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FLUORINE COMPOUNDS, INORGANIC, ALUMINUM

Both the binary and complex fluorides of aluminum have played a significant role in the aluminum industry.
Aluminum trifluoride [7784-18-1], AlF3, and its trihydrate [15098-87-0], AlF3·3H2O, have thus far remained
to be the only binary fluorides of industrial interest. The nonahydrate [15098-89-2], AlF3·9H2O, and the
monohydrate [12252-28-7, 15621-55-3], AlF3·H2O, are of only academic curiosity. The monofluoride [13595-82-
9], AlF, and the difluoride [13569-23-8], AlF2, have been observed as transient species at high temperatures.

Of the fluoroaluminates known, cryolite, ie, sodium hexafluoroaluminate [15096-52-2], Na3AlF6, has been
an integral part of the process for production of aluminum. The mixtures of potassium tetrafluoroaluminate
[14484-69-6], KAlF4, and potassium hexafluoroaluminate [13575-52-5], K3AlF6, have been employed as brazing
fluxes in the manufacture of aluminum parts.

Two new types of aluminates, with far-ranging commercial potential, have been prepared and charac-
terized in the past few years. The first is the tetrafluoroaluminate anion (AlF4

−) for which a reproducible,
high-yield synthesis has been developed. This anion is able to stimulate various guanosine nucleotide binding
proteins (G-proteins), and inhibit P-type ATPases by serving as a non-hydrolyzing phosphate mimic. Addition-
ally, tetrafluoroaluminate complexes serve as precursors to aluminum trifluoride, which is used as a catalyst
for chlorofluorocarbon isomerizations and fluorinations.

1. Aluminum Monofluoride and Aluminum Difluoride

Significant vapor pressure of aluminum monofluoride [13595-82-9], AlF, has been observed when aluminum
trifluoride [7784-18-1] is heated in the presence of reducing agents such as aluminum or magnesium metal, or
is in contact with the cathode in the electrolysis of fused salt mixtures. AlF disproportionates into AlF3 and
aluminum at lower temperatures. The heat of formation at 25◦C is –264 kJ/mol (–63.1 kcal/mol) and the free
energy of formation is –290 kJ/mol (–69.3 kcal/mol) (1). Aluminum difluoride [13569-23-8] has been detected
in the high temperature equilibrium between aluminum and its fluorides (2).

2. Aluminum Trifluoride

Aluminum trifluoride trihydrate [15098-87-0], AlF3·3H2O, appears to exist in a soluble metastable α-form as
well as a less soluble β-form (3). The α-form can be obtained only when the heat of the reaction between alumina
and hydrofluoric acid is controlled and the temperature of the reaction is kept below 25◦C. Upon warming the
α-form changes into a irreversible β-form which is insoluble in water and is much more stable. the β-form is
commercially available.

Aluminum trifluoride trihydrate is prepared by reacting alumina trihydrate and aqueous hydrofluoric
acid. The concentration of acid can vary between 15 to 60% (4). In the beginning of the reaction, addition of
Al(OH)3 to hydrofluoric acid produces a clear solution which results from the formation of the soluble α-form
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2 FLUORINE COMPOUNDS, INORGANIC, ALUMINUM

of AlF3·3H2O. As the addition of Al(OH)3 is continued and the reaction temperature increases, irreversible
change takes place and the α-form of AlF3·3H2O gets converted to the β-form and precipitation is observed.
After all the alumina is added, the reaction mixture is continuously agitated for several hours at 90–95◦C.
After the precipitate settles down, the supernatant liquid is removed using rotary or table vacuum filters and
the slurry is centrifuged. The cake is washed with cold water, dried, and calcined in rotating horizontal kilns
(5), flash dryers, or fluid-bed calciners to produce anhydrous AlF3 for aluminum reduction cells. This process
is known as a wet process.

Aluminum trifluoride can also be advantageously made by a dry process in which dried Al(OH)3 is treated
at elevated temperatures with gaseous hydrogen fluoride. High temperature corrosion-resistant alloys, such
as Monel, Inconel, and titanium are used in the construction of fluidized-bed reactors. In one instance, an
Inconel reactor is divided into three superimposed compartments by two horizontal fluidizing grid sieve plates.
Aluminum hydroxide is fed into the top zone where it is dried by the existing gases. The gases such as HF and
SiF4 are scrubbed from stack gases with water. These gases are recycled or used in the manufacture of cryolite
[15096-52-3]. Solids are transported from top to bottom by downcomers while HF enters at the bottom zone
getting preheated by heat exchange from the departing AlF3. The bulk of the reaction occurs in the middle
compartment which is maintained at 590◦C.

The third process involves careful addition of aluminum hydroxide to fluorosilicic acid (6) which is gener-
ated by fertilizer and phosphoric acid-producing plants. The addition of Al(OH)3 is critical. It must be added
gradually and slowly so that the silica produced as by-product remains filterable and the AlF3·3H2O formed is
in the soluble α-form. If the addition of Al(OH)3·3H2O is too slow, the α-form after some time changes into the
insoluble β-form. Then separation of silica from insoluble β-AlF3·3H2O becomes difficult.

H2SiF6 + 2 Al(OH)3 −→ 2 AlF3 · 3H2O + SiO2 + H2O

Environmentally sound phosphate fertilizer plants recover as much of the fluoride value as H2SiF6 as possible.
Sales for production of AlF3·3H2O is one of the most important markets (see Fertilizers; Phosphoric acid and
the phosphates).

Dehydration of AlF3·3H2O above 300◦C leads to a partial pyrohydrolysis forming HF and Al2O3 which
can be avoided by heating the trihydrate gradually to 200◦C to remove 2.5 moles of water and then rapidly
removing the remainder at 700◦C. This latter procedure yields a product having less than 3.5% water content
and Al2O3 content below 8% (7). This product is a typical material used in aluminum reduction cells. The
presence of alumina does not interfere in the process of aluminum reduction because it replaces part of the
alumina that is fed to the cells.

The principal use of AlF3 is as a makeup ingredient in the molten cryolite, Na3AlF6·Al2O3, bath used in
aluminum reduction cells in the Hall-Haroult process and in the electrolytic process for refining of aluminum
metal in the Hoopes cell. A typical composition of the molten salt bath is 80–85% Na3AlF6, 5–7% AlF3, 5–7%
CaF2, 2–6% Al2O3, and 0–7% LiF with an operating temperature of 950◦C. Ideally fluorine is not consumed
in the process, but substantial quantities of fluorine are absorbed by the cell lining and fluorine is lost to the
atmosphere. Modern aluminum industry plants efficiently recycle the fluorine values.

Minor uses of aluminum fluoride include flux compositions for casting, welding (qv), brazing, and soldering
(see Solders and brazing alloys) (8,9); passivation of stainless steel (qv) surfaces (10); low melting glazes and
enamels (see Enamels, porcelain or vitreous); and catalyst compositions as inhibitors in fermentation (qv)
processes. Table 1 gives typical specifications for a commercial sample of AlF3.

Other hydrates of aluminum trifluoride are the nonahydrate [15098-89-2], AlF3·9H2O, which is stable
only below 8◦C, and aluminum trifluoride monohydrate [12252-28-7], [15621-55-3], AlF3·H2O, which occurs
naturally as a rare mineral, fluellite found in Stenna-Gwyn Cornwall, U.K. (11).



FLUORINE COMPOUNDS, INORGANIC, ALUMINUM 3

Table 1. Specification for Commercial
Aluminum Trifluoride

Parameter Specification

assay as AlF3, % 90–92
Al2O3, typical, % 8–9
SiO2, max, % 0.1
iron as Fe2O3, % 0.1
sulfur as SO2, % 0.32
bulk density, g/cm3

loose 1.3
packed 1.6

screen analysis, % retained
105 µm (140 mesh) 20
74 µm (200 mesh) 60
44 µm (325 mesh) 90

2.1. High Purity Aluminum Trifluoride

High purity anhydrous aluminum trifluoride that is free from oxide impurities can be prepared by reaction of
gaseous anhydrous HF and AlCl3 at 100◦C, gradually raising the temperature to 400◦C. It can also be prepared
by the action of elemental fluorine on metal/metal oxide and subsequent sublimation (12) or the decomposition
of ammonium fluoroaluminate at 700◦C.

Relatively smaller amounts of very high purity AlF3 are used in ultra low loss optical fiber–fluoride glass
compositions, the most common of which is ZBLAN containing zirconium, barium, lanthanum, aluminum, and
sodium (see Fiber optics). High purity AlF3 is also used in the manufacture of aluminum silicate fiber and in
ceramics for electrical resistors (see Ceramics as electrical materials; Refractory fibers).

Anhydrous aluminum trifluoride, AlF3, is a white crystalline solid. Physical properties are listed in Table
2. Aluminum fluoride is sparingly soluble in water (0.4%) and insoluble in dilute mineral acids as well as
organic acids at ambient temperatures, but when heated with concentrated sulfuric acid, HF is liberated,
and with strong alkali solutions, aluminates are formed. AlF3 is slowly attacked by fused alkalies with the
formation of soluble metal fluorides and aluminate. A series of double salts with the fluorides of many metals
and with ammonium ion can be made by precipitation or by solid-state reactions.

2.2. Health and Safety

Owing to very low solubility in water and body fluids, AlF3 is relatively less toxic than many inorganic fluorides.
The toxicity values are oral LDLO, 600 mg/kg; subcutaneous, 3000 mg/kg. The ACGIH adopted (1992–1993)
TLV for fluorides as F−− is TWA 2.5 mg/m3. Pyrohydrolysis and strong acidic conditions can be a source of
toxicity owing to liberated HF.

3. Fluoroaluminates

The naturally occurring fluoroaluminates are listed in Table 3. The common structural element in the crystal
lattice of fluoroaluminates is the hexafluoroaluminate octahedron, AlF3

6. The differing structural features of
the fluoroaluminates confer distinct physical properties to the species as compared to aluminum trifluoride.
For example, in AlF3 all corners are shared and the crystal becomes a giant molecule of very high melting point
(13). In KAlF4, all four equatorial atoms of each octahedron are shared and a layer lattice results. When the
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Table 2. Physical Properties of Anhydrous
Aluminum Trifluoride

Property Value

mol wt 83.977
mp, ◦C 1278a

transition point, ◦C 455
density, g/cm3 3.10
dielectric constant 6
heat of transition at 0.677

455◦C, kJ/molb

heat of sublimation for 300
crystals at 25◦C, kJ/molb

�Hf at 25◦C, kJ/molb −1505
�Gf at 25◦C, kJ/molb −1426
S at 25◦C, J/(mol·K)b 66.23
Cp at 25◦C J/(mol·k)b

α-crystals 74.85
β-crystals 100.5

aSublimes.
bTo convert J to cal, divide by 4.184.

Table 3. Naturally Occurring Fluoroaluminates

Name Cas Registry Number Molecular formula

cryolite [15096-52-2] Na3AlF6
chiolite [1302-84-7] Na5Al3F14
cryolithionate [15491-07-3] Na3Li3(AlF6)2
thomsenolite,
hagemannite

[16970-11-9] NaCaAlF6·H2O

ralstonite [12199-10-9] Na2x(Al2x,Nax) (F,OH)6·yH2O
prosopite [12420-95-0] CaAl2(F,OH)8
jarlite,
meta-jarlite

[12004-61-4] NaSr3Al3F16

weberite [12423-93-7] Na2MgAlF7
gearksutite [12415-96-2] CaAl(F,OH)5·H2O
pachnolite [15489-46-0] NaCaAlF6·H2O

ratio of fluorine to aluminum is 6, as in cryolite, Na3AlF6, the AlF3 −
6 ions are separate and bound in position by

the balancing metal ions. Fluorine atoms may be shared between octahedrons. When opposite corners of each
octahedron are shared with a corner of each neighboring octahedron, an infinite chain is formed as, for example,
in Tl2AlF5 [33897-68-6]. More complex relations exist in chiolite, wherein one-third of the hexafluoroaluminate
octahedra share four corners each and two-thirds share only two corners (14).

3.1. Cryolite

Cryolite constitutes an important raw material for aluminum manufacturing. The natural mineral is accurately
depicted as 3NaF·AlF3, but synthetic cryolite is often deficient in sodium fluoride. Physical properties are given
in Table 4.

Cryolite derives its name from its resemblance to ice when immersed in water as a result of the closely
matched refractive indexes. The only commercially viable source of cryolite deposits has been found in the
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Table 4. Physical Properties of Cryolite

Property Value

mol wt 209.94
mp, ◦C 1012
transition temperature, ◦C

monoclinic-to-rhombic 565
second-order 880

dimensions of unit cell, nm
a 0.546
b 0.561
c 0.780

vapor pressure of liquid at 1012◦C, Paa 253
heat of fusion at 1012◦C, kJ/molb 107
heat of vaporization at 1012◦C, kJ/molb 225
heat of transition, kJ/molb

monoclinic-to-rhombic at 565◦C 8.21
second-order at 880◦C 0.4

heat capacity, J/(mol·K)b

monoclinic crystal at 25◦C 215
cubic crystal at 560◦C 281
liquid at 1012◦C 395

S, J(mol·K)b,c 238
�Hf

0 at 25◦C,c kJ/molb −3297
�Gf

0 at 25◦C,c kJ/molb −3133
density, g/cm3

monoclinic crystal at 25◦C 2.97
cubic crystal from x-ray 2.77
solid at 1012◦C 2.62
liquid at 1012◦C 2.087

hardness, Mohs’ 2.5
refractive index

α-fom 1.3385
β-fom 1.3389
τ-fom 1.3396

electrical conductivity, (�·cm)− 1

solid at 400◦C 4.0 × 10− 6

liquid at 1012◦C 2.82
viscosity, liquid at 1012◦C, mPa·s(=cP)a 6.7
surface tension, liquid in air,
mN/m(=dyn/cm)

125

activity product constant in water at 25◦C 1.46 × 10− 34

solubility in water, g/100 g
at 25◦C 0.0042
at 100◦C 0.0135

aTo convert Pa to mm Hg, multiply by 7.
bTo convert J to cal, divide by 4.184.
cMonoclinic crystal.

south of Greenland at Ivigtut (15). Minor localities, not all authenticated, are in the Ilmen Mountains in the
former USSR; Sallent, in the Pyrenees, Spain; and Pikes Peak, Colorado (16). For the most part the ore from
Ivigtut is a coarse-grained aggregate carrying 10–30% of admixtures, including siderite, quartz, sphalerite,
galena, chalcopyrite, and pyrite, in descending order of frequency.
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Fig. 1. Liquidus curves in the system NaF–AlF3 (21).

The mineral cryolite is usually white, but may also be black, purple, or violet, and occasionally brownish or
reddish. The lustre is vitreous to greasy, sometimes pearly, and the streak is white. The crystals are monoclinic,
differing only slightly from orthorhombic symmetry, and have an axial angle of 90◦11. The space group is P21/m.
The [001] and [110] axes are usually dominant, giving the crystals a cubic appearance. Twinning is ubiquitous,
and because the lamellae tend to be perpendicular, cleavage appears to be cubic. The fracture of individual
crystals, however, is uneven. Because its refractive indexes are close to that of water, powdered cryolite becomes
nearly invisible when immersed in water, but because the optical dispersion is different for the two materials
the suspension shows Christiansen colors.

Upon heating the crystallographic angles approach 90◦ and the transition to the cubic form at 565◦C is
accompanied by a small heat change. The transition also involves a substantial change in density as evidenced
by a characteristic decrepitation (17). The second transformation occurs at 880◦C as indicated by the slope of
the heating curve. It is also accompanied by a sharp rise in electrical conductivity. The heat change is very
small and the transitions with rising temperatures probably mark the onset of a lattice disorder. The more
plastic character of the solid near the melting point seems to corroborate this view (18).

Liquid cryolite is an equilibrium mixture of the products of the dissociation:

Na3AlF6 −→ 2 NaF + NaAlF4

The composition to the melting point is estimated to be 65% Na3AlF6, 14% NaF, and 21% NaAlF4 [1382-15-3].
The ions Na+ and F− ; are the principal current carrying species in molten cryolite whereas the AlF4 − ; is
less mobile. The structural evidences are provided by electrical conductivity, density, thermodynamic data,
cryoscopic behavior, and the presence of NaAlF4 in the equilibrium vapor (19,20).

Molten cryolite dissolves many salts and oxides, forming solutions of melting point lower than the compo-
nents. Figure 1 combines the melting point diagrams for cryolite–AlF3 and for cryolite-NaF. Cryolite systems
are of great importance in the Hall-Heroult electrolysis process for the manufacture of aluminum (see Alu-
minum and aluminum alloys). Table 5 lists the additional examples of cryolite as a component in minimum
melting compositions.

The vapor from molten cryolite is largely NaAlF4, the vapor pressures of Na3AlF6, NaF, and NaAlF4 near
the melting point are about in the ratios 5:1:30. Therefore, the liquid tends to become depleted in AlF3, and
the composition of the aluminum cell electrolyte has to be regularly adjusted by the addition of AlF3 (20,22).
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Table 5. Minimum Melting Compositions Containing
Cryolite

Added component

Material composition Wt % Melting point, ◦C

NaF 24.5 882
AlF3 64 693
Al2O3 10.5 962
Li3AlF6 62 710
CaF2 25.8 945
ZrO2 14 969
MgO 7.5 902
CaO 11.3 896
ZnO 2.4 974
CdO 6.0 971
TiO2 4.0 970
BaF2 62.5 835
PbF2 40 730
feldspar 70 830
NaF 34.0 870
Al2O3 12.0
CaF2 23.0 867
Al2O3 17.7
CaF2 37.8 675
AlF3 6.2
SiO2 17 ca 800
Al2O3 50

In contact with moist air, molten cryolite loses HF and is depleted in AlF3.

2 Na3AlF6 + 3 H2O −→ 6 NaF + 6 HF + Al2O3

The more electropositive metals react with cryolite, liberating aluminum or aluminum monofluoride (22,23).
The reduction of cryolite by magnesium is a current method for removal of magnesium in the refining of
aluminum. Upon contact with strong acids cryolite liberates hydrogen fluoride.

3.2. Synthetic Cryolite

The supply of cryolite is almost entirely met by synthetic material which possesses the same properties and
composition with a minor difference in that it is deficient in NaF. Millions of tons of cryolite are used per year.
Synthetic cryolite also commonly contains oxygen, hydroxyl group, and/or sulfate groups. The NaF deficiency
does not interfere for most applications but the presence of moisture leads to the fluorine losses as HF on
heating. Because synthetic cryolite is lighter than the natural mineral, losses by dusting are also higher.

There are several processes available for the manufacture of cryolite. The choice is mainly dictated by
the cost and quality of the available sources of soda, alumina, and fluorine. Starting materials include sodium
aluminate from Bayer’s alumina process; hydrogen fluoride from kiln gases or aqueous hydrofluoric acid;
sodium fluoride; ammonium bifluoride, fluorosilicic acid, fluoroboric acid, sodium fluosilicate, and aluminum
fluorosilicate; aluminum oxide, aluminum sulfate, aluminum chloride, alumina hydrate; and sodium hydroxide,
sodium carbonate, sodium chloride, and sodium aluminate.
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The manufacture of cryolite is commonly integrated with the production of alumina hydrate and aluminum
trifluoride. The intermediate stream of sodium aluminate from the Bayer alumina hydrate process can be used
along with aqueous hydrofluoric acid, hydrogen fluoride kiln gases, or hydrogen fluoride-rich effluent from
dry-process aluminum trifluoride manufacture.

NaAlO2 + Na2CO3 + 6 HF −→ Na3AlF6 + 3 H2O + CO2

The HF and Na2CO3 give a sodium fluoride solution. Bayer sodium aluminate solution is added in the sto-
ichiometric ratio. Cryolite is precipitated at 30–70◦C by bubbling CO2, until the pH reaches 8.5–10.0. Seed
crystals are desirable. The slurry is thickened and filtered, or settled and decanted, or centrifuged. The result-
ing product is calcined at 500–700◦C. The weight ratio of fluorine to aluminum in the product should exceed 3.9.
The calculated value is 4.2 (24). Cryolite can also be made by passing gaseous HF over briquettes of alumina
hydrate, sodium chloride, and sodium carbonate at 400–700◦C, followed by sintering at 720◦C (25).

In addition, there are other methods of manufacture of cryolite from low fluorine value sources, eg, the
effluent gases from phosphate plants or from low grade fluorspar. In the former case, making use of the
fluorosilicic acid, the silica is separated by precipitation with ammonia, and the ammonium fluoride solution
is added to a solution of sodium sulfate and aluminum sulfate at 60–90◦C to precipitate cryolite (26,27):

12 NH4F + 3 Na2SO4 + Al2(SO4)3 −→ 2 Na3AlF6 + 6 (NH4)2SO4

The ammonia values can be recycled or sold for fertilizer use. The most important consideration in this process
is the efficient elimination of the phosphorus from the product, because as little as 0.01% P2O5 in the electrolyte
causes a 1–1.5% reduction in current efficiency for aluminum production (28).

Significant amounts of cryolite are also recovered from waste material in the manufacture of aluminum.
The carbon lining of the electrolysis cells, which may contain 10–30% by weight of cryolite, is extracted with
sodium hydroxide or sodium carbonate solution and the cryolite precipitated with carbon dioxide (28). Gases
from operating cells containing HF, CO2, and fluorine-containing dusts may be used for the carbonation (29).

The specifications for natural cryolite include 95% content of sodium aluminum fluorides as Na3AlF6, 4%
of other fluorides calculated as CaF2, and 88% of the product passing through 44 µm sieve (325 mesh). Product
for the ceramic industry contains a small amount of selected lump especially low in iron. The following is a
typical analysis for commercial-grade cryolite: cryolite as Na3AlF6, 91%; fluorine, 48–52%; sodium, 31–34%;
aluminum, 13–15%; alumina, 6.0%; silica (max), 0.70%; calcium fluoride, 0.04–0.06%; iron as Fe2O3, 0.10%;
with moisture at 0.05–0.15%, bulk density at 1.4–1.5 g/cm3, and screen analysis passing through 74 µm (200
mesh) at 65–75%.

In spite of the fact that cryolite is relatively less soluble, its fluoride toxicity by oral routes are reported to be
about the same as for soluble fluorides: LD50 = 200 mg/kg; for NaF, 180 mg/kg; KF, 245 mg/kg (30). Apparently,
stomach fluids are acid enough to bring the solubility of cryolite up to values comparable with other fluorides.
Chronic exposure may eventually lead to symptoms of fluorosis. The toxicity to insects is in many cases high
enough for control. Because of its variable composition, synthetic cryolite may show physiological activity
greater than the natural mineral (31).

The effective dissolution of Al2O3 by molten cryolite to provide a conducting bath has spurred the need for
its use in manufacture of aluminum. Additives enhance the physical and electrical properties of the electrolyte,
for example the lowering of melting point by AlF3 (Fig. 1). Figure 2 illustrates the effect of various additives on
the electrical conductivity of liquid cryolite. AlF3 has the adverse effect of decreasing the electrical conductivity.
Calcium fluoride is better in this regard but again too much of it can lead to rise in density of the melt
close to that of aluminum (ca 2.28 g/cm3), inhibiting the separation of metal and electrolyte as indicated in
Figure 3. Sodium fluoride has the disadvantage of reducing the current efficiency while increasing density and
conductivity. Small amounts of lithium fluoride may also improve density and conductivity. Compromises on
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Fig. 2. Effect of additives on the electrical conductivity of liquid cryolite at 1009◦C (32).

Fig. 3. Effect of additives on the density of liquid cryolite at 1009◦C.

all of these factors have led to the following composition of the electrolyte: 80–85% cryolite, 5–7% AlF3, 5–7%
CaF2, 0–7% LiF, and 2–8% Al2O3.

Another use for cryolite is in the production of pure metal by electrolytic refining. A high density electrolyte
capable of floating liquid aluminum is needed, and compositions are used containing cryolite with barium
fluoride to raise the density, and aluminum fluoride to raise the current efficiency.

Other applications of cryolite include use in reworking of scrap aluminum as flux component to remove
magnesium by electrochemical displacement; as a flux in aluminizing steel as well as in processing a variety
of metals; in the compounding of welding-rod coatings; as a flux in glass manufacture owing to its ability to
dissolve the oxides of aluminum, silicon, and calcium, and also because of the low melting compositions formed
with the components; for lowering the surface tension in enamels and thereby improving spreading (33); as a
filler for resin-bonded grinding wheels for longer wheel life, reducing metal buildup on the wheel, and faster
and cooler grinding action; and in insecticide preparations making use of the fines residue from the refining
operation of the cryolite.
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3.3. Potassium Tetrafluoroaluminate

Potassium tetrafluoroaluminate, KAlF4, an important fluoroaluminates, mainly because of developments in
the automotive industry involving attempts to replace the copper and solder employed in the manufacture
of heat exchangers. The source mineral for aluminum radiator manufacture, bauxite, is highly abundant
and also available in steady supply. Research and developmental work on the aluminum radiators started
in the 1960s using chloride salt mixtures for brazing. The resulting products and the process itself could
not compete with conventional radiators because these processes were comparatively uneconomical. This led
to the development of an all fluoride-based flux which confers corrosion-resistant features to the product as
well as to the process. Potassium tetrafluoroaluminate in mixtures with other fluoroaluminates, potassium
hexafluoroaluminate [13775-52-5], K3AlF6, and potassium pentafluoroaluminate monohydrate [41627-26-3],
K2AlF5·H2O, has emerged as a highly efficient, noncorrosive, and nonhazardous flux for brazing aluminum
parts of heat exchangers. Nocolok 100 Flux (Alcan Aluminum Corp.) developed by Alcan (Aluminum Co. of
Canada) has been the first commercial product. Its use and mechanistic aspects of the associated brazing
process have been well documented (33–37).

The important task performed by all brazing processes is the removal of oxide films lying on the surfaces
of metals to be joined. The process should also permit wetting and flow of the molten filler metal at the brazing
temperature (38). The fluxes employed should melt and become active for a successful brazing action. Thus if
the flux melts at a temperature higher than that of the filler metal, it leads to the development of thick oxide
films on the liquid filler metal inhibiting the flux action. The system KF·AlF3 (Fig. 4) (39) provides the most
suitable flux for this applications. The system presents a eutectic mixture of KAlf4 and K3AlF6 which melts at
559 ± 2◦C (40). This is just below the eutectic temperature of the Al-Si filler metal, which is 577◦C. The melting
point of pure KAlF4 is 574 ± 1◦C and that of K3AlF6 is 990◦C (40).

Both KAlF4 and K3AlF6 are white solids. The former is less soluble (0.22%) in water than the latter
(1.4%). The generally cubic form of KAlF4 inverts to the orthorhombic modification between –23 and 50◦C. On
heating the cubic form is stable to its congruent melting temperature. The materials are generally inert and
infinitely stable under ambient conditions. At melting temperatures and more significantly at temperatures
above 730◦C they react with water releasing hydrogen fluoride (41). Dissolution in strong acids is also slow but
is enhanced at higher temperatures leading to the evolution of HF. Several possible interactions of KAlF4 and
the metal oxides in the brazing processes have been proposed as part of the mechanism for the latter (34).

An early method of preparation of KAlF4 (42) involved combining aqueous solutions of HF, AlF3, and KHF2
in stoichiometric proportions and evaporating the suspension to a dry mixture. The product was subsequently
melted and recrystallized. Some of the other conventional technical methods comprise reacting hydrated alu-
mina, hydrofluoric acid, and potassium hydroxide followed by separation of the product from the mother liquor;
concentrating by evaporation, a suspension obtained by combining stoichiometric amounts of components; and
melting together comminuted potassium fluoride and aluminum fluoride at 600◦C and grinding the resulting
solidified melt.

Several other proprietary methods have been reported, which in general have the aim of producing
lower melting products thereby aiming more at the preparation of a eutectic mixtures of the fluoroaluminates
as discussed in the beginning of this section. One process (42) describes the making of KAlF4, melting below
575◦C, by addition of potassium hydroxide to the aqueous solution of fluoroaluminum acid. The fluoroaluminum
acid is prepared from a reaction of hydrofluoric acid and hydrated alumina. A fairly similar method has been
reported in making a flux mixture comprising of K2AlF5 or K2AlF5·H2O and KAlF4, wherein a potassium
compound is added to the mixed aqueous fluoroaluminic acid (HAlF4, H2AlF5, and H2AlF6) solution (43).
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Fig. 4. KF–AlF3 phase diagram.

3.4. Tetrafluoroaluminate

3.4.1. Synthesis

Aqueous. Historically, many methods have been used to synthesize the tetrafluoroaluminate (TFA) anion (44).
Indeed, aluminofluoride complexes are formed spontaneously in water containing fluoride and trace amounts
of aluminum. These methods, however, produce mixtures of aluminates. This partially explains why most
applications employing this anion have utilized in situ syntheses. Not surprisingly, there was some controversy
over the actual products obtained from early syntheses of TFA (45). The first of these methods involved the
neutralization of H3 at 7O–80◦C (eq.1) (46). The product was found to be soluble in water. A second proposed
method involved the combination of AlF3 and NaF at 80◦C (eq.2) (47). This reaction did not produce TFA but
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two other products, AlF3(H2O)3 and 1.5 NaF·AlF3 (chiolite). In an effort to explain this earlier work, and to
determine the water solubility of NaTFA, a more tightly controlled synthesis was devised (48). Thus, HTFA
was prepared in situ at 80◦C (higher temperatures drive the equilibrium towards more HFTA)(49) and then
neutralized to a residual acidity of ∼0.2 % HF (eq. 3). The resulting NaTFA precipitate was isolated by filtration,
washed with alcohol, and dried at 105◦C. It was subsequently determined that NaTFA decomposes to chiolite
and other species when dissolved in water at 25◦C. However, at 75◦C, the equilibrium is shifted toward the
maintenance of TFA and decomposition does not occur. The solubility in water at this temperature is 0.133%.

H3[AlF6] (aq) + NaOH(aq) −−→ Na [AlF4] · H2O (1)

NaF (aq) + AlF3 (aq) −−→ AlF3(H2O)3 + 1.5NaF · AlF3 (2)

HF + Al(OH)3 + Na2CO3 −−→ Na [AlF4](s) (3)

Ammonium TFA has been prepared in a number of ways. In one method an inorganic acid such as H2SO4 is
added to an aqueous slurry of (NH4)3AlF6 and either AI(OH)3 or Al2O3 leading to the precipitation of [NH4

+]
[AlF4

− ] (50). The reaction system was kept under atmospheric pressure and at 70 to 100◦C. To neutralize the
free ammonia in the slurry and maintain the solubility of the ammonium tetrafluoroaluminate, the inorganic
acid was added in such an amount that the pH of the slurry after completion of the reaction was 4 to 7. Varying
the method in which the inorganic acid is added to the slurry can control the particle size of the NH4AlF4.
When the total amount of the acid is poured into the slurry at one time, the particle size of the crystalline
NH4AlF4 is in the range from about 10 to 20 µm. The particle size increases to the range 20–50 µm when the
acid is added intermittently.

[(CH3)4N]TFA has also been prepared by neutralization of an aqueous solution of hydrated aluminum
trifluoride in 40% HF with N(CH3)4OH (51). Dehydration of the resulting precipitate at <120◦C produced
hygroscopic [(CH3)4N+] [AlF4

− ]. KAlF4 can be prepared from aluminum hydroxide, hydrogen fluoride, and
potassium hydroxide. The salt could be isolated as a precipitate and dried under vacuum at 80◦C. It was found
to have a melting point of 546–550◦C by differential scanning calorimetry.

4 (NH4)3AlF6 + 2 Al(OH)3 + 3 H2SO4 −−→ 6 NH4AlF4 + 3 (NH4)2SO4 + 6H2O (4)

AlCl3·N(C2H5)3 + 2 NH4HF2 −−→ NH4AlF4 + (C2H5)3N · HCl + HCl (5)

Al(OH)3 + 5 HF + 2 KOH −−→ [K+] [AlF−
4 ] + 5 H2O + KF (6)

Fluoroaluminates with organic base counter-cations can be prepared by evaporating a mixture of Al(OH)3
dissolved in HF and the organic base (52). The organic bases used were hydroxylamine, pyridine, quinoline,
morpholine, 2-aminopyridine, and α,α′-bipyridyl. The fluoroaluminates were highly hygroscopic solids. Thermal
decomposition produced a mixture of aluminum fluoride and oxide, indicating the presence of either hydrated
[baseH+] [AlF4

− ] or a mixed fluoro/aquo/hydroxo compound. TFA can be extracted from mixtures of aluminum
and sodium fluoride into dimethylsulfoxide (DMSO) and acetonitrile (AN) solutions containing benzo-15-crown-
5 (B15C5) (53). This solubilizes, and apparently stabilizes, salts having the general formula [M(B15C5)]+[TFA]-
(with M Na and 1,8-bis(dimethylamino)napthalene). Varying the concentration of B15C5 from 0.2 to 0.7 M
both in DMSO and AN solutions, and the ratio of NaF/Al from 4-50, had no significant effect on the extraction.
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However in DMSO, six-coordinate aluminum fluoride complexes were also present. The (27) Al NMR data was
consistent with quintets ∼49 ppm, and sextets for the 19F NMR in the range, −188.1 to -194.2 ppm.

2 NH4F ·HF + Al(NO3)3 −−→ NH4AlF4 + NH4
+ + 2 H+ + 3 NO3

− (7)

Preparation of NH4AlF4 can be simplified by using equation 7. Mixing of the solutions to form a precipitate
follows solvation of each reactant in water. The precipitate is then filtered and dried with acetone. There is no
need to heat the precipitate as it dries out in a short amount of time at room temperature.

Cation exchange has not proven to be a useful method to vary the cation paired with TFA. For example,
it is not possible to replace a univalent cation with a divalent cation (for two AlF4

− units) since the divalent
anion (AlF5

2 − ) is readily formed. This is demonstrated in the synthesis of Mg[AlF5]·2.2 H2O (54).

NaF (aq) + AlF3 (aq) −−→ [M+] [AlF4
−] where M = group I metal, Tl, NH4 (8)

Al(NO3)3 (aq) + 4 NaF (aq) −−→ [Na+] [AlF4
−] (aq) + 3 NaNO3 (aq) (9)

Anhydrous. The addition of trimethylaluminum to pyridinium fluoride produced the first anhydrous TFA
product (eq. 10) (55). This compound could subsequently be used to prepare other anhydrous salts through
cation exchange. Thus, the compound [PS]+ [AlF4]- (PS = 1,8-bis(dimethylamino)naphthalene) was prepared in
a glove box by slurring [pyridineH+] [AlF4

− ] into a solution containing excess PS dissolved in dry acetomtrile
(56). Likewise, slurring the pyridinium derivative in neat collidine (collidine = 2,4,6-trimethylpyridine) in a
glove box, and heating to 120◦C for 30 minutes produced [collidineH+] [AlF4

− ].

(CH3)3Al + 4 HF · pyridine −−→ 4 CH4 + [pyridineH+] [AlF−
4 ] (10)

The compound, [tetraphenylphosphonium+] [AlF4
− ], was prepared by cation exchange with the collidine salt

dissolved in methanol and (C6H5)4PBr. The product was recrystallized from hot acetone or acetonitrile. The
arsonium derivative [(C6H5)4As+] [AlF4

− ] was prepared (using (C6H5)4AsCl) and characterized in a similar
manner. Another synthesis using the collidine salt involved mixing with N(CH3)4C1 in dry methanol (57). The
by-product collidineHCl was sublimed away in flowing nitrogen at < 200◦C, and the [(CH3)4N+] [AlF4

− ] left
behind.

The ordinarily aqueous salt, NH4AlF4, could be prepared anhydrous by adding an alkylamine·aluminum
trichloride complex to a bifluoride (eg, NH4HF2 or NaHF2) in toluene (58). After completion of the reaction the
toluene was distilled off and the product was purified by washing with water (to remove NH4Cl) and then dried
in an oven. The beta phase of NH4AlF4 could be obtained by heating pyridineHAlF4 (under N2) to about 180◦C
in formamide (59). Pyridine is evolved from the solution and HAlF4 remains behind. The HAlF4 reacts with
the formamide solvent eliminating CO gas (eq. 11).

C6H5NH AlF4 + NH2CHO −−→ NH4AlF4 + C6H5N + CO (11)

3.4.2. Characterization

Spectroscopic. The IR spectra for these compounds showed a sharp band at 785 cm− 1 attributed to the Al-F
stretching frequencies. The Raman spectra showed a sharp band at 635 cm− 1. Mixtures, presumably also
containing some TFA have IR values in the range of 410–675 cm− 1. In the author’s laboratory IR values of
567−825 cm− 1 for hydrated tetrafluoroaluminate anions with inorganic cations (Na+, Li+, K+, Rb+, Cs+, and
Ti+) have been obtained.
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NMR peaks at -187 to -194 ppm (19F NMR) and 49 to 52 ppm (27A1 NMR) were observed for the PSH,
collidineH, (17), (CH3)4N, (CH3)4P, (CH3)4As, and (CH3CH2)4P tetrafluoroaluminate species. Similar NMR data
was observed for the AlF4

− anion stabilized by benzo-15-crown-5 in solutions of donor solvents. The coupling
for [PSH+][AlF4 − ] in CD3CN was observed as a sextet from 19F-27Al in the 19F NMR, and a quintet from 27Al-
19F in the 27Al NMR.

In aqueous solutions, there is a rapid, pH dependant exchange between H2O, OH− , and F− ligands
binding to the aluminum cation. The solution behavior of fluoroaluminate complexes in aqueous solutions has
been studied using 27Al and 19F NMR.

The question of coordination of the fluoroaluminate species in aqueous solutions has also been inves-
tigated. The coordination of the fluoroaluminate species is an important one with regards to its ability to
interfere with the activities of nucleoside-binding proteins. As noted before, the tetrafluoroaluminate anion
has been proposed to stimulate 6-proteins and P-type ATPases by assuming a geometry that is similar to a
γ-phosphate. The AlF4

− -nucleoside diphosphate (NDP) complex is thought to mimic the size and shape of a
nucleoside triphosphate (60). However, theoretical studies have ruled out any tetracoordination for AlFx in
aqueous solutions (61), although it is possible that ternary species such as AlOHyFx may be tetrahedra. A
reversible equilibria exist between the different fluoroaluminate species. The proportions of multifluorinated
species, such as AlFx(H2O)6 − x

(3−x)+ (where x = 3-6) or AlFxOH(H2O)5 − x
(2 − x)+ (where x = 3-5), depend on the

excess concentration of free fluoride ions and on the pH of the solution (62).
Structures. There are several examples of tetrahedral [AlX4

− ] species when X Cl, Br, I. The [AlF4
− ]

species has however been controversial due to lack of structural proof, malthough there is indirect evidence,
including IR Raman (in molten salts) and NMR data. Tetrahedrally coordinated AIF4

− compounds had been
proposed to exist in a hot melt or in vapor phase, but upon cooling reassembled into six-coordinate forms. In
the structure of [PSH+][AlF4

− ] (where PS = Proton Sponge) the expected tetrahedral anion was confirmed.
Accordingly, the F-Al-F angles were ∼109◦ (with Al-F distances of ∼1.62 Å). The closest contact between
the coordinated fluoride and the chelated proton of the cation was 2.77 Å, which could be considered a long
hydrogen bond. (check H bonds to F, add sum of the Van der Waals for H and F ). The crystal structure
of [tetraphenylphosphonium+] [AlF4

− ] and [tetraphenylarsonium+] [AlF4
− ] has also been reported. Both

structures are similar to that of [PSH] [AlF4
− ] with discrete cations and anions.

The structure of [collidineH+] [AlF4
− ] contains [AlF4

− ]∞ chains, with six-coordinate aluminum. The
collidinium cations form strong hydrogen bonds to the terminal fluoride ions of the chain, effectively forming
a sheath around these chains. In between the chains and residing in a hydrophobic region defined by the
collidinium ions are two independent, discrete, tetrahedral [AlF4

− ] species. As before, the [AlF4
− ] anions have

no contact, other than Van der Waals, with other species in the lattice. In the structure of a related compound,
AlF3(NH3)2 (bridging F), only octahedral aluminum is observed (63). Indeed, there is evidence for octahedral
coordination in the tetrafluoroaluminate complex in the active sites of proteins such as the G-protein Giα1, (64)
transducin (65) NDP kinase (66) nitrogenase (67) the Ras-RasGAP complex (68) and the G-protein RhoA (69).

3.4.3. Commercial Production

The commercially utilized Al-F compounds are inorganic and synthetic in origin. Tetrafluoroaluminate salts,
M[AlF4] can be prepared by many different methods. These preparations are mostly in situ due to the small
amounts of the material needed for the various applications. AlF3 is a catalyst for various reactions and is
prepared by the thermolysis of the [AlF4]− anions (70). This must take place at elevated temperatures (between
700 and 900 K) since the enthalpy of this reaction is + 66.9 kJ. As an example, the beta phase of [NH4

+][AlF4
− ]

can be thermolyzed at 550◦C to form the kappa phase of AlF3 (59). Fluoroaluminum catalysts can also be
prepared by pyrolysis of precursors obtained from aqueous solution, treatment of Al2O3 with HF at elevated
temperatures, and treatment of AlCl3 with HF or chlorofluorocarbons. One advantage of the [AlF4]- route,
however, is that the AlF3 is produced without any oxide or hydroxide contamination.
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3.4.4. Uses

Catalysis. Tetrafluoroaluminates are used in the preparation of AlF3. Aluminum trifluoride is important in
the industrial production of aluminum metal, as it increases the conductivity of electrolytes in the electrolysis
process. Aluminum trifluoride is also used as a catalyst for chlorofluorocarbon isomerization and fluorination.
High surface area AlF3 dispersed onto carbon, organic, or inorganic supports may be a useful catalyst for
these or other reactions (72). For example, a fluoroaluminum species (obtained from ammonium bifluoride
in anhydrous methanol slurried with calcined alumina) generated on a support of alumina was treated with
chromium to obtain active olefin polymerization catalysts (73).

5 NaAlF4 (s) −−→ Na5Al3F14 (s) + 2 AlF3 (s) (12)

Biological Activity. Aluminum fluoride complexes, especially tetrafluoroaluminates [AlF4
− ], are currently

receiving intense scrutiny because of their ability to act as phosphate analogues and thereby stimulate various
guanosine nucleotide binding proteins (G-proteins) (74) and inhibit P-type ATPases (75) (See Fig.5). G-proteins
take part in an enormous variety of biological signaling systems, helping to control almost all important life
processes. As a result of the ubiquitous nature of G-proteins, tetrafluoroaluminates are used in laboratory
studies to investigate the physiological and biochemical changes caused in cellular systems by aluminofluoride
complexes.

For most of the biochemical and physiological studies involving the putative AlF4
− anion, the fluoride

source is usually sodium fluoride, and the aluminum source is aluminum nitrate or aluminum chloride. Solu-
tions are usually prepared with millimolar concentrations of sodium fluoride, and micromolar concentrations
of the aluminum source.

Transfer of phosphate groups is the basic mechanism in the regulation of the activity of numerous
enzymes, including energy metabolism, cell signaling, movement, and regulation of cell growth. Phosphate is
an important component of phospholipid in the cell membranes. AlF4

− acts as a high affinity analog of the
γ-phosphate (76,77). AlF4

− mimics the role of γ-phosphate only if the β-phosphate is present and remains
unsubstituted. The effect is more readily seen with G proteins because guanosine diphosphate (GDP) is always
tightly bound at the site afier the hydrolysis of guanosine triphosphate (GTP).

The tetrafluoroaluminate complex was proposed to act as an analogue of the terminal phosphate of GTP
because the Al-F bond length is close to the P-O phosphate bond length, and the AlF4

− and PO4
3 − structures

are both tetrahedral. Fluorine and oxygen have nearly the same size and the same valence orbitals. Aluminum
and phosphorus have their valence electrons in the same third shell. However, the two bonding schemes differ
in that the former is more ionic while the latter is more covalent. In phosphate, oxygen is covalently bound
to the phosphorus and does not exchange with oxygen from the solvent. In [AlF4

− ] the bonding between the
electropositive aluminum and the highly electronegative fluorine is more ionic in character. The reaction of a
bound phosphate compound with orthophosphate is endergonic and slow, whereas the corresponding reaction
with [AlF4

− ] is rapid and spontaneous. Fluorides in the bound complex can also exchange with free fluoride
ions in solution.

G protein-mediated cell responses are of key importance in the processes of neurotransmission and
intercellular signaling in the brain (78) and AlF4

− acts as an active stimulatory species (79). Aluminofluoride
complexes mimic the action of many neurotransmitters, harmones, and growth factors. Exposure of osteoclasts
to AlF4

− resulted in a marked inhibition of bone resorption (80). Brief exposure to aluminum fluoride complexes
induced prolonged enhancement of synaptic transmission (81) and can affect the activity of many other ion
channels and enzymes in the kidney (82). Rapid and dynamic changes of the actin network are of vital
importance for the motility of human neutrophils. AIF4

− induction expressed a pronounced and sustained
increase in a filamentous form of actin in intact human neutrophils (83).
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Fig. 5. AlF4
− -GDP binding. AlF4

− binds strongly to the β-phosphate.

It should be noted that the human body does posses natural barrier systems to aluminum intake. There
are various physiological ligands, such as transferrin, citrate, and silicilic acid, which are efficient buffers
in preventing the intake of aluminum under natural conditions (84). However, the formation of AIF4

− only
requires trace amounts of aluminum, and the increased bioavailability of aluminum in the environment will
certainly lead to increased absorption of aluminum by living organisms.

It should be noted that there is some uncertainty over the identity of the biologically active aluminum
compound. Species with four fluorines, six fluorines, and with the fluorines replaced by hydroxide appear
possible. For example, multinuclear NMR spectroscopy was used to study the ternary system Al3+, F− , and NDP
in aqueous solutions (pH = 6) without protein (85,86). Ternary complexes (NDP)AlFx (x = 1-3) were found, but no
(NDP)AlF4

− was detected. Further multinuclear NMR studies of fluoroaluminate species in aqueous solutions
over a wider pH range (2–8) with varying [F]/[Al] concluded that all the fluoroaluminate complexes observed in
aqueous solution are hexacoordinated with an octahedral geometry (87). Further research specifically targeted
to elucidate the nature of the aluminum phosphate interaction will certainly provide the answer in the near
future.

As Flux Material. Potassium tetrafluoroaluminate can be used as a flux when soldering aluminum. A
flux is added in order to remove oxides and other disruptive covering films on the metal surface (88). A
mix of fluoroaluminates (including KAlF4 and KAIF6) can be used as a flux in the brazing of aluminum
and aluminum alloy parts. The flux containing the mix of fluoroaluminates allows brazing of aluminum at
temperatures lower than what could be accomplished with fluoride fluxes, thus saving heating energy (89).
Another method utilizes a flux-coated soldering rod that is used to deliver a solder alloy and a flux compound
to the region to be repaired. The flux compound has a higher melting temperature than the solder alloy, and
is present as a coating that thermally insulates the alloy to cause the flux compound and the solder alloy to
melt nearly simultaneously during the soldering operation. The solder alloy is preferably a zinc-aluminum
alloy, while the flux coating preferably contains a cesium-aluminum flux compound such as potassium cesium
tetrafluoroaluminate, dispersed in an adhesive binder that will readily volatilize or cleanly bum off during
the soldering operation. The flux compound and binder form a hard coating that adheres to and thermally
insulates the solder alloy until the flux compound melts. By controlling the relative amounts of flux compounds
and binders, the flux coating remains protective and insulating on the alloy until melting of the flux compound
begins (90).

Other. LiAlF4 can be incorporated into the carbon cathode current collector of non-aqueous lithium
batteries. LiAlF4 is also used as the non-aqueous electrolyte, which can be dispersed throughout the cathode
collector (91).
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3.4.5. Future Considerations

Industrially, continued AlF4
− research will be seen in the development of better AlF4

− precursors, which
provide for cleaner decomposition at lower temperatures to AlF3. The deposition of AlF4

− onto organic or
inorganic supports for subsequent decomposition to AlF3 continues to be investigated. Future research will
also be conducted with the view of preparing more pure M+ AlF4

− (M = metal or organic cation) with less
dangerous starting materials, lower temperatures, and better cost effectiveness. Preparation of better fluxes
containing AlF4

− for the soldering of aluminum and aluminum alloys will also be a continuing area of research
and development.

All of these applications will benefit from fundamental synthetic and structural results. Thus, there will
be a clear connection between laboratory research and commercial applications.

3.4.6. Health and Safety Aspects

In view of the ubiquity of phosphate in cell metabolism together with the dramatic increase in the amount of
aluminum and fluoride now found in our ecosystem, aluminofluoride complexes represent a strong potential
danger for living organisms, including humans (92). One area of important research will be the investigation
of the long-term pharmacological and toxicological effects of exposure to tetrafluoroaluminate complexes on
animals and plants. Another area of future research will be the determination of the relationship, if any, between
aluminum in everyday products (cooking utensils, deodorants, antacids, food and beverage packaging), the
increasing use of fluoride (water fluoridation, dental products, industrial fertilizers), and the health of humans.

The toxicity of these fluoroaluminates is mainly as inorganic fluorides. The ACGIH adopted (1992–1993)
values for fluorides as F− is TLV 2.5 mg/m3. The oral toxicity in laboratory animal tests is reported to be LD50
rat 2.15 mg/kg (41). Because of the fine nature of the products they can also be sources of chronic toxicity effects
as dusts.
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66. Y. W. Xu, S. Moréra, J. Janin, and J. Cherfils, Proc. Natl. Acad. Sci. U.S.A. 94, 3579 (1997).
67. H. Schindelin and co-workers, Nature 387, 370 (1997).
68. K. Scheffzek and co-workers, Science 277, 333 (1997).
69. K. Rittinger and co-workers, Nature 389, 758 (1997).
70. D. B. Shinn, D. S. Crocket, and H. M. Haendler, Inorg. Chem. 5, 1927 (1966).
71. M. Bruno, O. Herstad, and J. L. Holm, J. Thermal Analysis and Calorimetry 56, 57 (1999).
72. U.S. Pat. 5,986,023 (Nov. 16, 1999), R. L. Harlow, N. Herron, D. L. Thorn (to DuPont).
73. U.S. Pat. 5,171,798 (Dec. 15, 1992), M. P. McDaniel, D. D. Klendworth, and M. M. Johnson (to Philips Petroleum).
74. P. C. Sternweis and A. G. Gilman, Proc. Natl. Acad. Sci. U.S.A. 78, 4888 (1982). A. G. Gilman, Annu. Rev. Biochem.

56, 615 (1987).
75. A. Troullier, J. L. Girardet, and Y. Dupont, J. Biol. Chem. 267, 22821 (1992). and references therein.
76. J. Bigay, P. Deterre, C. Pfister, and M. Chabre, EMBO J. 6, 2907 (1987).
77. M. Chabre, TIBS 15, 6–10 (1990).
78. R. S. Rana and L. E. Hokin, Physiol. Rev. 70, 115–164 (1990).
79. S. M. Candura, A. F. Castoldi, L. Manzo, and L. G. Costa, Life Sci. 49, 1245 (1991).
80. B. S. Moonga and co-workers, Biochem. Biphys. Res. Comun. 190, 496 (1993).
81. S. J. Publicover, Exp. Brain Res. 84, 680 (1991).
82. J. Zhou and co-workers, Proc. Natl. Acad. Sci. USA 7, 7532 (1990).
83. T. Bengtsson, E. Sarndahl, O. Stendahl, and T. Andersson, Proc. Natl. Acad. Sci. USA 87, 2921 (1990).
84. M. Wilhelm, D. E. Jager, and F. K. Ohnesorge, Pharmacol. Toxicol. 66, 4 (1990).
85. D. J. Nelson and R. B. Martin, J. Inorg. Biochem. 43, 37 (1991).
86. X. Wang, J. H. Simpson, and D. J. Nelson, J. Inorg. Biochem. 58, 29 (1995).
87. E. J. Martinez, J. L. Girardet, and C. Morat, Inorg. Chem. 35, 706 (1996).
88. U.S. Pat. 6,244,497 (June 12, 2001), P. J. Conn and J. H. Bowling Jr. (to S. A. Day Manufacturing Co.).
89. U.S. Pat. 6,010,578 (Jan. 4, 2000), M. Ono, M. Hattori, E. Itaya, and Y. Yanagawa (to Morita Chemical Industry Co.,

Ltd.).
90. U.S. Pat. 5,985,233 (Nov. 16, 1999), H. J. Belt, R. Sander, and W. Rudolph (to Solvay fluor und Derivative GmbH), and

references therein.
91. U.S. Pat. 5,714,279 (Feb. 3, 1998) W. V. Zajack Jr., and co-workers (to the United States Government as represented

by the Secretary of the Navy).
92. A. Strunecka and J. Patocka, Fluoride 32, 230 (1999).

B. CONLEY
T. SHAIKH
D. A. ATWOOD
University of Kentucky

Related Articles

Aluminum and Aluminum Alloys; Fertilizers; Solders and Brazing Filler Materials; Phosphoric Acid and the
Phosphates; Ceramics as Electrical Materials


