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(54) Title: TITANIUM OXIDE AND ALUMINA ALKALI METAL COMPOSTIONS

(57) Abstract: The invention relates to Group 1 metal/porous metal oxide compositions comprising porous metal oxide selected
from porous titanium oxide and porous alumina and an alkali metal or an alkali metal alloy. The compositions of the inventions are
described as Stage 0 and I materials. These materials differ in their preparation and chemical reactivity. Each successive stage may
O be prepared directly using the methods described below or from an earlier stage material. Stage 0 materials may, for example, be
prepared using liquid alloys of Na and K which are rapidly absorbed by porous metal oxide under isothermal conditions, preferably
& at or just above room temperature, to form loose black powders that retain much of the reducing ability of the parent metals. When
B the low melting Group 1 metals are absorbed into the porous metal oxide at about 150°C, an exothermic reaction produces Stage I
& material, loose black powders that are stable in dry air. Further heating forms higher stage materials of unknown composition. It is
& believed that Stage I higher materials represent reductions of the porous metal oxide after absorption of the Group 1 metal. Preferred
Group 1 metal/porous metal oxide compositions of the invention are those containing sodium, potassium, or sodium-potassium alloys
with sodium and sodium-potassium alloys being most preferred. Each stage of the Group 1 metal/porous metal oxide composition
of the invention may be used as a reducing agent reacting with a number of reducible organic materials in the same manner known
for alkali metals and their alloys.
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TfTANIIJM OXIDE AND ALUMINA ALKAL.I.METAL COMPOSITIONS

FIELD OF THE INVENTION

[0001] The invention relates to porous metal oxide compositions made by interaction
of alkali metals or alloys of these metals with porous titanium oxide or porous alumina. The
compositions have improved handling characteristics and retain the reactivity of the neutral

alkali metal or alloy.

BACKGROUND OF THE INVENTION

[0002] . Alkali metals, those in Group 1 of the periodic table, and alloys of alkali
metals, are very reactive in their metallic, or neutral, state. The alkali metals and their alloys
are very reactive toward air and moisture and may catch fire spdntaneously”when exposed to
these agents. To avoid the inherent hazards associated with their activity, the neutral metal or
alloy must often be stored in vacuo or under an inert liquid such as oil in order to protect it
from contact with the atmosphere, which may result in oxidation or other reactioné. For
example, sodium metal is often stored in Nujol oil which must, to avoid unwanted impurities,
be removed prior to use in chemical reactions. This places severe restrictions on its shipment
and use.

[0003] - The combination of alkali metals with silica zeolites, such as ZSM-5, has been
extensively studied in many laboratories. For example, it was recently shown that pure silica
zeolites can absorb up to 12 mole percént cesium from the vapor phase and comparable
amounts of the other alkali metals (except lithium). Prior research with alkali metal
encapsulation in all-silica zeolites revealed that such a combination reacts exothermically
with water to produce hydrogen quantitatively. (See, for example, "Toward Inorganic
Electrides", A. S. Ichimura, J. L. Dye, M. A. Camblor and L. A. Villaescusa, J. Am.
Chem. Soc., 124, 1170-1171 (2002) and "Inorganic Electrides Formed by Alkali Metal
Addition to Pure Silica Zeolites", D. P.Wernette, A. S. Ichimura, S. A Urbinand J. L.
'Dye, Chem. Mater. 15, 1441-1448, (2003). The concentration of ‘sodium absorbed by the
zeolite compositions, however, was too low to be practical. In addition, the reaction was
relatively slow with slow sodium diffusion within the limited zeolite pore size.

[0004] The use of potassium metal dispersed on silica as a reagent in organici
synthesis has been reported by. Levy et al., Angew. Chem. Int. Ed. Engl. 20 (1981) p. 1033.
Potassium metal was dispersed onto silica gel (CAS Registry No. 7631-86-9: actually

colloidal silica, which has no internal surface area) producing an amorphous material. The
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reactivity of the material was demonstrated with water and benzophenone, as shown below.
See also, Russel, et al., Organometallics 2002, 21, 4113-4128, Scheme 3.

[0005] It has been reported to disperse sodium on titanium dioxide (TiO;) to readily
reduce zinc chloride leading to a highly active zinc powder which inserts into secondary
alklyl and benzylic bromides under mild conditions, producing the corresponding zinc
reagents in high yield. (See Heinz Stadtmuller, Bjorn Greve, Klaus Lennick, Abdelatif Chair,
and Paul Knochel, ‘“Preparation of Secondary Alkyl and Benzylic Zinc Bromides Using
Activated Zinc Metal Deposited on Titanium Dioxide” Syntheis, 1995, 69-72.). According to
Stadtmuller, it was observed that residual water content in the support has a detrimental
effect. For this reason, solid supports like barium, tin, or alumina, as well as silica, could not
be used. Commercial TiO, is almost water free and constitutes the best support for this
-purpdsé. Thus the addition of sodium (ca. 8g/100g TiO;) to TiO; (dried at 150°C for 2 hrs) at
| 150°C, produces a homogenous, gray poWder after 15 min. This powder is not pyrophoric

but its exposure to air and moisture results in a slow decomposition (2-3min).

TiQ, (150°C 2 hrs : ZnCl, (0° C,15 min inTHF :
Na—T2E2080 5 Ng | TiQ, —22EEBmi) 7/ TiO,

- [0006] Stadtmuller’s experiment was as follows. A 3-necked 100 mL flask equipped |
with Ar inlet, a glass stopper, and a septum cap was charged with TiO, (18g, 380mmol) and
heated for 2 hr at 150°C .under vacuum (0.1 mmHg). The glass stopper was replaced with a
mechanical stirrer, the reaction flask was flushed with Ar and Na (1.50g, 65mmol) was added
at once. .Alternatively, the_Na could be added at 25°C to the dry TiO,. The reaction mixture
was vigorously stirred at 150°C for 15 min and cooled to 0°C leading to a gray homogenous
powder. A solution of dry ZnCl, (4.57g, 35.5mmol) in THF (20mL) was added with stirring.
After 15 min., the activated Zn on TiO, was ready to use.

[0007] Sterling E. Voltz, in “The Catalytic Properties of Supported Sodium and
Lithium Catalysts” J. Phys. Chem., 61, 1957, 756-758, investigated the catalytic properties of
supported alkali metal catalysts for hydrogen-deuterium exchange and ethylene
hydrogenation. Sodium dispersed on dried alumina does not increase the activity of the
alumina for hydrogen-deuterium exchanige. However, hydriding the sodium-alumina greatly
increases the exchange activity, the hydrided catalyst being active even at -195°C. Sodium-
silica catalysts are much less active than the corresponding sodium-alumina catalysts.
Supported sodium and lithium catalysts are also active for ethylene hydrogenation even -
below room temperature; in this case, however, hydrogen treatments have relatively minor

effects on the activities. The supported alkali metal catalysts are much more active than the
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bulk hydrides of sodium and lithium for both of these reactions. The major role of the support
is probably to increase the effective area of the alkali metal. The results of this study suggest
that the mechanisms of activation of hydrogen and ethylene on alkali metal hydrides are
similar to those previously postulated for alkaline earth metal hydrides. The activations
probably occur at metal sites at metal-metal hydride interfaces. The results obtained with the
bulk hydrides suggest that hydrogen activation takes place more readily at lithium sites than
at sodium sites, and the reverse situation is likely for ethylene activation.
[0008] | Voltz’s experiment was as follows. The supported sodium and lithium
catalysts were prepared by dispersing thé molten metal over powdered alumina or silica
which had been dried by evacuation at 500°C for about 16 hours. In a typical preparation
(sodium-alumina) the dried alumina and sodium were placed in a high vacuum reactor
equipped with a magnetic stirrer. Transfers of materials to the reactor were made in a dry
box in dry nitrogen. The reactor was heated lowly under evacuation while the solids were
'stirred. When the sodium melted, it dispersed over the alumina powder. The reactor was
heated to about 150°C and kept at this temperature (under evacuation and with stirring) for at
least one-half hour. Small amounts of gaseous products were given off in some preparations
when the molten alkali metal dispersed over the powder. In the preparation of lithium-
alumina catalysts, the reactor was heated to about 280°C because of the higher melting point
of lithium (186°C).

[0009] Morevoer, Alois Furstnef and Gunter Seidel, in *“ ‘High-Surface Sodium’ as a.

" Reducing. Agent for TiCls” Synthesis, 1995, 63-68., disclosed that sodium deposited on
inorganic supports such as A1203,‘Ti0.2, and NaCl (‘high-surface sodium’) is a cheap, readily
prepared, nonpyrophoric reducing agent for TiCl;. The low-valent Ti thus obtained, after
only 1 hr. reduction time, is well suited for McMurry coupling reactions, particularly of
aromatic carbonyl compounds. It exhibits a previously unrivalled tempiate effect for the
cyclization of dicarbonyl compounds to (macrocyclic) cycloalkenes and is suitable for the
reduction of N-acyl-2-aminobenzophenone derivatives to 2,3-disubstituted indoles.

[0010] In this regard, Na/Al,O3 can be conveniently prepared in two different ways as
a homogenous grey, nonpyrophoric powder (method A: mixing/grinding of A12(j3 and Na at
180-190°C; method B: deposition of melting Na on Al,O3 suspended in boiling toluene by
means of an Ultra turrax stirrer). With ~4mmol Na per g of reagent (10% metal content
w/w), the available surface area of the alumina is well exploited without risking any severe

overloading.
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[0011] Furstner’s experiment was as follows.

[0012] Method A: Na sand (10g; 1-2mm) was added in portions during 30 min to
predried Al,O3 (100g) with good mechanical stirring under Ar at 180-190°C. This afforded
Na/Al,O3 as a grey-black, air-sensitive but nonpyrophoric powder which can be stored for
extended periods of time under Ar at RT without loss of activity. According to Furstner, this
simple procedure is less appropriate for the preparation of Na/TiO; and Na/NaCl for reasons
of insufficient mixing. ‘

[0013] Method B: To a vigorously stirred suspension of predried Al,O3 (100g) in
boiling Toluene (350mL) was added Na sand (10g) over a period of 20 min. Stirring and
reflux were continued for another 15 min, the mixture was cooled to RT, filtered under Ar,
washed with péntane (ca. 300mL in several portions) and dried in vacuo. For the preparation
of Na/Ti0,, a larger volume of toluene (~800mL) was required to achieve good agitation. Id.

[0014] In addition, U.S. Patent Application Serial No. 10/995,327 filed November 24,
2004 and entitled “SILICA GEL COMPOSITIONS CONTAINING ALKALI METALS
AND ALKALI METAL ALLOYS” describes silica gel compositions made by interaction of
alkali metals or alloys of these metals with silica gel, and is hereby incorporated by reference.
[0015] A need exists, therefore, to have alkali metals and their alloys available in a
form that may be easily handled without a significant loss in metal reactivity. This invention

answers that need.

- SUMMARY OF THE INVENTION

[0016] The invention relates to a’ Group 1 métal/porous metal oxide composition
comprising the prbduct of mixing a liquid Group 1 metal or alloy with a porous metal oxide
selected from porous titanium oxide and porous alumina in an inert atmosphere under
isothermal conditions near ambient temperaturés sufficient to absorb the liquid Group 1 metal
or alloy into the porous metal oxide pores. The Group 1 metal/porous metal oxide
composition produced reacts with dry O,. This material is referred to as “Stage 0” material.
[0017] The invention also relates to a Group 1 metal/porous metal oxide composition
comprising the product of mixing a Group 1 metal or alloy with porous metal oxide selected
from porous titanium oxide and porous alumina under exothermic conditions that may be
above ambient temperatures sufficient to absorb the Group 1 metal or alloy into the porous
metal oxide pores. The Group 1 metal/porous metal oxide composition produced does not |

react with dry O,. This material is referred to as “Stage I”” material.
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[0018]  The invention also relates to a Group 1 metal/porous metal oxide composition
comprising the product of mixing a liquid Group 1 metal or alloy with porous metal oxide
~ under conditions sufficient to absorb the liquid Group 1 metal or alloy into the porous metal
oxide pores and heating the resulting mixture to a temperature of about 150 °C or higher. The
Group 1 metal/porous metal oxide composition produced does not react with dry O».

[0019] The invention further relates to a method for producing hydrogen gas
comprising the step of contacting any of the Group 1 metal/porous metal oxide compositions
described herein with water. Also, the invention relates to a reduction reaction of an organic
compound in the presence of an alkali metal, the improvement comprising conducting the
reaction in the presence of any of the Group 1 métal/porous metal oxide compositions
described herein. The reduction reactions may include, for example, dehalogenation
reactions and Wurtz reactions.

[0020] In addition,. the invention relates to a method of drying an organic solvent
comprising the step of contacting an organic solvent with porous alumina for a sufficient time
to remove water from the solvent. The contacting step may be done by batch or through a

column. -

BRIEF DESCRIPTION OF THE DRAWINGS

[0021] Figure 1 shows a Differential Scanning Calorimetry (DSC) trace for a mixture

of 2.9 mg of Na metal with 8.0 mg of porous Al,Os.

[0022] - Figure 2 shows a Differential Scanning Calorimetry (DSC) trace for a mixture

of 3.0 mg of Na metal with 8.2 mg of porous TiO,. |

[0023] Figure 3 shows a Differential Scanning Calorimetry (DSC) trace for a 14.9 mg

sample of Stage 0, 25 wt% Na,K-TiO;.

[0024] Figure 4 shows a Differential Scanning Calorimetry (DSC) trace for a 6.0 mg

sample of Stage I, 25 wt% Na,K-TiO, that had been heated to 150 °C overnight.

[0025] Figure 5 shows a Differential Scanning Calorimetry (DSC) trace for an 11.7
'mg sample of Stage 0, 25 wt% Na;K-Al,0s, wherein the inset shows the. melting endotherm

of Na;K absorbed in the pores of the Al,Os.

[0026] Figure 6 shows a Differential Scanning Calorimetry (DSC) trace for a 44.7 mg
sample of Stage I, 21 wt% Na;K-Al,0s. .
[0027] Figure 7 shows the "H NMR spectrum of the product of reduction of benzyl

chloride with Stage I, 25 wt% Na;K-Al,03, wherein the major product is bibenzyl and no

benzyl chloride was detected in the product.
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DETAILED DESCRIPTION OF THE INVENTION
[0028] Group 1 Metals: Alkali Metals and Alkali Metal Alloys
[0029]  Alkali metals are those metals in the Group 1 family of the periodic table. The

terms “Group 1 metal” or “Group 1 metals” are used here to describe alkali metals and alloys
of alkali metals which may be used in the porous metal oxide compositions of the invention.
Those alkali metals include sodium (Na), potassium (K), rubidium (Rb), and cesium, (Cs).
Of these alkali metals, sodium and potassium are preferred for use in the porous metal oxide
compositions of the invention, with sodium being particularly preferred.

[0030] Alkali metal alloys may also be used in the porous metal oxide compositions
of the invention. The élkali metal alloy is preferably an alloy of two or more alkali metals,
for example sodium-potassium (e.g. NaK or Na;K) alloys, which are particularly preferred.
Other preferred alkali metal alloys are those containing, potassium, cesium, and rubidium
with each other and particularly alloys of these elements with sodium. The alkali metal
alloys are within the “Group 1 metal” definition as used in the specification and claims.
[0031] In preparing the Group 1 metal/porous metal oxide compositions of the
invention, the Group 1 metal is typically mixed with the porous metal oxide, porous titanium
oxide or porous alumina. The viscosity of the liquid Group 1 metal should be at least low
enough to be absorbed into the pores of the porous titanium oxide or porous alumina. One .
method to accomplish this is heating the alkali metal in an inert atmosphere prior to mixing it
with the porous rﬁetal oxide. Alternatively, depending on the stage of material to be
prepared, the Group 1 metal may be mixed as a solid with the porous metal oxide and the
mixture heated to melt the alkali metal.

[0032] Another method to introduce Group 1 metals into porous meétal oxide is from
the vapor phase as was done with zeolites. (See A. S. Ichimura, J. L. Dye, M. A. Camblor
and L. A. Villaescusa, J. Am. Chem. Soc., 124, 1170-1171 (2002) and D. P.Wemette, A.
S. Ichimura, S. A. Urbin and J. L. Dye, Chem. Mater. 15, 1441-1448, (2003).). In
another method, a Group 1 metal can be deposited onto the porous metal oxide from a metal-
ammonia solution. (See M. Makesya and K. Grala, Syn. Lett. 1997, pp. 267-268,
“Convenient Preparation of ‘High Surface Sodium’ in Liquid Ammonia: Use in Acyloin
Reaction.”). The metal-ammonia solution can be used to avoid agglomeration of the metal in
upon mixing with the porous metal oxide and to prepare an intimate mixture of the metal with
the porous metal oxide. However, in practice the metal-ammoﬁia solution method of mixing

Group 1 metals with porous metal oxide was accompanied by considerable decomposition of
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the metal-ammonia solution to form amides. However, as preferred for the invention, simply
allowing the liquid Group 1 metal to contact the poroﬁs metal oxide avoids the time- -
consuming vapor deposition or metal-ammonia routes. | |

[0033] As discussed below, for at least Stage 0 material, it is generally preferred that
the Group 1 metal have a melting point within about 15°C of room temperature
(approximately 25°C). . For example cesium and rubidium have melting points of 28.5°C and
38.5°C, respectively. Typically alloys of the two or more alkali métals are, and preferably
are, liquid ét or near room temperature. A preferred low-melting alloy is that between
sodium and potassium (NaK) at various fnolar ratios of Na to K between 0.5 and 3.0, more
preferably with a 2:1 molar ratio, i.e. Na;K. All Na-K alloys with mole ratios between 0.5
and 2.5 begin melting at a eutectic melting temperature of -12.6°C. Melting is complete at
25°C for mole ratios of about 0.12 and 3.1. Other binary‘alloys_ of the alkali metals, such as
Cs with Rb, K, or Na and Rb with Na or K also melt below, or only slightly above room
temperature and would therefore be appropriate to use for this purpose. Ternary alloys, made -
from three of these four alkali metals, or an alloy of all four would also melt at low enough
temperatures to form a Group 1 metal/porous metal oxide composition of the invention.
[0034] | Porous Metal Oxides

[0035] - The porous metal oxide powders used in this invention are porous titanium

oxides and porous alumina. Any porous titanium oxide may be used, including TiO, TiO,,
' Tiy03, and Ti30s. Given their porous natures, these porous metal oxides can take up large

" amounts of absorbed material. Unlike prior adsorption of alkali metals onto titanium oxide or

alumina powders, the compositiohs of the invention absorb the alkali metals into the pores of

porous titanium oxides and porous alumina. Porous titanium oxides and porous alumina are

difference that the more familiar non-porous forms such as colloidal titanium oxides and

colloidal alumina. Porous titanium oxides may be purchased from Sachtleben Chemie, and

porous alumina may be purchased from Almatis AC.

[0036] The porous metal oxides used in the porous metal oxide compositions of the

invention preferably have pore sizes ranging from 50 A t0 1000 A. More preferably, the pore

size may range from 100 to 300 A. Even more preferably, the average diameter of the pores

of the porous metal oxide will be approximately 150 A.

[0037] Although porous metal oxides, when purch.ased, are free-flowing powders, |
they typically contain large amounts of gaseous material, such as water and air. These are

preferably removed prior to mixing the porous titanium oxide or porous alumina with an

alkali metal or alloy to form compositions of the invention. The porous metal oxide may be
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de-gassed using methods known in the art. For example, to remove the gaseous material the
porous metal oxide may be heated under vacuum in an evacuable flask, first with a hot air
dryer and then with a torch. Such heating achieves temperatures of approximately 300° C. It
is also possible, and is actually preferred, to remove the gases more easily and to passivate
active sites by heating the porous metal oxide to 600°C or hotter (900°C) in air (calcination).
The porous metal oxide is typically cooled to room temperature before preparing a Group 1

metal/porous metal oxide composition of the invention.

[0038] Porous Metal Oxide Compositions Containing Alkali Metal and Alkali Metal
Alloys '
[0039] - The ability to utilize alkali metals or their equivalents in a convenient form

continues to be a need in the chemical industry and for the hydrogen production community.
Answering that need, the invention relates to Group 1 metal/porous metal oxide compositions
comprising a porous metal oxide selected from porous titanium oxide and porous alumina
and an alkali metal or an alkali metal alloy. The compositions of the inventions that utilize
titanium oxide or porous alumina are described as Stages O and I materials. These materials-
differ in their preparation and chemical reactivity. Stage I may be prepared directly'u'sing the
methods described below from an earlier preparation of Stage O material. Stage O materials
may, for example, be prepared using liquid alloys of Na and K which are rapidly absorbed by
porous titanium oxide or porous alumina under isothermal conditions, preferably at or just -
above room temperature, to form loose black powders that retain much of the reducing ability
of the parent metalé. It is believed the Stage 0 materials have small clusters of neutral Group
1 metal absorbed in the porous metal oxide pores. The'Stage 0 materials are pyrophoric but
less explosive in air compared to th_eir parent Group 1 metal. Stage I materials may be
prepared by heating Stage O materials at 150°C overﬁight. Stage I material is a loose black
powder that is stable in dry air. Further heating above 200 °C causes an exothermic reaction
to produce another stage or stages. It is believed that Stage I and the materials formed at
higher temperatures represent reductions of the porous metal oxide after absorption of the
Group 1 metal. Preferred Group 1 metal/porous metal oxide compositions of the invention
are those containing sodium, potassium, or sodium-potassiurﬁ alloys with sodium and
sodium-potassium alloys being most preferred.

[0040] As described below, a number of samples of this material with Na)K, at
various loads and mass ratios, were tested by Differential Scanning Calorimetry (DSC). The
heat absorbed upon melting Na;K in the porous metal oxide pbres at -25 - 0 °C was used to

determine the amount of encapsulated metal that remained as metal in the porous metal
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oxide. This was followed by broad exothermic peaks between 5°C and 450 °C. Upon cooling
and reheating the same sample, no appreciable thermal peaks were observed. This shows that
the heat treatment causes encapsulated metal in the pores to react with porous metal oxide to
produce new materials, although the boundaries are not sharp. This conversion does not
appreciably change the hydrogen producing abilities of the material.

[0041] The Group 1 metal/ pordus metal oxide compositions of thé invention
comprise porous metal oxide selected from porous titanium oxide and porous -alumina with
absorbed Group 1 metal. The amount of Group 1 metal loading is dependent upon the pore
size and pore density of the actual poroué metal oxide used. Typically, the Grbup 1 metal
may be present in the compositions of the invention up‘to about 30 % by weight. Preferably,
the amount of metal ranges from 25 % to 30 % by weigﬁt. In the Stage I materials of the
invention, loadings above about 30 % by weight result in some free metal remaining in the
porous metal oxide pores or on the surface. ‘

[0042] The Stage O and Stage 1 rhetal/porous metal oxide compositions of the
invention react rapidly with water to produce gaseous hydrogen. In the case of Stage I
metal/porous alumina the yield is nearly quantitative, typically about 90-95%. However in
the case of Stage 0 and Stage I metal/porous titanium oxide, the yield was lower. About 10%
of the addéd metal did not evolve hydrogen when water was added. Apparently- the metal
reacted with the porous titanium oxide to produce a product that did not react with water to ,
* produce hydrogen. The Group 1 metal/porous metal oxide compositions of the invention,
whose preparation and properties are described below, show promise as easily shipped and
handled sources of clean hydrogeh and as powerful reducing agents for a variety of reactions
of organic compounds. Table I below summarizes the preparation processes and uses of

Stage O and I materials.
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Table I
Summary of Stages 0 and I
Material Type | Preferred Metals / Preparation Procedures
: Alloys Used
Stage 0 Liquid alloys Under inert atmosphere or vacuum, liquid

(NaK,, NaK, Na;K, etc.) alkali metal alloy is added to porous metal

' oxide at or near room temperature. On a
large-scale, this process would be best done
by adding the liquid metal or alloy to porous
metal oxide slowly with stirring and cooling
to dissipate any heat which may be produced.

Stage I from | Liquid alloys Under inert atmosphere or vacuum, Stage 0
Stage 0 .| (NaK, NajK, etc.) material is heated with mixing to at least '
150°C long enough to complete the
Liquid single metals conversion.

(Cesium, Rubidium)

Stage I from Sodium, Potassium Under inert atmosphere or vacuum, solid
solid Group 1 ‘ alkali metal is added to porous metal oxide
metals “and is heated with mixing to at least 150°C to

incorporate all metal.

[0043j As discussed above, to prepare all of the Group 1 metal/porous metal oxide
compositions of the invention, it is preferred to de-gas and passivate the porous titanium - -
oxide or porous alumina prior to mixing it with the Group 1 metal. Typically, in preparing
the materials of the invention, the porous metal oxide is initially heated to approximately
600°C or higher in air to remove water, de-gas the porous metal oxide, and minimize defect
sites. Other methods known in the art to dry, de-gas and/or passivate the porous metal oxide
may also be used.

[0044] | Stage 0 Material

[0045] The Stage O material of the invention apparently contains low-melting Group
1 metals absorbed into the pores of porous metal oxide without reaction (except for the partial
reaction with porous titanium oxide described above). Thus, Stage O material can be viewed
as nanoscale alkali metal or alkali metal alloy particles absorbed in the open pores and
channels within the porous metal oxide. The Stage 0 material of the invention is a Group 1
metal/porous metal oxide composition comprising the product of mixing a liquid Group 1
metal or a liquid Group 1 metal alloy, such as Na)K, with porous titanium oxide or porous

alumina under isothermal conditions sufficient to absorb the liquid Group 1 metal or liquid ‘

10
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Group 1 metal alloy into the porous metal oxide pores. Preferred Group 1 metals for Stage 0
materials include a low-melting Group 1 metal such as cesium or a NaK alloy. The Stage 0
Group 1 metal/porous metal oxide composition of this invention reacts with dry O,, which
differentiates it from Stage I materials. Since Stage O material is reactive with dry air, it
should be handled in vacuo, in an oxygen-free atmosphere, and preferably in an inert
atmosphere, such as under nitrogen or anA inert gas. While the Stage O material will ignite
spontaneously in air, it can be stored in a closed container, e.g. a screw-top vial.-

[0046] | To form Stage O materials, a Group 1 liquid metal or alloy is mixed with
porous titanium oxide or porous alumina in an inert atmosphere under isothermal conditions,
preferably at room temperature or slightly above, f,or. a time sufficient to permit the alkali
metal or alloy to be absorbed into the silica. The mixing rﬁust be done in an inert atmosphere
such as within a glove box or glove bag. During formation of a preferred Stage O material, a
liquid Group 1 metal, such as Na;K, may be poured over a bed of porous metal oxide at room
temperature. The mixture is agitated, preférably stirred or shaken, to achieve good mixing.
The liquid Group 1 metal is preferably absorbed into the porous metal oxide without any
significant heat of reaction or appreciable release of heat. At larger scales, the alkali metal is’
preferably added slowly to avoid any exothermicity due to alkali metal absorption into the
pores of thé porous> metal oxide. v
[0047] Depending upon the Group 1 metal used, the absorption of the liquid Group 1
metal to form Stage O material preferably occurs within 15°C of room temperature (25°C). Inv
the typical process, so little heat is evolved that the sample does not become noticeably warm
‘but converts to a product which is a free-flowing amorphous black powder, in which the
individual particles have a shiny surface. The mixture is agitated for a time sufficient to
allow the alkali metal or alloy to be absorbed or “soaked up” into the pores of the porous
titanium oxide or porous alumina. The time of mixing generally depends ubon the batch size
of material being prepared and may range from several minutes to several hours. This mixing
time holds true for the preparation of any Group 1 metal/porous metal oxide composition of
the invention. | |

[0048] When preparing Stage O material, any heat generated by the reaction or put
into the reaction should be controlled or diésipated. A significant temperature increase during
the preparation should be avoided. In a preferred embodimént, the Stage O material is formed
at ambient temperature, e.g. near room temperature (25°C). Heating much above this
temperature generally leads to the formation of Stage I material. The temperature may be

controlled by spreading the porous metal oxide (for example, on a metal tray), sfirring the
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porous metal oxide, or by cooling the reaction vessel. The reaction temperature should,
however, be maintained such that the Group 1 metal remains liquid so that it may be
absorbed by the porous titanium oxide or porous alumina. It should also be noted that Stage
0 material might slowly convert to Stage I material over time when kept at room temperature,
although further conversion to higher stage material does not occur without heating as
discussed below. | |

[0049] The Stage 0 material is a shiny black powder that reacts exothermically with
water. A DSC of the Stage 0 material made with alumina shows the presence of the alkali
metal in its neutral state within the porous metal oxide. This endothermic melting signal was
not observed with Stage O Group 1 metal/porous titanium oxide. While the exact
composition of the Stage O material is not currently known, the melting point of metals within
the Stage 0 material is lower than the melting point of the most common Group 1 alloys, such
“as NapK, thus indicating that small particles of the Group 1 alloys are within the pores of the
porous metal oxide. '
[0050] - The Stage O materials are the most reactive members of the Group 1
~ metal/porous metal oxide compositions of the invention. Since the addition of a low4melting
alkali metal or alloy to porous titanium oxide or porous alumina produces a Stage 0 material
without significant heat evolution, the Stage 0 material retains most of the reducing ability of
the alkali metal. Because of their reactivity toward air and moisture they must be handled .
with care and not allowed to come in contact with large amounfs of air and moisture. In spite
of these restrictioﬁs, the Stage O materials have utility in highly reducing chromatography
applications. The porosity of packed columns of thé Group 1 metal/porous metal oxide .
compositions of the invention provide a reducing environment that cannot be met with the
parent metals or alloys. This, as discussed below, pei‘mits the Stage O material to be used to
produce hydrogen from water and as a redticihg agent reacting with a number of reducible
organic materials in a manner similar to that of the pure alkali metals.

[0051] Stage I Material

[0052] The Stage I material of the invention is a Group 1 metal/porous metal oxide
composition comprising the product of heating the Stage 0 material or mixing a solid Group 1
metal with porous titanium oxide or porous alumina and heating the mixture above the
melting temperature of the metal in order to absorb the Group 1 metal into the porous metal
oxide pores. The Stage I Group 1 metal/porous. metal oxide composition produced does not
react with dry O,. In the Stage I material it appears that the alkali metal or alloy has been

converted to a form that loses the properties of the bulk metal, such as melting.
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[0053] The Stage I material of the invention niay be formed by mixing the liquid
Group 1 metal, at or just above its melting point with porous titanium oxide or porous
alumina under an inert atmosphere to allow the Group 1 metal to be absorbed into the pores
of the porous metal oxide. The Group 1 metal may also be mixed with the porous metal
oxide using one of the alternative methods discussed above, such as adding the Group 1 metal
as a vapor. The mixture is then maintained at or slightly above the melting i)oint of the
Group 1 metal (i.e., approximately 70°C to 150°C) and agitated for.between several minutes
to several Hours. Generally speaking, higher reaction temperatures convert the material in
shorter times. The reaction to form Stagé I materials is mildly exothermic, and, on a large |
scale, the process would be preferably done by adding the liquid metal or alloy to the porous
metal oxide with continual mixing, in such a way as to rémove heat as it is produced. The
reaction appears to form an alkali metal — porous metal oxide lattice. The exothermic nature
of the reaction differentiates Stage I material from Stage O material. Heating above the
exotherm can convert Stage 1 material to higher stage materials, depending upon the
temperature. ' »
[0054] ~ When low-melting Group 1 metals are added to calcined and outgassed porous
metal oxide in a closed environment such as an Erlenmeyer flask, the system often becomes
warm because of exothermic reactions between the alkali metal and the porous metal oxide or
its defect sites. This can result in the formation of mixtures of Stages 0 and I. The simplest
and most direct preparation of Stage I materials is to heat Stage 0 samples overnight under an<
inert atmosphere at temperatures of 150 °C. Other times and temperatures may work also,
but care should be taken to avoid overheating, which can lead to the formation of higher stage
materials. To insure a homogeneous product, provision should be made for agitation during
.the heating process. . :
[0055] The Stage I material is an amorphous, black powder that does not immediately
react with dry air, but reacts exothermically with water.- A DSC of the Stage I material shows
little or no Group 1 metal remaining within the porous metal oxide. The difference between
“Stages I and O is that the former can be handled in dry air and even quickly transferred in |
ordinary laboratory air without catching fire or degrading rapidly. When kept under an
atmosphere of dry oxygen for hours to days, Stage I material (in contrast to Stage 0 material,
which reacts which dry O;) is unchanged and produces thé same amount of hydrogen gasA
upon reaction with liquid water as do fresh samples. |
[0056] Stage I material has many uses in reactive chemistry as an active reducing

agent, and for hydrogen production.
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[0057] Thermal Behavior

[0058] Group 1 metals react exothermically with the porous metal oxide compositions

of the invention. The Differential Scanning Calorimetry (DSC) trace shown in Figure 1 for a
mixture of 2.9 mg of solid sodium metal and 8.0 of porous alumina (Al,Os) in the DSC pém
has a sodium melting endotherm at 98 °C (AH = 89 J/g Na) followed at 280 — 380 °C by é
multiple exotherm with AH = - 235 kJ per mole of Na. This is so large that it must represent
a chemical reaction between Na and Al,Os3. The dashed line is a repeat scan that shows no
major thermal peaks. In figure 1, the solid line represents the first scan, and the dashed line
represents a repeat scan.
[0059] Figure 2 shows a Differential Scanning Calorimetry (DSC)-trace for a similar
hlixture of 8.2 .mg of pdrous titanium dioxide (TiO,) and 3.0 mg of Na metal in the DSC pan.
The DSC trace shows the Na melting endotherm at 98 °C (AH = 107 J/g Na) followed at 330
“oC by an exotherm with AH = - 43.2 kJ per mole of Na (AH = -1.88 kl/g Na). Thus, we
presume that the exothermic peaks observed with various Group 1 metal/porous metal oxide
compbsitions in the DSC traces shown in F igures 3-6 represent similar reduction reactions.
[0060] For example, Figure 3 shows a Differential Scanning Calorimetry (DSC) trace
for-a 14.9 mg sample of Stage 0, 25. wt% Na,K-TiO, prepared according to the procedure
discussed in Example 2. Note the absence of a melting endotherm and the substantial
exotherms as reaction between the metal and the TiO; occurs. Figure 4 shows a Differential
Scanning Calorimetry (DSC) trace for a 6.0 mg sample of Stage I, 25 Wt% Na;K-TiO; that
had been heated to 150 °C overnight, as discussed in Example 2. Figure 5 shows a
Differential Scanning Calorimetry (DSC) trace for an 11.7 mg sample of Stage 0, 25 wt%
Na;K-Al,O3 prepared according to the procedure discussed in Exampile 1. The inset shows
the melting endotherm of Na,K absorbed in the pores of the Al,03. Broad exotherms are also
evident from 50 — 250 °C. Figure 6 shows a Differential Scanning Calorimetry (DSC) trace
for a 44.7 mg sample of Stage I, 21 wt% Na,K-Al,O; prepared according to the procedure
discussed in Example 3. Finally, Figure 7 shows a '"H NMR spectrum of the product of
reduction (with Stage I, 25 wt% Na,K-Al,O3) of benzyl chloride in d-8 tetrahydrofuran
(THF) prepared according to the procedure discussed in Examplie 5. The major product is
bibenzyl. The aromatic region is on the left and the aliphatic region is on the right. The
major peak of bibenzyl is at 2.86 ppm. The small peaks to the left are from THF and the

small peak at 2.27 ppm is from the minor product, toluene.
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[0061] Reaction Chemistry of the Group 1 Metal/Porous Metal Oxide Compositions

[0062] All Group 1 metal/porous metal oxide compositions of the invention react
with water exothermically to produce hydrogen. Thus, advantageously, the compositions of
the invention retain the reactivity of the Group 1 metal. Stage O material can be handled
briefly in dry air, but it reacts slowly with oxygen and rapidly with moisture. By contrast,
Stage I of the Gfoup 1 metal/porous metal oxide compositions are unreactive towards dry
oxygen. As shown in Example 7, the porous alumina yieids recyclable alumina.
Accordingly, the porous alumina yields an effective way to dry solvents by contacting the
solvent with the porous alumina, thereby femoving any water without consuming the porous
alumina. This drying may be implemented either through a column or by a batch process.
[0063] Although the Stage I Group 1 metal/porous metal oxide compositions of the
invention are relatively innocuous and not violently reactive, they do have a strong base
present and form alkali metal hydroxides upon reaction with water. In contrast to the reaction
products of silica gel-based materials that are completely soluble, the alumina based
materials of the invention form a solid white reaction product that can be recycled merely by
washing with water and re-calcining at 600 °C as shown in Example 6. The titanium oxide
based materials of the invention form a black solid upon reaction with water. .
[0064] Each stage of the Group 1 metal/porous metal oxide composition of the
invention may be used as a reducing agent reacting with a number of reducible organic
* materials in the same manner known for alkali metals and their alloys. For example, thel
Group 1 metal/porous metal oxide compositions may be used to reduce aromatic compounds
to their radical anions as is common in the so-called Birch reductions, commonly carried out
with alkali metal — ammonia solutions. A Birch reduction is a general method of reduction of
aromatic compounds by alkali metals in liquid ammonia. The theoretical and preparative
aspects of the Birch reduction have been discussed in several reviews. (See, G. W. Watt,
Chem. Rev., 46, 317 (1950); A. J. Birch, Quart .Rev. (London), 4, 69 (1950); A. J. Birch and
H. F. Smith, Quart. Rev. (London), 12, 17 (1958); and C. D. Gutsche and H. H. Peter, Org.
"Syntheses, Coll. Vol. 4, 887 (1963).). The Group 1 metal/porous metal oxide compositions of
the invention readily form aromatic radical anions with both naphthalene and aﬁthracene in
tetrahydrofuran (THF) solutions. Thus, they could be substituted for the sodium in Birch.
reductions. Example 4 shows a reduction reaction that uses a Group 1 metal/porous metal
oxide composition of the invention.

[0065] Similarly, violent reductions such as the Wurtz reduction of halogenated

organic compounds such as PCB’s might be carried out under controlled conditions. The
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Waurtz reaction is the coupling of two organic radicals (R) by treating two moles of the
organic halides (RX) with two moles of sodium:
2RX +2Na— R-R +2NaX
(See A. Wurtz, Ann. Chim. Phys. [3] 44, 275 (1855); Ann. 96, 364 (1855).; J. L. Wardell,
Comp. Organometal. Chem. 1, 52 (1982); W. E. Lindsell, ibid. 193; B. J. Wakefield, ibid. 7,
45; D. C. Billington, Comp. Org. Syn. 3, 413-423 (1991).). The Group 1 metal/porous metal
oxide compositions of the invention can be readily substituted for the sodium in a Wurtz
reaction or other such dehalogentation reaction. Compositions of the invention have also
been used to dehalogenate inorganic halides. Example 5 shows a Wurtz reduction using a
Group 1 metal/poroué metal oxide composition of the invention.
[0066] :Use of fhe Group 1 metal/porous metal oxide compositions. of the invention
allow alkali metal reactions such as those described above to be carried out under safer
“conditions due to the safer handling of the compositions over the corresponding alkali metal
or alloy. Use of the compositions also generally gives higher yields than the corresponding
reaction with just the Group 1 metal. _
- [0067] Because Stage I material (such as a Stage I Na,K/porous metal oxide
composition) is very easy to prepare and retains much of the reducing ability of the parent
Group 1 metal, it is likely to find use as a powerful and convenient reducing agent. Small
glass columns filled with the Stage I powder ére able to reduce a variety of organic .
compounds when they are dissolved in tetrahydrofuran (THF) and passed through the
column. Alternatively, batch reactions can be carried out simply by stirring THF solutions of '
the -organic compounds with the Stage I material. | For example, as is shown below,
benzophenone (1) is reduced to the radical anion (ketyl); and benzyl chloride (2) undergoes

Waurtz reduction to form bibenzyl (3).

O)U QCH ,Cl QCHQCHQ‘Q |
1 2 3

[0068] Numerous other reactions of Stage I materials are possible and likely; For
example, they can reduce naphthalene to the radical anion and can convert benzyl chloride
(2) to bibenzyl (3). The reduction of the representative compounds discussed above indicate

that the Group 1 metal/porous metal oxide compositions of the invention can reduce aromatic
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compounds to the radical anions or dianions and completely dechlorinate aromatic chlorides.
This material might therefore be able to destroy PCB’s by dechlorination. The powerful
- reducing properties of the Group 1 metal/ porous metal oxide compositions of the invention '
also permit the use of chromatographic columns packed with this material for the reduction of

organic and inorganic compounds that are now reduced by Na-K or alkali metal-amfnonia

solutions. |

[0069] A major use for both stages of reduced porous metal bxide compositions of the

invention is. in the fuel storage potential and the formation of hydrogen gas needed for mobile

fuel cells. For example, large stocks of the reduced porous metal oxide powder rﬁight be kept

on conveyor trays within a holding tank. Addition to water would liberate pure hydrogen gas

plus water vapor. Both stages of reduced porous alumina .produce near quantitative amounts

of the hydrogen that woﬁld have been produced from the alkali metal used. The hydrogen

could then be used to power mobile fuel cells. For example, stocks of the Group 1-
metal/porous metal oxide compositions might be kept on conveyef trays within a holding

tank. Water is then introduced and the mixing with the water would liberate hydrogen' which

can then be extracted and compressed or pressurized. The compressed hydrogen would be

used to fill mobile fuel cells. The spent powder, at this stage is now just porous metal oxide

that could be reactivated with new Group 1 metal or used for other purposes.

[0070] Examples
[0071] Example 1: Exemplary porous metal oxides. Porous TiO; (Anatase) from

Sachtleben Chemie, (29.5 nm diameter pores, or 295 A) and activated porous alumina (358
'm?/g) from Almatis AC were calcined in air at 600 °C and then cooled to room temperature.
To these powders in a helium-filled glove box was added liquid NaK dropwise onto the
porous oxide in a stainless steel tray. The liquid alloy was quickly absorbed into the porous
metal oxides. As long as the overall concentration of metal did not exceed 30 wt%, the white
powder turned to dark black in color and the mixture became a uniform loose powder. This
provided samples of Stage 0 material, as shown in Figure 5.

[0072] Example 2: One significant feature of the Group 1 metal/porous metal oxide
compositions of the invention is their ability to produce pure hydrogen gas upon addition to
water. The "reducing power" of the Group 1 metal/porous metal oxide compositions was.
determined by adding water to an evacuated sample and colllecting hydrogen with a modified
Toeppler pump. The reducing power is defined as the weight percent of alkali metal or alloy
used that would produce the same amount of hydrogen. This was verified by collecting the

hydrogen produced from a known mass of material upon reaction with out-gassed water. The

17



WO 2006/036697 PCT/US2005/033823

hydrogen was collected in a calibrated pipette using a modified Toeppler pump (mercury
filled). Such analyses were run on every sample of reduced pofous metal oxide, regardless of
the stage of the material. For example, if a 30 wt% sample of NaK in Stage I porous metal
oxide produced the same amount of hydrogen as would be produced by that amount of NaK
alone, the reducing power would be 30%. The total amount of alkali metal hydroxide formed
was then determined by the addition of HCI and back-titration with sodium hydroxide. The
difference between the total alkali metal percentage as obtained from the titration and the
reducing power is presumably a measure of the concentration of OH groups and other sources
of hydrogen present on the porous metal oxide. Alkali metals can react with such groups
during sample preparation to release hydrogen. This reaction is presumably the origin of the -
detectable amounts of gas formed during the mixing of the metal or alloy with the porous
metal oxide. Except for the addition to porous TiO,, the amount of hydrogen produced was
genérally within 90.— 95% of the amount that would have been produced by the metal(s) -
alone. When NazK-TiOz or Na-TiO; was used, the amount of hydrogen was reduced by an
amount equivalent to about 10% metal.- For example, a Stage 0 sample that Was prepared
with 25 wt% Na;K yielded hydrogen equivalent to only 13 wt% metal and another sample
with 12 wt% metal yielded hydrogen equivalent to only 3 wt% NayK, as shown in Figure 3.
A sample of Stage I Na-TiO, made with 25 wt% Na yielded hydrogen equivalent to only 16
Wt% metal. By contrast, a sample of Stage I Na)K-Al,0; with 30 wt% metal yielded .
hydrogen equivalent to 27 wt% metal. Even after exposure to dry air for two hours, the
hydrogen yield corresponded to 23 wt % metal, indicating some reaction with air, but only
moderate reactivity. | .

[0073] Example 3: The preparation of Stage I material can be performed by
continuous heating of Stage 0 materials to 150 °C or by using the higher melting alkali
metals, such as sodium and potassium. Outgassed and calcined porous alumina 14.0 g, was
weighed out and, together with 6.0 g of Na metal, was introduced into a Parr Stainless steel
reactor equipped with a Teflon gasket seal. The combination of porous metal oxide and Na
was heated while rotating the reactor end-over-end at 60 rpm, first to 105 °C for 1 hr, then
overnight at 155 °C. The powder was loose, black and free ﬂoWing. Similar processes to
convert Stage 0 NayK-Al,03, NapK-TiO; and Na-TiO; to Stage I materials were also carried
out. For example, a DSC of 21 wt% material is shown in Figure 6.

[0074] Example 4. All of the alkali metal-porous metal oxide powders, whether
Stage 0 or Stage I, are able to reduce naphthalene and anthracene to the corresponding radical

anions The reduction was observed by the formation of an intense green or blue color of the
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solutions, respectively. These radical anions are stable enough to persist in solution for many
hours. This reaction can be performed using several reaction setups, such as a batch reaction,
or a chromatographic column loaded with the reducing material of the invention. The reaction

with anthracene may be illustrated as is shown below.
IS .'\ s vse e CI/\ T MG
- AP - 3 . /\/ ' : o : _;'i ‘,

[0075] Example 5: One of the earliest reactions of alkali metals with organic
compounds is the Wurtz reaction in which de-halogenation of a chlorocarbon results in
coupling to form a new carbon-carbon bond. When uséd with a bulk alkali metal and the neat
chlorocarbon however, the reaction can be dangerously explosive. As is shown below, this
coupling reaction was carried out with benzyl chloride dissolved in THF by reduction with
both Stage I Na,K-TiO, and Stage I Na,K-Al,03 (~25 wt% Na;K). The former was done by
passage though a small column made from a Pasteur pipet and filled with the reducing
material and the latter was done in a batch reaction. The only product detected by 1H‘ NMR
was bibenzyl (See Figure 7)

ZO—CHZCI + 2M-SG—>» QCHzCHZO + 2MCI-SG

[0076] Example 6. To check the ébility to recycle Stage I Na,K-Al,O3, about 7.5 g of
this material was reacted with water, résulting in the formation of copious amounts bf a white
residue. This was washed five times (with centrifugation each time) and dried. The dried
powder was then calcined at 600 °C and. brought into the helium-filled glove box. The
recovered sample weighed 5.0 g and was combined drop-wise with 1.86 g of Na;K to form a
loose black powder with a nominal metal concentration of 27.3 wt%. Hydrogen collection
from this re-constituted Na,K-Al, O3 yielded hydrogen equivalent to 20.8 wt % metal. -
“ Although the recovery procedure does not give 100% of the starting material, these results
show that Stage I Na,K-Al,O3 can be recycled by washing and calcinations. Thus, the same
sample of Al,O3 could be re-used simply by washing, heat treatment, and re-introduction of.

alkali metals.
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What Is Claimed Is:

1. A Group 1 metal/porous metal oxide composition comprising the product of:
"~ mixing a liquid Group 1 metal with porous metal oxide selected from porous

titanium oxide and porous alumina in an inert atmosphere under isothermal conditions
sufficient to absorb the liquid Group 1 metal into the porous metal oxide pores, wherein the

Group 1 metal/porous metal oxide composition produced reacts with dry O,.

2. The Group 1 metal/porous metal oxide composition of claim 1 wherein said

porous metal oxide has 50 to 1,000 A diameter pores.

3. The Group.1 metal/porous metal oxide composition of claim 1 wherein the
“Group 1 metal is selected from the group consisting sodium, potassium, rubidium, cesium,

and an alloy of two or more Group 1 metals.

4. The Group 1 metal/porous metal oxide composition of claim 1 wherein the
mixing of the liquid Group 1 metal and the porous metal oxide selected from porous titanium

oxide and porous alumina occurs at ambient temperature.

5: A Group 1 metal/porous metal oxide composition comprising the product of
mix.ing a liquid Group 1 metal with porous metal oxide selected from porous
titanium oxide and porous alumina under exothermic cohditions sufficient to absorb the
liquid Group 1 metal or liquid Group 1 metal alloy into the porous metal oxide pores,
wherein the Group 1 metal/porous m_efal oxide composition produced does not react with dry

0,.

6. The Group 1 metal/porous metal oxide composition of claim 5 wherein the

pores of said porous metal oxide have an average pore size of approximately 50 to 1,000 A
7. The Group 1 metal/porous metal oxide composition of claim 5 wherein the

Group 1 metal is selected from the group consisting of sodium, potassium, rubidium, cesium,

an alloy of two or more Group 1 metals.
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8.  The Group 1 metal/porous metal oxide composition of claim 5 wherein the

Group 1 metal is present in an amount up to 30% by weight.

9. A Group 1 metal/porous metal oxide composition cdmprising the product of:
mixing a liquid Group 1 metal with porous metal oxide selected from porous
titanium oxide and porous alumina under exothermic conditions sufficient to absorb the
liquid Group 1 metal into the porous metal oxide pores and heating the resulting mixture to a
temperaturé of at least 150°C, wherein the Group 1 metal/porous metal oxide composition

produced does not react with dry O,.

10.  The Group 1 metal/porous metal oxide composition of claim 9 wherein the

pores of said porous metal oxide have an average pore size of approximately 50to 1,000 A.

11.  The Group 1 metal/porous metal oxide composition of claim 9 wherein the
Group 1 metal is selected from the group consisting of sodium, potassium, rubidium, cesium,

and an alloy of two or more Group 1 metals. -

12.  The Group 1 metal/porous metal oxide composition of claim 9 wherein the

~ Group 1 metal is present in an amount up to about 30% by weight.

13. A method of preparing a Stage 0 Group 1 metal/porous metal oxide
‘composition comprising the step of contacting a liquid Group 1 metal with porous metal
oxide selected from porous titanium oxide and porous alumina under isothermal conditions
an inert atmosphere or under a vacuum to absorb the Group 1 metal into the pores of the

porous metal oxide.
14. A method of preparing a Stage 0 Group 1 metal/porous metal oxide

" composition of claim 13 wherein the liquid Group 1 metal is contacted with the porous metal

oxide selected from porous titanium oxide and porous alumina at ambient temperature.
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15. A method of preparing a Stage I Group 1 metal/porous metal oxide -
composition comprising the step of:
heating the Stage O Group 1 metal/porous metal oxide composition of claim 13
to 150°C for a time and under conditions to convert Stage 0 Group 1 metal/porous metal

oxide composition to a Stage I Group 1 metal/porous metal oxide composition.

16. A method of preparing a Stage I Group 1 metal/porous metal oxide
composition comprising the step of .
mixing a liquid Group 1 metal with porous metal oxide selected from porous
titanium oxide and porous alumina under exothermic conditions sufficient to absorb the

liquid Group 1 metal or liquid Group 1 metal alloy into the porous metal oxide pores.

17. A method for producing hydrogen gas comprising the step of contacting a

Group 1 metal/ porous metal oxide composition of claim 1 with water.

18. - A method for producing hydrogen gas comprising the step of contacting a

Group 1 metal/porous metal oxide composition of claim 5 with water.

19. A method for producing hydrogen gas comprising the step of contacting a

Group 1 metal/porous metal oxide composition of claim 9 with water.

20. A reduction reaction of an organic compound in the presence of an alkali
metal, the improvement comprising conducting the reaction in the presence of a Group 1

metal/porous metal oxide composition of claim 1.

21. A reduction reaction of an organic compound in the presence of an alkali
metal, the improvement comprising conducting the reaction in the presence of a Group 1

metal/porous metal oxide composition of claim 5.
22. A reduction reaction of an organic compound in the presence of an alkali

metal, the improvement comprising conducting the reaction in the presence of a Group 1

metal/porous metal oxide composition of claim 9.
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23. A reduction reaction of an organic compound in the presence of an alkali
metal of claim 20, wherein the reduction reaction is a dehalogenation reaction or a. Wurtz

reaction.

24. A reduction reaction of an organic compound in the presence of an alkali
metal of claim 21, wherein the reduction reaction is a dehalogenation reaction or a Wurtz

reaction.

25. A reduction reaction of an organic compound in the presence of an alkali
metal of claim 22, wherein the reduction reaction is a dehalogenation reaction or a Wurtz

reaction.
26. A method of drying an organic solvent comprising the step of -
contacting an organic solvent with porous alumina for a sufficient time to

remove water from the solvent.

27. . A method of drying an organic solvent of claim 26, wherein the contacting

step is done by batch or through a column.
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FIG. 3
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FIG. 4

4 a1 l I llzl 11 |l J S A | 3l T T T | Ly 1 || Lt |':‘I. | I T | 1 P

DSC.of Na,K-Tio,
Stage 1, 25 wt% _
Annealed at 150.C
6.0 mgsample

AH="Tkl/molM .

R
gl 1'1"‘|'|_’|"i'i‘i=‘l vl

]

Power (mW)

ST T BT O IR e S ol AT RT O

T T T | SLELELALED BLPLELEL SRS ELER LN L ISR CLER ELRL SLEL ) PRIS A TTT T T

LI LB B l' LA L III LELIELENLEN LIS L I,"I:-.l T 1 L T 1 1T '-,:_l Ill '|h‘|
100 20 300 400,
Temperature (C)



WO 2006/036697 PCT/US2005/033823

57

FIG. 5
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FIG. 6
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FIG. 7
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