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METHOD FOR PRODUCING SHORT-CHAIN POLYFUNCTIONAL POLYETHER
POLYOLS UTILIZING SUPERACID AND DOUBLE-METAL CYANIDE CATALYSIS

FIELD OF THE INVENTION
This invention relates to a process for the production of short-chain polyether

polyols utilizing superacid and double-metal cyanide catalysis.

BACKGROUND OF THE INVENTION

Polyether polyols are produced by polymerizing an alkylene oxide in the presence of
a starter compound. The starter compound has one or more functional groups at which the
alkylene oxide can react to begin forming polymer chains. The main functions of the starter
compound are to provide molecular weight control and to establish the number of hydroxyl
groups that the polyether polyol will have.

Polyether polyols are a key raw material for producing polyurethanes. Short chain
polyfunctional polyether polyols are particularly well suited for the production of rigid
polyurethane foam and are therefore sometimes referred to as rigid polyether polyols.
Polyether polyols for rigid applications use high functionality starter compounds such as
sucrose and sorbitol. Rigid polyether polyols typically have hydroxyl equivalent molecular
weights (HEW) below 300 Da. Polyether polyols for rigid applications are typically
produced by a catalytic addition of propylene oxide onto high functionality starter
compounds until the desired molecular weight is achieved. Rigid polyether polyols,
extended with propylene oxide, are usually terminated with secondary hydroxyl groups. In
addition to rigid polyurethane foam applications, short chain polyfunctional polyether
polyols also find utility in the production of coatings, adhesives, sealants, and elastomers
(collectively referred to as CASE applications).

Conventional rigid polyether polyols have been produced in semi-batch mode with
the use of basic homogeneous catalysts, such as basic salts, hydroxides and alkoxides of
Group I and Group II metals of the Periodic Table, aliphatic and aromatic amines.
Alkoxylation kinetics of basic catalysis is relatively slow, throughput rates are relatively
low, process requires high load of catalyst. As a consequence, most base-catalyzed
products require finishing, e.g., removal of the catalyst from the produced polyol. Finishing
adds both additional time and cost to producing a short-chain polyfunctional polyether

polyol.
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Rigid polyol process cycle times are typically long resulting in high cost and low
reactor productivity. No continuously fed process exists for production of rigid polyols.
Alkoxylation catalyzed by double-metal cyanide (DMC) catalyst has been shown to
increase asset capacity. Further, highly active DMC catalysts, used at sufficiently low
levels do not require removal, which further reduces cycle times and capital expenses.
DMC catalysts have the potential to enable continuously fed short-chain polyol production
processes with much higher productivity compared to conventional semi-batch process.

However, the use of a DMC catalyst for the production of rigid polyfunctional
polyether polyols has been limited because of increased catalyst sensitivity to low molecular
weight strongly coordinating species, particularly in the presence of starter compounds that
have two hydroxyl groups in a 1,2- or a 1,3- position. When used with such starter
compounds, DMC catalysts are difficult to activate and perform sluggishly. For example,
DMC alkoxylation kinetics with high functionality starter compounds is particularly slow in
the range of 20-60 Da hydroxyl equivalent weights (HEW). Further, when used with high
functionality starter compounds, DMC catalysts tend to deactivate over time, often before
the polymerization is completed. To ensure complete polymerization, high levels of
catalyst are required. These limitations greatly reduce the practical applicability of DMC
catalysts for the production of short-chain polyfunctional polyether polyols.

For example USP 6,482,993 discloses the use of both finishing KOH and non-
finishing yttrium triflate catalysis to prepare trimethylol propane oligomeric propoxylates,
which are then propoxylated with DMC catalysis to produce flexible polyether polyol triols
with HEW more than 1000 Da. USP 7,723,465, WO 1998003571 and WO 1999014258
also describe KOH/DMC catalyzed approach to glycerine based flexible polyether triol
polyols by both semi-batch and continuously fed processes. However, these patents only
describe products with functionalities 2-3 and HEW outside of rigid range. Additional
examples of superacid alkoxylation catalysis are, for instance, monoethoxlylation of n-
butanol, see WO 200243861 and WO 2008134390. For examples of metal salt of a
superacid catalyzed monoethoxlylation of n-butanol see USP 4,543,430.

Alternatively, superacid catalysts can be used for production of rigid polyether
polyols to achieve significantly higher reactor throughput rates and without the need for
catalyst removal. However, superacids do not provide regioselective PO polymerization
and typically produce approximately equal amounts of primary and secondary OH capped
propoxylates. Because of that, rigid polyol propoxylates, produced with superacidic

2



10

15

20

25

30

WO 2012/134849 PCT/US2012/029601

catalysis, are not suitable for current rigid formulations that are based mainly on secondary
hydroxyl capped polyols. Reactivity of primary hydroxyls towards isocyanates is, on the
average, 3.3 times higher versus that of the secondary hydroxyls. This would result in the
need to reformulate the whole formulation or at least to adjust the catalyst package. Another
issue with superacidic catalysis is cyclic volatile by-product formation. Volatile impurities
formed include significant amounts of toxic and highly odored aldehydes, substituted
dioxanes and dioxolanes.

There exists a need for a process to prepare short-chain polyfunctional polyether
polyols having an improved (e.g., reduced) cycle time as compared to conventional semi-
batch base-catalyzed processes. Further, there is a need for a semi-batch and/or
continuously fed process to prepare short chain polyfunctional polyether polyols which does

not require a finishing step.

SUMMARY OF THE INVENTION

The present invention accordingly provides such a method for the production of
short-chain polyfunctional polyether polyols with improved cycle time comprising the steps
of: (i) obtaining at least one oligomeric alkoxylated starter compound by reacting: (i.a) at
least one starter compound comprising from 3 to 9 hydroxyl groups wherein said starter
compound has a hydroxy equivalent weight (HEW) of from 22 to 90 Da; (i.b) at least one
alkylene oxide in the presence of; (i.c) a superacid catalyst in an amount of from 5 to 500
ppm relative to the amount of oligomeric alkoxylated starter compound to be produced; and
(1.d) at a reaction temperature of from 60°C to 180°C; wherein the resulting oligomeric
alkoxylated starter compound has a HEW of from 60 to 200 Da; and (ii) converting said
oligomeric alkoxylated starter compound into a short-chain polyether polyol without
removal of the superacid catalyst by reacting: (ii.a) the oligomeric alkoxylated starter
compound with; (ii.b) at least one alkylene oxide in the presence of; (ii.c) at least one
double-metal cyanide (DMC) catalyst, wherein the concentration of the DMC catalyst is
from 10 to 10,000 ppm relative to the amount of short-chain polyether polyol to be
produced; and (ii.d) at a reaction temperature of from 90°C to 180°C; wherein the resulting
short-chain polyether polyol has a HEW of from 90 to 400 Da.

In a preferred embodiment of the method described herein above, the starter
compound is trimethylolpropane, glycerol, polyglycerol, pentaerythritol, erythritol, xylitol,
sorbitol, maltitol, sucrose, dextrose, invert sugar, degraded starch, degraded cellulose,
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hydrogenated starch hydrolysates, an aromatic Mannich polycondensate, or mixtures

thereof.

In a preferred embodiment of the method described herein above, the superacid is

fluorinated sulfonic acid, a perfluoroalkylsulfonic acid, fluoroantimonic acid (HSbFg),

carborane superacid (HCHB;;Cl;;), perchloric acid (HCIQOy,), tetrafluoroboric acid (HBFE,),

hexafluorophosphoric acid (HPF), boron trifluoride (BF;), antimony pentafluoride (SbFs),

phosphorous pentafluoride (PFs), a sulfated metal oxyhydroxyide, a sulfated metal

oxysilicate, a superacid metal oxide, a supported Lewis acid, a supported Bronsted acids, a

zeolites, a heterogeneous acid catalyst, a perfluorinated ion exchange polymers (PFIEP), or

mixtures thereof, more preferably, the superacid is trifluoromethanesulfonic (triflic) acid

(CFsSOsH), fluorosulfonic acid (HSOsF), fluoroantimonic acid, Magic acid (FSO3;H-SbFs),

or mixtures thereof.

In a preferred embodiment of the method described herein above, the double-metal

cyanide catalysis is represented by the formula:

MM (CN)(X)IM*(X)sla * nMA,

wherein

M and M? are each metals;

M! is a transition metal different from M,

X independently represents a group other than cyanide that coordinates with the
M! ion; M? is a transition metal;

A represents an anion;

b, c and d are numbers that reflect an electrostatically neutral complex;

ris from 4 to 6;

t is from O to 2;

x and y are integers that balance the charges in the metal salt M* «Ay; and

n is zero or a positive integer;

more preferably:

M and M’ independently are a metal ion selected from Zn*?, Fe**, Co*™*, Ni*?,
MO+4, MO+6, Al+3, V+4, V+5, SI‘+2, W+4, W+6, Mn+2, Sn+2, Sn+4, Pb+2, Cu+2, La+3, or
C r+3 .

M' and M? are independently Fe™, Fe*?, Co**, Co**, Cr?, Cr™, Mn*™, Mn™, Ir*?,
Ni*%, Rh*, Ru*?, Vv, V*° Ni**, Pd*, or Pt*;

4



10

15

20

25

30

WO 2012/134849 PCT/US2012/029601

A is chloride, bromide, iodide, nitrate, sulfate, carbonate, cyanide, oxalate,

thiocyanate, isocyanate, perchlorate, isothiocyanate, an alkanesulfonate such as

methanesulfonate, an arylenesulfonate such as p-toluenesulfonate,

trifluoromethanesulfonate (triflate) or a C;4 carboxylate;

ris4, 5 or 6; and

tisOor 1.
A particularly preferred double-meteal cyanide catalyst is a zinc hexacyanocobaltate
catalyst complexed with t-butanol.

Another embodiment of the present invention is a polyurethane polymer foam

prepared from a formulation comprising a short-chain polyether polyol prepared by the

method described herein above, preferably a rigid polyurethane insulation foam.

DETAILED DESCRIPTION OF THE EMBODIMENTS

The primary starting material for the inventive process is a low molecular weight
polyfunctional starter compound. Suitable low molecular weight starter compounds have
from 3 to 9 hydroxyl groups, preferably 3 to 8§ hydroxyl groups and a hydroxy equivalent
weight (HEW) of from 22 to 90 Da, preferably 27 to 42 Da. Examples of suitable low
molecular weight starter compounds are polyfuntional polyols such as: trimethylolpropane,
glycerol, polyglycerol, pentaerythritol, erythritol, xylitol, sorbitol, maltitol, sucrose,
dextrose, invert sugar, degraded starch / cellulose, hydrogenated starch hydrolysates or
aromatic Mannich polycondensates. The low molecular weight starter compounds may be
used individually or as a mixture of two or more.

The second starting material, i.e., the alkoxylation agent which is herein termed the
epoxide component, may be selected from epoxide compounds, or combinations of such
compounds, that are capable of reacting with a low molecular weight starter compound, to
form oligomeric alkoxylated starter compounds. Suitable oligomeric alkoxylated starter
compounds for use in the present invention are short chain polyfunctional polyether polyols
with functionality in the range from 3 to 9 and hydroxyl equivalent weights in the range
from 60 to 200 Da. In certain embodiments the epoxide component is selected from
ethylene oxide (EQO), propylene oxide (PO), butylene oxide, 1-octene oxide, cyclohexene
oxide, styrene oxide, glycidyl ether, and combinations thereof. Higher epoxides, having

carbon atoms numbering, for example, from 9 to 16, may be used as well in this reaction.
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The first catalyst for the process of the invention to produce an oligomeric
alkoxylated starter compound is a superacid catalyst. Superacid catalysts are well known to
those skilled in the art, for example, see U.S. Patents 6,989,432 and 5,304,688 which are
incorporated by reference herein in their entirety. Methods of measuring superacidity and
the definition of a superacid as used herein are provided in the U.S. Pat. 5,304,688. Suitable
superacid catalysts include, but are not limited to, fluorinated sulfonic acids, for example
Magic acid (FSOs;H-SbFs) and fluorosulfonic acid (HSOsF), trifluoromethanesulphonic
(triflic) acid (HSO3sCFs), other perfluoroalkylsulfonic acids, fluoroantimonic acid (HSbFg),
carborane superacid (HCHB;;Cl;;), perchloric acid (HCIQOy,), tetrafluoroboric acid (HBFE,),
hexafluorophosphoric acid (HPF), boron trifluoride (BF;), antimony pentafluoride (SbFs),
phosphorous pentafluoride (PFs), a sulfated metal oxyhydroxyide, a sulfated metal
oxysilicate, a superacid metal oxide, supported Lewis or Bronsted acids, and various
zeolites and heterogeneous acid catalysts, perfluorinated ion exchange polymers (PFIEP),
such as the NAFION™ PFIEP products, a family of perfluorinated sulfonic acid polymers
(commercially available from E. I. du Pont de Nemours and Company, Wilmington, Del.
(hereinafter, DuPont)), or a mixture thereof.

Particularly suitable superacids for use in the present invention are protic superacids.
Commercially available protic superacids include trifluoromethanesulfonic acid (CF;SOsH),
also known as triflic acid, fluorosulfonic acid (FSO3sH), and fluoroantimonic acid, all of
which are at least a thousand times stronger than sulfuric acid. The strongest protic
superacids are prepared by the combination of two components, a strong Lewis acid and a
strong Brgnsted acid.

A preferred protic superacid is trifluoromethanesulfonic acid.

The preferred amount of the superacid to be used depends on many factors,
including the desired reaction rate, the type and quantity of starter compound used, catalyst
type, reaction temperature, and other considerations. Preferably, in the present invention,
the superacid is used at catalytic in a range from 5 ppm to 500 ppm, based on the weight of
the oligomeric alkoxylated starter compound to be produced. Preferably, the superacid is
used at catalytic level below 200 ppm, preferably below 100 ppm, more preferably below
50 ppm, even more preferably below 30 ppm, based on the quantity of the oligomeric
alkoxylated starter compound to be produced. Preferably, the superacid is used at catalytic
level of from 5 ppm, preferably equal to or greater than 10 ppm, and more preferably equal
to or greater than 15 ppm, based on the weight of the oligomeric alkoxylated starter
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compound. Preferably, the superacid catalyst is used in a catalytic amount of from 15 to 25
ppm, based on the quantity of the oligomeric alkoxylated starter compound to be produced.
The level of superacid employed can be affected by the level of basic impurities contained
in the starter compound used in the process of the present invention.

The alkoxylation catalyzed by the superacid catalyst proceeds in the temperature
range from 60 to 180°C, preferably in the range from 80 to 130°C, particularly preferably
from 90 to 100°C, at total pressures of 1 to 7 bar. The process may be performed without
solvent or in an inert organic solvent, such as for example toluene or xylene. If the solvent,
used in the process is not inert towards any of the components present in the reaction
mixture, such as tetrahydrofuran (THF), it may be undesirably co-polymerized and
incorporated into polyether polyol growing chains together with the epoxide component.
The quantity of solvent is conventionally 10 to 50 wt. %. The reaction is preferably
performed without solvent.

The reaction times for the alkoxylation are in the range from a few minutes to
several hours.

The hydroxy equivalent weights (HEW) of the oligomeric, alkoxylated starter
compounds produced by the superacid catalyst are in the range between 60 to 200 Daltons
(Da), preferably in the range between 60 to 90 Da.

The alkoxylation process may be performed continuously, in a batch, or semi-batch
process.

The oligomeric alkoxylated starter compounds produced according to the invention
may be directly, i.e. without working up and removal of the superacid catalyst, further
extended by means of a second catalyst, preferably a double-metal cyanide (DMC) catalyst,
to yield short-chain polyether polyols with higher HEW and predominantly secondary
hydroxyl functionality; herein, predominantly is defined as greater than 50 percent,
preferably greater than 75 percent, and more preferably greater than 90 percent. If desired,
highly volatile fractions may first be removed from the oligomeric alkoxylated starter
compound by vacuum stripping at elevated temperature. The residual superacid catalyst is
preferably deactivated by an addition of equimolar amounts of a suitable base, such as basic
metal salts (potassium acetate, potassium carbonate, potassium phosphate, etc.), hydroxides
(potassium hydroxide, sodium hydroxide), amines (triethylamine, imidazole), and the like.
Double-metal cyanide catalysts are often highly active, have relatively high surface areas,
typically within the range of from 50 to 200 square meters per gram (m”/g), and may
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produce polyether polyols, in particular, that have lower unsaturation when compared with
otherwise similar polyols made using basic (potassium hydroxide, KOH) catalysis. The
catalysts can be used to make a variety of polymer products, including polyether, polyester,
and polyether-ester polyols.

The two alkoxylation stages, e.g., the first stage using a superacid catalyst and the
second stage using a DMC catalyst, may be performed separately (temporally and/or
spatially, i.e. in different reaction vessels) or sequentially, sometimes referred to as a "one
pot multistep reaction”.

Suitable double-metal cyanide catalysts include those described, for example, in
USP 3,278,457; 3,278,458; 3,278,459; 3,404,109; 3,427,256; 3,427,334; 3,427,335; and
5,470,813, each of which is incorporated herein by reference in its entirety. Some suitable

DMC catalysts can be represented by the formula:
My[M (CN):COM* (X)ela * nM Ay

wherein M and M? are each metals; M! is a transition metal different from M, each X
represents a group other than cyanide that coordinates with the M ion; M? is a transition
metal; A represents an anion; b, ¢ and d are numbers that reflect an electrostatically neutral
complex; ris from 4 to 6; t is from 0 to 2; x and y are integers that balance the charges in
the metal salt M3XAy, and n is zero or a positive integer.

M and M’ each are preferably a metal ion selected from the group consisting of
7n*?, Fe'?, Co™2 Nit?, Mo™, Mo*®, AT, VH. V¥, Sr*2, W W*. Mn*2, Sn*2, Sn**, Pb*2,
Cu*, La™ and Cr™, with Zn™ being preferred. M' and M? are preferably Fe™, Fe**, Co™,
Co*, Cr%, Cr™, Mn™, Mn™, Ir®, Ni*2, Rh™>, Ru*?, V™, V*° Ni**, Pd**, and Pt*". Among
the foregoing, those in the plus-three oxidation state are more preferred. Co* and Fe™ are
even more preferred and Co™ is most preferred.

Suitable anions A include halides such as chloride, bromide and iodide, nitrate,
sulfate, carbonate, cyanide, oxalate, thiocyanate, isocyanate, perchlorate, isothiocyanate, an
alkanesulfonate such as methanesulfonate, an arylenesulfonate such as p-toluenesulfonate,
trifluoromethanesulfonate (triflate) and a Cy-4 carboxylate. Chloride ion is especially
preferred.

r is preferably 4, 5 or 6, preferably 4 or 6, and most preferably 6; t is preferably O or
1, most preferably 0.

In most cases, r + t will equal six.
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A suitable type of DMC catalyst is a zinc hexacyanocobaltate catalyst complex. An
especially preferred type of DMC catalyst is complexed with t-butanol, for example a zinc
hexacyanocobaltate catalyst complexed with t-butanol.

The oligomeric, alkoxylated starter compounds having 3 to 9 hydroxyl groups,
which have previously been produced from the above-stated low molecular weight starters
by means of catalysis by a superacid without removal of the catalyst, and which have HEW
of between 60 and 200 Da, may be used individually or as a mixture.

The alkoxylation process, catalyzed by the highly active DMC catalysts, of alkylene
oxides onto oligomeric alkoxylated starter compounds containing active hydrogen atoms
generally proceeds at temperatures of 80 to 220°C, preferably in the range from 140 to
180°C, particularly preferably at temperatures of 150 to 180°C. The reaction may be
performed at total pressures of 0.1 to 7 bar. Alkoxylation may be performed without
solvent or in an inert organic solvent, such as for example toluene or xylene. The quantity
of solvent is conventionally 10 to 50 wt. % relative to the quantity of the polyether polyol to
be produced. The reaction is preferably performed without solvent.

The DMC catalyst concentration is 10,000 ppm or below, preferably 1,000 ppm or
below, particularly preferably 200 ppm or below, in each case relative to the quantity of the
short-chain polyether polyol to be produced. The DMC catalyst concentration is 10 ppm or
greater, preferably 20 ppm or greater, more preferably 50 ppm, in each case relative to the
quantity of the short-chain polyether polyol to be produced. Preferably the DMC catalyst
range is between 50 to 200 ppm based on the weight of the short-chain polyether polyol to
be produced.

At these low catalyst concentrations, it is not necessary to work up the product. For
use in polyurethane applications, it is possible to dispense with catalyst removal from the
polyol without there being any negative impact on product quality.

The reaction times for the alkoxylation using the DMC catalyst are in the range from
one hour to a few days, preferably a few hours.

The HEW of the short-chain polyether polyols produced using the process according
to the invention are in the range from 80 to 400 Da, preferably in the range from 90 to 350
Da, particularly preferably in the range from 110 to 300 Da.

Alkoxylation may be performed continuously, in a batch, or semi-batch process.

The highly active DMC catalysts generally require an induction time of a few
minutes to several hours. The initial charge of alkylene oxide is introduced into the reactor,
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the reactor is closed and maintained at reaction conditions until an accelerated drop in the
reactor pressure, accompanied by an exotherm, is observed. This accelerated pressure drop
is indicative of the activation of the DMC catalyst. No additional alkylene oxide is added to
the reactor during the induction period, therefore the productivity of the process and the
resulting process cycle time are negatively impacted by this waiting period. Several
operating parameters are known to mitigate the risk of poor catalyst activation, and include
reduction of water content in the starting mixture, and elimination of residual alkalinity
through the addition of acid, typically phosphoric acid.

The use of the oligomeric, alkoxylated polyfunctional starter compounds enables the
use of highly active and selective DMC catalysis for the production of short chain
polyfunctional polyether polyols in a semi-batch or continuous mode.

The oligomeric alkoxylated starter compounds of the present invention obtained by
catalysis with a superacid catalyst desirably contain little to no residual alkalinity because
alkalinity could negatively impact DMC catalyst activity. Said oligomeric alkoxylated
starter compounds, obtained according to the invention by catalysis with a superacid
catalyst, brings about a distinct cycle time reduction (by at least 25%), in comparison with
the use of corresponding oligomeric, alkoxylated starter compounds which were produced
by alkali metal catalysis and conventional working up (neutralization, filtration, drying,
etc.).

Simultaneously, using the oligomeric alkoxylated starter compounds produced by
catalysis with the superacid catalyst, allows for the use of the same reactor set up for both
superacid and DMC catalytic steps of the process, which is particularly suitable for a semi-
batch production process. This may result in reduction of the overall reaction cycle times
by at least 50%. In this manner, the shortening of cycle times in short-chain polyether
polyol production improves the economic viability of the process.

The short-chain polyether polyol from the process of the present invention may be
used for a number of applications, but particularly for preparing polyurethane foams, in
particular rigid polyurethane foams. Rigid polyurethane foams comprising the short-chain
polyether polyol made by the process of the present invention are useful for rigid
polyurethane foam insulation applications such as for insulation for appliances and
insulation for construction applications. The short-chain polyether polyol from the process
of the present invention may be used alone or in conjunction with one or more component
to make coatings; elastomers; sealants, and adhesives.
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EXAMPLES

The following materials are used in Examples 1 to 7 and Comparative Example A:

“Sorbitol” having a purity of greater than (>) 99% available from Aldrich;

“Glycerine” having a purity of greater than (>) 99.5% available from Aldrich;

“VORANOL™ CP450” is a glycerine-initiated oxypropylene triol polyether polyol
of about 450 molecular weight, available from The Dow Chemical Company;

“PO” is propylene oxide with a purity > 99.9% available from The Dow Chemical
Company;

“TFA” is trifluoromethanesulfonic acid (triflic acid) with a purity > 98% available
from Fluka; and

“DMC” is a double-metal cyanide catalyst having the trade name ARCOL™ A3
available from Bayer.

Testing is carried out according to the following methods:

“Hydroxyl Number” is measured as potassium hydroxide (KOH) mg/g, according to
protocol of ASTM D4274 D;

“Acid Number” is measured as potassium hydroxide (KOH) mg/g according and
determined by potentiometric titration of a methanolic solution of the sample with standard
methanolic KOH solution (0.01 N: certified, available from Fisher Scientific).

“Water content” is measured according to ASTM E203;

“Viscosity” is determined at 25°C, 50°C, 75°C and 100°C and is measured
according to Cone-Plate: ISO 3219;

“Density at 25°C” is determined according to ASTM D941-88;

“Density at 60°C” is determined according to ASTM D891;

“Total Unsaturation” is measured as meq/g, according to ASTM D4671;

“pH (1 H,O + 10 MeOH)” is the apparent pH, measured using a standard pH meter
after addition of 10 g of sample to 60 mL of a neutralized water-methanol (1 part water
+10 parts methanol by weight) solution;

“Molecular Weight Distribution (MWD)” of the samples is determined by means of
room temperature gel permeation chromatography (GPC). The GPC system is calibrated
against a standard polyol mixture of VORANOL™ CP6001 + VORANOL CP4100 +
VORANOL CP2000 + VORANOL CP1000 (triol glycerine based polypropylene polyols
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having number molecular weight (Mn) = 6000, 4100, 2000, and 1000 Da). Calculation is
based on the narrow standard method; and

“3C NMR” spectra are recorded on a Bruker DPX-400 device, with the following
working frequencies: 400.13 MHz for 'H and 100.62 MHz for °C. Polyol samples for Be
NMR are measured in 10 mm NMR tubes in d¢-acetone. The samples are prepared by
mixing of 3 g of polyol and 1 g of solvent. Inverse gated proton decoupled BC-NMR

spectra (relaxation time T1=10 seconds, 1024 scans) and DEPT135 spectra are acquired.

Example 1

686.5 g (3.77 mol) crystalline sorbitol and 0.17 g 85% phosphoric acid are placed
into a 5 L stainless steel alkoxylation reactor. Reactor is thermostated at 120°C, vacuum (1
mbar) is applied to the reactor. Once sorbitol inside the reactor has molten, stirring (200
rpm) is switched on, and nitrogen sparge applied from the bottom of the reactor while still
having vacuum pump on, such that the total pressure inside the reactor is kept at 10 mbar.
Reaction mixture is dried in such conditions for 2 h. Sparge and vacuum are closed, the
reactor temperature is decreased to 100°C, reactor is pressurized with 1 bar (100 kPa) of N,
pressure, opened, and 0.03 g of triflic acid (22 ppm based on the weight of product) added.
The reactor is closed; vacuum is applied to the reactor to lower the pressure inside to below
I mbar. The stirring rate is increased to 400 rpm and PO (657 g, 11.31 mol) is fed to the
reactor at the average feed rate of 7.3 g/min over a period of 90 min. Initial reaction rate
(4x10™ g/ppm/min) is low due to poor solubility of PO in molten sorbitol, but after 30 min
reaction becomes exothermic, and at the end of PO feed the reaction rate is measured to be
1.7x10 g/ppm/min. Upon completion of the feed the total pressure in the reactor
equilibrates at 0.1 bar (10 kPa) within 15 min. Potassium carbonate (0.01 g, 7.24 x 10 mol
or mikromol (mkmol)) added to the product in order to neutralize the remaining triflic acid.
The product is stripped in vacuum for 1 h at 120°C. A colorless viscous liquid is obtained.

The produced polyether polyol has the following properties: OH value: 944 mg
KOH/g; Acid value: 0.1 mg KOH/g; Total unsaturation: 0.0044 meq/g; Water: 173 ppm;
Total volatiles before vacuum stripping 179 ppm, after vacuum stripping 14 ppm; Viscosity
at 50°C: 17700 mPa.s; Viscosity at 75°C: 1300 mPa.s; Viscosity at 100°C: 212 mPa.s;
Density at 25°C: 1.197 g/em’; pH: 5.0; BC-NMR: Sorbitol+3.0 PO, Mn=356 Da; Primary
OH: 30% of total OH, Secondary OH: 70% of total OH. GPC: Mn=171 g/mol,
Mw/Mn=1.23.
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Example 2

701.9 g (1.97 mol) of the polyether polyol from Example 1 and the DMC catalyst
(0.247 g, 180 ppm based on the weight of product) are placed into a 5 L stainless steel
alkoxylation reactor. The reactor is thermostated at 150°C. Vacuum is applied to the
reactor to lower the pressure inside to below 1 mbar, stirring is applied at 400 rpm. PO (686
g, 11.81 mol) is fed to the reactor at the average feed rate of 6.2 g/min over a period of 110
min. Initial reaction rate is measured at 6x10” g/ppm/min, and at the end of PO feed the
reaction rate is measured to be 2x10™ g/ppm/min. Upon completion of the feed, the total
pressure in the reactor equilibrates at 0.2 bar (20 kPa) within 130 min. The product is
stripped in vacuum for 1 h at 120°C. A colorless turbid viscous liquid is obtained.

The produced polyether polyol has the following properties: OH value: 480 mg
KOH/g; Acid value: 0.09 mg KOH/g; Total unsaturation: 0.0046 meq/g; Water: 350 ppm;
Total volatiles 40 ppm; Viscosity at 25°C: 29200 mPa.s; Viscosity at 50°C: 2220 mPa.s;
Viscosity at 75°C: 305 mPa.s; Viscosity at 100°C: 81 mPa.s; Density at 25°C: 1.093 g/cm3;
pH: 8.9; BC-NMR: Sorbitol+9.0 PO, Mn=705 Da; Primary OH: 22% of total OH,
Secondary OH: 78% of total OH. GPC: Mn=410 g/mol, Mw/Mn=1.46.

Example 3

323.0 g (3.77 mol) crystalline sorbitol and 0.07 g 85% phosphoric acid are placed
into a 5 L stainless steel alkoxylation reactor. Reactor is thermostated at 120°C, vacuum (1
mbar) is applied to the reactor. Once sorbitol inside the reactor has molten, stirring (200
rpm) is switched on and a nitrogen sparge is applied from the bottom of the reactor while
still having vacuum pump on such that the total pressure inside the reactor is kept at 10
mbar. The reaction mixture is dried in such conditions for 2 h. Sparge and vacuum are
closed, the reactor temperature is decreased to 100°C, the reactor is pressurized with 1 bar
(100 kPa) of N, pressure, opened, and 0.02 g of triflic acid (26 ppm based on the weight of
product) is added. The reactor is closed and vacuum is applied to the reactor to lower the
pressure inside to below 1 mbar. The stirring rate is increased to 400 rpm and PO (618 g,
10.64 mol) is fed to the reactor at the average feed rate of 7.3 g/min over a period of 85 min.
Initial reaction rate (3x10™ g/ppm/min) is low due to poor solubility of PO in molten
sorbitol, but after 20 min reaction becomes exothermic and at the end of PO feed the
reaction rate is measured to be 7x10” g/ppm/min. Upon completion of the feed, the total

pressure in the reactor equilibrates at 0.2 bar (20 kPa) within 15 min. Potassium carbonate
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(0.01 g, 7.24 mkmol) added to the product in order to neutralize the remaining triflic acid.
The product is stripped in vacuum for 1 h at 120°C. A colorless viscous liquid is obtained.

The produced polyether polyol has the following properties: OH value: 634 mg
KOH/g; Acid value: 0.05 mg KOH/g; Total unsaturation: 0.0036 meq/g; Water: 420 ppm;
Total volatiles before vacuum stripping 649 ppm, after vacuum stripping 70 ppm; Viscosity
at 50°C: 3560 mPa.s; Viscosity at 75°C: 402 mPa.s; Viscosity at 100°C: 85 mPa.s; Density
at 25°C: 1.127 g/cm3; pH: 6.2; BC_NMR: Sorbitol+6.0 PO, Mn=530 Da; Primary OH: 41%
of total OH, Secondary OH: 59% of total OH. GPC: Mn=310 g/mol, Mw/Mn=1.23.

Example 4

767.4 g (1.45 mol) of the polyether polyol from Example 3 and the DMC catalyst
(0.204 g, 185 ppm based on the weight of product) are placed into a 5 L stainless steel
alkoxylation reactor. The reactor is thermostated at 160°C. Vacuum is applied to the
reactor to lower the pressure inside to below 1 mbar and stirring is applied at 400 rpm. PO
(252 g, 4.34 mol) is fed to the reactor at the average feed rate of 10.1 g/min over a period of
25 min. Initial reaction rate is measured at 7x10™ g/ppm/min and at the end of PO feed the
reaction rate is measured to be 1x10~ g/ppm/min. Upon completion of the feed the total
pressure in the reactor equilibrates at 0.25 bar (25 kPa) within 20 min. The product is
stripped in vacuum for 1 h at 120°C. A colorless turbid viscous liquid is obtained.

The produced polyether polyol has the following properties: OH value: 474 mg
KOH/g; Acid value: 0.07 mg KOH/g; Total unsaturation: 0.0049 meq/g; Water: 150 ppm;
Total volatiles 74 ppm; Viscosity at 25°C: 13100 mPa.s; Viscosity at 50°C: 1090 mPa.s;
Viscosity at 75°C: 179 mPa.s; Viscosity at 100°C: 62 mPa.s; Density at 25°C: 1.086 g/cm3;
pH: 8.7; BC-NMR: Sorbitol+9.0 PO, Mn=705 Da; Primary OH: 32% of total OH,
Secondary OH: 68% of total OH. GPC: Mn=500 g/mol, Mw/Mn=1.30.

Example 5

281.8 g (1.55 mol) crystalline sorbitol and 0.08 g of 85% phosphoric acid are placed
into a 5 L stainless steel alkoxylation reactor. The reactor is thermostated at 120°C and
vacuum (1 mbar) is applied to the reactor. Once the sorbitol inside the reactor has become
molten, the stirring (200 rpm) is switched on and a nitrogen sparge is applied from the
bottom of the reactor while still having vacuum pump on, such that the total pressure inside
the reactor is kept at 10 mbar. The reaction mixture is dried under such conditions for 2 h.
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The sparge and vacuum are closed, the reactor is pressurized with 1 bar (100 kPa) of N,
pressure, opened, and the DMC catalyst (0.097 g, 100 ppm based on the weight of product)
is added. The reactor is closed and vacuum is applied to the reactor to lower the pressure
inside to below 1 mbar. The reactor temperature is increased to 150°C and the stirring rate
is increased to 400 rpm. PO (100 g, 1.72 mol) is fed to the reactor at the average feed rate
of 5.0 g/min over a period of 20 min. Initial reaction rate is measured at 1x107 g/ppm/min.
After 120 min of digestion, additional PO (40 g, 0.69 mol) is fed at the average feed rate of
4.0 g/min over a period of 10 min. An additional 200 min of digestion time is allowed. PO
teed is resumed, 90 g PO (1.55 mol) is fed at an average feed rate 0.8 g/min within 110 min
and 17 h of digestion time is allowed. The reaction rate is measured at 2x10°° g/ppm/min.

The residual pressure is vented off and the reaction mixture is stripped in vacuum
for 1 h. Additional DMC catalyst (0.098 g, 100 ppm based on the weight of product) is
added. The reactor is closed and vacuum is applied to the reactor to lower the pressure
inside to below 1 mbar. Residual PO (190 g, 3.28 mol) is fed to the reactor at the average
tfeed rate of 1.2 g/min over a period of 160 min. The reaction rate in the beginning of this
feed is measured at 5x107 g/ppm/min and at the end of the PO feed the reaction rate is
measured to be 1x10™ g/ppm/min. Upon completion of the feed the total pressure in the
reactor equilibrates at 0.2 bar (20 kPa) within 120 min. The product is stripped in vacuum
for 1 h at 120°C. A yellow turbid viscous liquid is obtained.

The produced polyether polyol has the following properties: OH value: 464 mg
KOH/g; Acid value: 0.03 mg KOH/g; Total unsaturation: 0.004 meq/g; Water: 70 ppm;
Total volatiles 30 ppm; Viscosity at 50°C: 1570 mPa.s; Viscosity at 75°C: 230 mPa.s;
Viscosity at 100°C: 61 mPa.s; Density at 25°C: 1.093 g/cm’; pH: 8.9; “C-NMR:
Sorbitol+9.0 PO, Mn=705 Da; Primary OH: 10% of total OH, Secondary OH: 90% of total
OH. GPC: Mn=480 g/mol, Mw/Mn=1.60.

Example 6

1500.0 g (16.29 mol) glycerine and 0.10 g of 85% phosphoric acid are placed into a
5 L stainless steel alkoxylation reactor. The reactor is thermostated at 90°C with stirring
(200 rpm) and vacuum (1 mbar) is applied to the reactor for 0.5 h. 1.30 g triflic acid
solution 10 wt% in ethanol (30 ppm based on the weight of the product) is then added. The
reactor is closed and vacuum is applied to the reactor to lower the pressure inside to below

I mbar. The stirring rate is increased to 300 rpm and PO (2837.0 g, 48.85 mol) is fed to the
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reactor at average feed rate of 18 g/min over a period of 160 min. Upon completion of the
feed, the total pressure in the reactor equilibrates at 0.2 bar (20 kPa) within 15 min.
Potassium carbonate (0.07 g, 0.51 mmol) added to the product in order to neutralize the
remaining triflic acid. The product is stripped in vacuum for 1 h at 120°C. A colorless
viscous liquid is obtained.

The produced polyether polyol has the following properties: OH value: 613 mg
KOH/g; Acid value: 0.04 mg KOH/g; Total unsaturation: 0.0024 meq/g; Water: 250 ppm;
Total volatiles 125 ppm; Viscosity at 25°C: 556 mPa.s; Viscosity at 50°C: 83 mPa.s;
Viscosity at 75°C: 2 mPa.s; Density at 25°C: 1.090 g/cm3; BC.NMR: Glycerine+3.0 PO,
Mn=266 Da; Primary OH: 61% of total OH, Secondary OH: 39% of total OH. GPC:
Mn=170 g/mol, Mw/Mn=1.23.

Example 7

838.1 g of VORANOL CP450, 2.04 g DMC catalyst and 0.10 g 85% by weight
phosphoric acid solution in water are placed into a 10-liter stainless steel alkoxylation
reactor . The reactor contents are then stripped at 160°C in vacuum for 30 min.

The vacuum line is closed and 73 g of PO are added with a flow of 50 g/min. The
reactor pressure has reached 1.52 bar (152 kPa) at the end of this feed. Four minutes later a
pressure drop in the reactor to 0.3 bar (30 kPa) observed, corresponding to DMC catalyst
activation. PO flow is resumed at 4.83 g/min. After a feed of 95 g PO, a feed of the polyol
from Example 6 is started with a constant flow rate of 4.11 g/min. With the beginning of
this feed, the flow of PO is reduced to 2.14 g/min. 10 h after (1455 g PO in total and 2463 g
of the polyol from Example 6 are fed), both PO and Example 6 polyol flows are stopped.
During the feed, the reactor pressure remained below 1.25 bar (125 kPa).

The reactor contents are then digested at 160°C for 6 hours, and the product is then
cooled down. A colorless viscous liquid is obtained.

The produced polyether polyol has the following properties: OH value: 373 mg
KOH/g; Acid value: 0.02 mg KOH/g; Total unsaturation: 0.0034 meq/g; Water: 70 ppm;
Total volatiles 104 ppm; Viscosity at 25°C: 289 mPa.s; Viscosity at 50°C: 74 mPa.s;
Viscosity at 75°C: 17 mPa.s; Density at 25°C: 1.060 g/em’; *C-NMR: Glycerine+6.0 PO,
Mn=441 Da; Primary OH: 27% of total OH, Secondary OH: 73% of total OH. GPC:
Mn=340 g/mol, Mw/Mn=1.23.
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Comparative Example A

Comparative Example A is performed under the same conditions as Example 7. The
initial charge to the reactor consists of 830 g of the VORANOL CP450, 2.00 g of the DMC
catalyst and 0.10 g of an 85% by weight phosphoric acid solution in water. The reactor
contents are stripped at 160°C in vacuum for 30 min.

The vacuum line is closed and 73 g of PO are added with a flow of 50 g/min. The
reactor pressure has reached 1.34 bar (134 kPa) at the end of this feed. 19 minutes later a
pressure drop in the reactor to 0.3 bar (30 kPa) observed, corresponding to DMC catalyst
activation. PO flow is resumed at 4.83 g/min. After a feed of 94 g PO, a feed of glycerine is
started with a constant flow rate of 1.42 g/min. 1 hour after (452 g PO in total and 105 g
glycerine are fed), pressure in the reactor has reached 3.50 bar (350 kPa) and both PO and
glycerine flows were stopped. After 3 hours 15 minutes digestion time at 160°C, pressure
dropped only to 2.90 bar (290 kPa). Product was then cooled down, run was aborted due to

very poor alkoxylation kinetics.

Examples 8, 9 and 10 and Comparative Example B
The following materials are used in Examples 8§ to 10 and Comparative

Example B:

“VORANOL RN 482 is a sorbitol-initiated oxypropylene hexitol polyether polyol,
hydroxyl number 482, available from The Dow Chemical Companys;

“VORANOL CP1055” is a glycerine-initiated oxypropylene triol polyether polyol of
about 1000 molecular weight, available from The Dow Chemical Company;

“VORANOL RA 5007 is an ethylenediamine-initiated oxypropylene tetrol polyether
polyol with a hydroxyl number of 500, available from The Dow Chemical Company;

“TEGOSTAB™ B 8474 is a silicone-based surfactant, available from Goldschmidt
Chemical Companys;

“POLYCAT™ 5” is pentamethyldiethylenetriamine catalyst available from Air
Products and Chemicals, Inc.;

“DABCO™ TMR30” is tris-2,4,6-dimethylamino methyl phenol, a trimerization
catalyst available from Air Products and Chemicals, Inc.;

“DABCO K-2097” is potassium acetate, 33%wt solution in diethylene glycol,

available from Air Products and Chemicals, Inc.;
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“VORATEC™ SD 100” is a polymeric methane diphenyl diisocyanate with
average functionality 2.7 and NCO content of 31%wt, available from The Dow Chemical
Company; and

“BA” is a chemical blowing agent 80:20 mixture of cyclopentane and isopentane,
available from The Dow Chemical Company.

Foaming procedure and foam properties characterization:

Foam samples are prepared using hand-mixing techniques. The polyols, catalysts,
surfactant, and water are premixed according to Table 1 in order to prepare a formulated
polyol. The isocyanate index is kept constant at 1.15 for all the foam samples prepared.
The foam samples are evaluated for reactivity, flow, density distribution, compressive
strength, thermal conductivity and demolding properties.

Properties are determined according to appliance foam evaluation procedure
protocol:

Hand-mix reactivity: reactivity is measured during the foam rise which occurs after
pouring the isocyanate in a plastic cup (370 ml) containing polyol (both system ingredients
are at constant temperature of 20 £ 1°C) and mixing for 3 seconds at 3000 rpm by means of
mechanical stirrer.

Reaction times are as follows:

“(to)” is time zero which is the time at which the two components are mixed;

“CT” is cream time which is the time when the foam starts rising from the liquid
phase; at this point the liquid mixture become clearer due to bubble formation;

“GT” is gel time which is the time at which the foam mixture has developed enough
internal strength to be dimensionally stable; it is recorded when the foam forms strings
sticking to a metal spatula put and then withdrawn from the foam; and

“TFT” is tack free-time which is the time at which the skin of the foam does not
stick anymore to a glove covered finger when the foam is touched gently.

“FRD” is Free Rise Density and is determined using a free rise foam poured into a
polyethylene bag placed in a wooden box. The reaction times (CT, GT, TFT) are
determined. The foam should reach a height of about 25 to 30 cm. A foam sample is cut
after 24 hours in a regular form, sample weight and volume are measure to calculate
density.

Foam physical properties are evaluated using plate mold (30 x 20 x 5 cm) filled at a
45° angle and immediately raised to the vertical position. The mold is maintained at a
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temperature of 35 + 1°C for a demold time of 7 minutes. The measured physical properties
are the following:

“Thermal conductivity (Lambda)” measurements are carried out with LaserComp
Fox 200 equipment at an average temperature of 10°C, according to ISO 8301.

20 x 20 x 2.5 cm samples are cut from plate mold panel, and then undertaken to thermal
conductivity measurement;

“CS” is compressive strength, triplicate samples are measured according to ISO 844
on 3-5 cubic specimens cut along the mold panel with skin (skin CS) or without skin (tri-
dimensional CS); and

“Skin curing performance” is determined on a plate mold panel which is demolded
after 7 minutes. The percentage of the surface area remaining intact and not sticking to the
mold is visually estimated and recorded as cured PU skin; the estimation is made on the two
mold larger walls as percentage of total surface area (30 x 20 cm?).

Rigid polyurethane foams are prepared using the components and proportions shown

in Table 1.

Table 1
Example . B 8 9 10
Comparative Example

COMPOSITION
VORANOL RN 482 62.9
Example 5 62.9
Example 4 62.9
Example 2 62.9
VORANOL CP 1055 25 25 25 25
VORANOQOL RA 500 5 5 5 5
TEGOSTAB B8474 25 2.5 25 25
POLYCAT 5 1.3 1.3 1.3 1.3
DABCO K-2097 0.1 0.1 0.1 0.1
DABCO TMR-30 0.7 0.7 0.7 0.7
Water 2.5 2.5 25 25
VORATEC SD 100 146 146 146 146
BA 14.5 14.5 14.5 14.5

The formulated polyol, used for preparation of the foam from comparative example
B contained 62.9 parts by weight (pbw) of commercial VORANOL RN482 polyether
polyol. The formulated polyols, used for preparation of the foams from examples §, 9, and
10 contained instead the same amount of the experimental polyether polyols prepared as

described in Example 5, 4 and 2.
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The properties for the resulting foams are shown in Table 2.
Table 2
Example 8 9 10
Comparative Example B

Reactivity T, 23 °C for 3s @ 3000 RPM
FRD 24h kg/m® 24.3 254 24.5 24.6
CT sec 4-5 5 5 4-5
GT sec 60 61 45 53
TFT sec 90 90 72 81

Plaque Characterization with a demold

time of 7 min, T=35°C
Foam density kg/m® 41.0 39.0 41.6 44.0
Skin curing performance % 19 15 100 100
Lambda @ 10°C mW/m*k 21.17 21.51 21.21 21.59
CS1 kPa 171 146 162.3 185
CS2 kPa 175 144 161 194
CS3 kPa 181 146 168 193
average CS kPa 175.7 145.3 163.8 190.7
average CS std dev kPa 5.0 1.2 3.7 49
Density with skin kg/m® 38.6 36.1 38.7 40.8
Skin CS corrected to d = 32 kg/m’ kPa 128 118 118 127

Example 8 as compared to Comparative Example B demonstrates a similar reactivity

profile, similar skin curing performance, worse CS performance, and Lambda in line (hand

mix).

Example 9 as compared to Comparative Example B demonstrates much faster

reactivity profile, better skin curing performance, worse CS performance, and Lambda in

line (hand mix).

Example 10 as compared to Comparative Example B demonstrates faster reactivity

profile, better skin curing performance, better CS performance, and Lambda in line (hand

mix).
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CLAIMS:

1. A method for producing a short-chain polyether polyol comprising the steps of:
(i) obtaining at least one oligomeric alkoxylated starter compound by reacting:
(i.a) at least one low molecular weight starter compound comprising from 3
to 9 hydroxyl groups wherein said starter compound has a hydroxy
equivalent weight (HEW) of from 22 to 90 Da;
(i.b) at least one alkylene oxide in the presence of;
(i.c) asuperacid catalyst present in a concentration of from 5 to 500 ppm
relative to the amount of oligomeric alkoxylated starter compound to be
produced; and
(i.d) at areaction temperature of from 60°C to 180°C;
wherein the oligomeric alkoxylated starter compound has a HEW of from 60 to
200 Da;
and
(ii) converting the resulting alkoxylated starter compound into a short-chain
polyether polyol without removal of the superacid catalyst by reacting:
(ii.a) said oligomeric alkoxylated starter compound with;
(i1.b) at least one alkylene oxide in the presence of;
(ii.c) at least one double-metal cyanide (DMC) catalyst, wherein the
concentration of the DMC catalyst is from 10 to 10,000 ppm relative to the
amount of short-chain polyether polyol to be produced; and
(i1.d) at a reaction temperature of from 90°C to 180°C;
wherein the resulting short-chain polyether polyol has a HEW of from 90 to 400 Da.

2. The method of Claim 1 wherein the starter compound is trimethylolpropane,
glycerol, polyglycerol, pentaerythritol, erythritol, xylitol, sorbitol, maltitol, sucrose,
dextrose, invert sugar, degraded starch, degraded cellulose, hydrogenated starch
hydrolysates, an aromatic Mannich polycondensate, or mixtures thereof.

3. The method of Claim 1 where in the superacid is fluorinated sulfonic acid, a
perfluoroalkylsulfonic acid, fluoroantimonic acid (HSbF), carborane superacid
(HCHB/Cly;), perchloric acid (HClOy), tetrafluoroboric acid (HBF,), hexafluorophosphoric
acid (HPFg), boron trifluoride (BF3), antimony pentafluoride (SbFs), phosphorous

pentafluoride (PFs), a sulfated metal oxyhydroxyide, a sulfated metal oxysilicate, a
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superacid metal oxide, a supported Lewis acid, a supported Bronsted acids, a zeolites, a
heterogeneous acid catalyst, a perfluorinated ion exchange polymers (PFIEP), or mixtures
thereof.

4. The Method of Claim 1 wherein the superacid is trifluoromethanesulfonic (triflic)
acid (CF3;SO;H), fluorosulfonic acid (HSO;F), fluoroantimonic acid, Magic acid (FSO;H-
SbFs), or mixtures thereof.

5. The method of Claim 1 wherein the double-metal cyanide catalysis is represented
by the formula:

MM (CN)(X)J[M*(X)ela * "M A,

wherein
M and M? are each metals;
M! is a transition metal different from M,
X independently represents a group other than cyanide that coordinates with the
M! ion; M? is a transition metal;
A represents an anion;
b, c and d are numbers that reflect an electrostatically neutral complex;
ris from 4 to 6;
t is from O to 2;
x and y are integers that balance the charges in the metal salt M* xAy; and
n is zero or a positive integer.

6. The method of Claim 5 wherein:
M and M’ independently are a metal ion selected from Zn*?, Fe**, Co*™*, Ni*?,
Mo™, Mo, Al V¥ V¥, Sr2, W W*°, Mn*2, Sn*2, Sn**, Pb*2, Cu*?, La*’, or
Crt:
M' and M? are independently Fe™, Fe*?, Co**, Co**, Cr?, Cr™, Mn*™, Mn™, Ir*?,
Ni"%, Rh™, Ru™, V¥, V** Ni**, Pd*, or Pt*";
A is chloride, bromide, iodide, nitrate, sulfate, carbonate, cyanide, oxalate,
thiocyanate, isocyanate, perchlorate, isothiocyanate, an alkanesulfonate such as
methanesulfonate, an arylenesulfonate such as p-toluenesulfonate,
trifluoromethanesulfonate (triflate) or a C;4 carboxylate;
ris4, 5 or 6; and

tisQor 1.
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7. The method of Claim 1 wherein the double-metal cyanide catalyst is a zinc
hexacyanocobaltate catalyst complexed with t-butanol.

8. A polyurethane polymer foam prepared from a formulation comprising the short-
chain polyether polyol prepared by the process of Claim 1.

9. The polyurethane polymer foam of Claim 8, wherein the polyurethane polymer

foam is a rigid polyurethane insulation foam.
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