 3.62 g of the catalyst solution. This
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corresponds to an initial catalyst concentration of 1338 ppm with respect to the product,
which is taken as the combined weight of starter and added alkylene oxide. The reactor
temperature is brought to 120°C. At that temperatures, 1,2-propylene oxide is then added
to the reactor at a constant feed rate of 1.66 g (2 mL) per minute. The concentration of
unreacted 1,2-propylene oxide (URO) is continuously monitored. The URO reaches 10%
by weight of the reaction mixture after 756 minutes of 1,2-propylene oxide addition. This
URO wvalue indicates that essentially none of the added 1,2-propylene oxide has
polymerized onto the starter, presumably because the catalyst has deactivated under
these temperature conditions. The 1,2-propylene oxide feed is discontinued at this point
while maintaining the reaction temperature at 120°C. The URO does not decline, further
indicating the catalyst has become deactivated.

Comparative Sample B: 269.54 g of the starter described in Comparative Sample A is

charged to the same reactor. No initial charge of catalyst is made. The reactor contents
are brought to 120°C. 1,2-propylene oxide is fed to the reactor at a constant rate of 1.66
g/min (2 ml/min), while maintaining the reactor temperature at 120°C. Starting at the
same time, the catalyst solution is fed to the reactor as a separate stream at the rate of
0.018 g/min. The feed ratios are such as to provide and maintain a catalyst loading of
approximately 1084 parts per million based on the amount of added 1,2-propylene oxide.
The total amount of added catalyst after 21 minutes is approximately 124 parts per
million based on the combined weight of starter and added 1,2-propylene oxide. After 21
minutes the URO reaches 10 weight-%, indicating that essentially none of the 1,2-
propylene oxide has polymerized.

This experiment demonstrates that continuous feeding of the catalyst alone is

insufficient in a semi-batch process at 120°C.

Example 1: 260.54 g of the starter and 1.57 g of the catalyst solution are charged to the
same reactor as described in the Comparative Samples. These amounts correspond to
about 602 parts per million catalyst based on starter weight, on an active basis. The
reaction mixture is brought to 120°C. While maintaining that temperature, 1,2-propylene
oxide is fed into the reactor at the rate of 1.66 g/minute (2 mL/minute). Beginning at the
same time, the catalyst solution is fed into the reactor as a separate stream, at the rate of
0.01 g/minute (0.001 g/minute active catalyst). This addition rate maintains the

cumulative amount of added catalyst at about 602 parts per million at all times during
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the addition of the feed streams. The 1,2-propylene oxide and catalyst streams are
continued for about 202 minutes, during which time 335.94 g of 1,2-propylene oxide (Rao
= 1.663 g/min) and 2.04 g of catalyst solution (0.204 g active catalyst, addition rate =
0.0006 Rao) are fed into the reactor. URO remains at or below 2% during the entire time
the 1,2-propylene oxide and catalyst feeds are continued, indicating that the 1,2-propylene
oxide is polymerizing at approximately the rate at which it is fed into the reactor.

Upon completion of the feeds, the reactor is kept at 120°C to allow for complete
digestion of the remaining unreacted oxide, and the product is recovered by devolatilizing
it and removing it from the reactor. The total amount of added catalyst is about 603 ppm
with respect to the weight of the final product mass. The product has a number average
molecular weight of approximately 1600 g/mol, which represents the target molecular
weight for this polymerization.

As this experiment demonstrates, the addition of an additional charge of catalyst
coupled with a continuous addition of fresh catalyst simultaneously and separately from
the 1,2-propylene oxide addition achieves rapid and complete polymerization even at the

120°C operating temperature.

Example 2: 265.60 g of the starter and 1.60 g of the catalyst solution are charged to the
reactor. This corresponds to an initial catalyst concentration of about 600 ppm. The
reaction mixture is brought to 120°C. While maintaining that temperature, 1,2-propylene
oxide is fed into the reactor at the rate of 1.66 g/minute (2 ml./minute). Beginning at the
same time, the catalyst solution is fed into the reactor as a separate stream, at the rate of
0.01 g/minute (0.001 g/minute active catalyst, addition rate = 0.0006 Rao). This addition
rate maintains the cumulative amount of added catalyst at about 602 parts per million at
all times during the addition of the feed streams. Both feeds are continued for 96.5
minutes, as which point 160.19 grams of 1,2-propylene oxide and 0.097 g of catalyst have
been fed to the reactor. The URO does not exceed 2% during the entire feed period.

The 1,2-propylene oxide and catalyst feeds are stopped for 10 minutes while
retaining the reactor temperature at 120°C, then continued at their previous respective
rates for 107 addition minutes. URO is below 1% during this second feed period.

Upon completion of the feeds, the reactor is kept at 120°C to allow for complete
digestion of the remaining unreacted oxide, and the product is recovered by devolatilizing

it and removing it from the reactor. The cumulative amount of added catalyst amounts to
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about 602 parts per million based on the weight of starter plus added 1,2-propylene oxide.
The product has a number average molecular weight of approximately 1600 g/mol, which
represents the target molecular weight for this polymerization.

Again, the addition of an additional charge of catalyst coupled with a continuous
addition of fresh catalyst simultaneously and separately from the 1,2-propylene oxide

addition achieves rapid and complete polymerization at the 120°C operating temperature.

Example 3: 260.54 g of the starter and 1.63 g of the catalyst solution are charged to the
same reactor. These amounts correspond to about 602 parts per million catalyst based on
initiator weight. The reaction mixture is brought to 120°C. While maintaining that
temperature, a 2:1 by weight mixture of 1,2-propylene oxide and butylene oxide is fed into
the reactor at the rate of about 1.64 g/minute (2 mL/minute). Beginning at the same
time, the catalyst solution is fed into the reactor as a separate stream, at the rate of 0.01
g/minute (0.001 g/minute). This addition rate maintains the cuamulative amount of added
catalyst at about 600 parts per million at all times during the addition of the feed streams.
The alkylene oxide and catalyst streams are continued for about 209 minutes, during
which time 343.2 g of the alkylene oxide mixture and 2.09 g of catalyst solution are fed
into the reactor. The catalyst addition rate is 0.0006 Rao on an active basis. URO remains
at or below 2% during the entire time the alkylene oxide and catalyst feeds are continued,
indicating that the 1,2-propylene oxide and butylene oxide are polymerizing at
approximately the rate at which they is fed into the reactor.

Upon completion of the feeds, the reactor is kept at 120°C to allow for complete
digestion of the remaining unreacted oxides, and the product is recovered by devolatilizing
it and removing it from the reactor. The total amount of added catalyst is about 600 ppm
with respect to the weight of the final product mass. The product has a number average
molecular weight of approximately 1600 g/mol, which represents the target molecular
weight for this polymerization.

As this experiment demonstrates, similar results are obtained when polymerizing
a mixture of 1,2-propylene oxide and butylene oxide. The low URO values seen during
the course of the reaction show that the catalyst effectively catalyzes the butylene oxide
polymerization as well as 1,2-propylene oxide polymerization, evidencing that the process

of the invention will be effective in homopolymerizing butylene oxide.
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WHAT IS CLAIMED IS:

1. An alkylene oxide polymerization process comprising the steps of

a) forming a starting reaction mixture comprising 1) a starter having at least one
functional group capable of being oxyalkylated and 2) at least one Lewis acid alkylene
oxide polymerization catalyst, the mixture being at a temperature of at least 75°C;

b) while maintaining a temperature of at least 75°C, continuously and
simultaneously adding to the starting reaction mixture, in separate streams, 3) at least
one alkylene oxide and 4) additional Lewis acid alkylene oxide polymerization catalyst,
combining the separate streams with the starting reaction mixture and polymerizing the
alkylene oxide to produce a polyether corresponding to a reaction of the at least one
alkylene oxide with the starter, wherein step b) is performed without removal of the
polyether product; and optionally

¢) discontinuing simultaneously adding the alkylene oxide and additional Lewis
acid alkylene oxide polymerization catalyst streams;

d) after step ¢), optionally heating the reaction mixture to at least 75°C to continue
polymerizing alkylene oxide that remains in the reaction mixture at the conclusion of step
b) and

e) recovering a polyether product.

2. The alkylene oxide polymerization process of claim 1, wherein the at least
one Lewis acid alkylene oxide polymerization catalyst includes at least one compound
represented by the structure:

M®RYH1(R2)1(R3)1(RM0or 1
wherein M is boron, aluminum, indium, bismuth or erbium, R!is a fluoroalkyl-substituted
phenyl group, R? and R3 each are a fluoroalkyl-substituted phenyl group, a fluoro-
substituted phenyl group, a chloro-substituted phenyl group, or a fluoro- and chloro-

substituted phenyl group, and R*is a functional group or functional polymer group.

3. The alkylene oxide polymerization process of claim 2, wherein R', R2 and

R3 are not all the same.
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4. The alkylene oxide polymerization process of claim 2, wherein R!, RZ and

R3 are all the same.

5. The alkylene oxide polymerization process of any claim wherein the
reaction mixture formed in step a) is formed by combining the starter with 50 to 2000
parts by weight of the at least one Lewis acid alkylene oxide polymerization catalyst per

million parts by weight of the starter.

6. The alkylene oxide polymerization process of any preceding claim wherein
the reaction mixture formed in step a) is formed by combining the starter with 100 to 1000
parts by weight of the at least one Lewis acid alkylene oxide polymerization catalyst per
million parts of the combined weight of the starter and all alkylene oxide added to the

reaction mixture during the alkylene oxide polymerization process.

7. The alkylene oxide polymerization process of any preceding claim wherein
during step b) the at least one alkylene oxide is added at a rate Rao g/minute and the at
least one Lewis acid alkylene oxide polymerization catalyst is added at a rate of 0.0001 to

0.001 Rao.

8. The alkylene oxide polymerization process of any preceding claim wherein
the amount of the at least one Lewis acid alkylene oxide polymerization catalyst added to
the reaction mixture in steps a) and b) is 50 to 1000 parts by weight per million parts by

weight of the combined weight of the starter and the at least one alkylene oxide.

9. The alkylene oxide polymerization process of any preceding claim wherein

steps b) and ¢) are repeated.

10. The alkylene oxide polymerization process of any preceding claim wherein
step b) is performed in two or more stages, wherein a first alkylene oxide is added in a
first stage of step b), and a different alkylene oxide is added in a subsequent stage of step
b).
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