Group 13 - Overview

The Boron Group
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« The most stable oxidation states are +3 (B, 3
Al, Ga, In) and +1 (TI). T
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« The acidic character of the hydroxides s:
T

decreases with Z: B(OH); is acidic, Al(OH),
and Ga(OH),; are amphoteric and In(OH),
and TI(OH),; are basic. TIOH is a strong
base.




Boron

Important mineral: borax Na,B,0, x 10 H,0.

The only non-metal in Group Ill (‘metalloid’).

Boron compounds show preferentially covalent
bonds. There are no salts with B3* ions.

All modifications of boron are very hard (after
diamond the hardest element) and semi-conducting.
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Synthesis of Boron

» Crystalline boron of high purity is obtained by reduction of boron halides
by hydrogen at 1000 — 1400 °C.

[ZBCI3+3H2—> ZB+6HCI]

« Amorphous boron (brown powder) of low purity is obtained by reduction
with magnesium.

[BZO3+3Mg —>ZB+3MgO]




Modifications of Boron

* Boron exists in several modifications (2 x
rhomboedric; 2 x tetragonal). All contain
covalently connected B,, icosahedra.

* The most stable modification is B-rhomboedric
boron. a-rhomboedric boron consists of cubic
closest packed icosahedra.

a-rhomboedric boron
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The lcosahedron

* The icosahedron has 12 polyhedron vertices,
30 polyhedron edges, and 20 equivalent
equilateral triangle faces.

* It is one of the five Platonic solids (all sides,
angles and faces are identical. In each corner
of such a solid the same number of surfaces
collide).
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The Bonding In a-Rhomboedric Boron

3 Closed 3-center-2-electrons
SN bond (3c/2e°). In a three-center
LAY bond, a single pair of electrons
g N joins three atoms rather than the
""""" usual two

a-rhomboedric boron: 6 atoms with
coordination number 6 and 6 atoms
with coordination number 7.




Boron Hydrides (Boranes)

* Boron and hydrogen form binary compounds B,H, with - —

unusual structures and compositions.

» First prepared by A. Stock. Since some of the boranes
inflame spontaneously in air, he devised the now-standard
technique of vacuum line chemistry.

« 1976: Nobel prize for W. N. Lipscomb for his investigations
about boranes.
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» Colorless, toxic gas with an unpleasant smell.

« The dimer of the electronically unsaturated BH.
It has two 3c/2e” bonds.

« With water there is a fast hydrolysis and with O,
it oxidizes in a highly exothermic reaction.

4 R .
BZH6 + 3 02 —> Bzo + 3 Hzo \
5 AH°: -2066 kmol « H 4

BoHe + 6 H,0 —» 2 B(OH); + 6 H, -
AH°: -467 klmol

\_




Carboranes

» Carboranes are compounds in which some of the
BH groups in boranes have been replaced by CH
groups.

» Best known: B,,C,H,,. Structure: icosahedron;
chemically very resistant: no reaction with water,
acids, bases (similar to the hydridoborate B,,H,,%).




Boron Halides

« BX;: Covalent, monomeric compounds with a trigonal planar structure.
BF; and BCI; are colorless gases, BBr; is a liquid and Bl is a solid.
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« BX; readily hydrolyzes; reactivity: | > Br > Cl > F.

[ Hydrolysis: BCl; + 3H,0 —— B(OH); + 3 HCI ]



http://upload.wikimedia.org/wikipedia/commons/8/89/Boron-trifluoride-elpot-3D-vdW.png

Lewis Acid Base Theory

Filled orbital Vacant orbital
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EJ+' —>B-

Lewis base Lewis acid \

‘Dative Bond’
or
‘Coordinative Bond’ Gilbert N. Lewis

(1875-1946)




Boron Halides

L L
x—p"® 4 L — }l; or 1|3
0 ’ TN TNX
Trigonal planar Tetrahedral
(sp? hybridized) (sp3 hybridized)
boron centre with boron centre
an empty 2p

atomic orbital

B-X 7-bonding is lost
B-L o-bonding is gained

Boron halides are powerful Lewis acids (L = ethers etc.).



Orthoboric Acid B(OH);

+ Weak acid (pK, = 9.2). Found in some hot springs.
» Used as a mild antiseptic: eyewash, mouthwash.

» Behaves as a monobasic acid only: hydroxide acceptor into
empty orbital on B.
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Borax

A naturally occurring borate is "borax" Na,B,0,x10

H,O, better described by the chemical formula o . 2
[Na(H,0),],[B,0-(OH),]. \ <
[Na(H20)4"]n o~ H"‘*-D
« Use: pesticide, component of glass, aging of wood, ,afgfﬂho\
component of cleaning products, etc. HO HO "B

» Reaction with sulfuric acid gives orthoboric acid.

Na,B ,0,+10H,0
1H2804

B(OH),




Sodium Perborate (‘NaBO; x H,0O’)

. Ho P72
Mild oxidant. Na® B B~
0—0

Washing powder often contain sodium

perborate.
Before

O-atoms are substituted with peroxo groups
(‘peroxoborates’).

Also used for teeth bleaching.




Boric Acid Trimethyl Ester. B(OMe);

Shaking B(OH);, H,SO, and MeOH produces the
volatile boric acid trimethyl ester which, with the excess
methanol and atmospheric oxygen, forms an
inflammable gas mixture. Once lit, the boric acid ester
burns with an intense green flame. Sulfuric acid, as a
hygroscopic substance, serves to shift the equilibrium
to the right.

H2504
B(OH); + 3 MeOH ———» B(OMe); + 3 H,O

oMo W Ho M H M
BOH L, ... + H,0
HO™ oy HO~™ B\Q%H “THOSOH ¢
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E,Me
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Boron Nitride

The B-N group is isoelectronic to the C-C
group. Because of the higher electronegativity
of nitrogen, the electrons are dominantly

located on N.
\ / \
—N| —=-—> O =N&
/ \ / \

Four modifications are known for BN. The
thermodynamically most stable is hexagonal
BN with a graphite-like structure. But the
atoms lie on top of each other and there is no
delocalization (white substance; no
conductivity).

(hexagonal BN)

Hexagonal BN is thermally very robust (Mp.

3270 °C) and chemically inert. Used as a

lubricant and as a fire-resistant material. 1000 *°C

Cubic BN has a structure analogous to

diamond. After diamond, the second hardest
material (but more resistant to oxidation).



Borazine (‘Inorganic Benzene’)

* Borazine was first isolated by A. Stock.

« Borazine and benzene are chemically very different. The electron density along the
boron-nitrogen = bond is not distributed evenly, due to the difference in
electronegativities between the two types of atoms (6 on N !). This uneven distribution
(little aromatic character) makes borazine prone to addition reactions (e.g. + H,0,
MeOH or HX).
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Aluminium

Most abundant metal on earth.

Silvery, very light metal (2.7 g / cm?3), which conducts
heat well.

Commercially, the most important mineral is the oxide
hydroxide bauxite AIO,(OH),.,, (0 <Xx < 1).

Many kitchen items (pots and pans, foil, dishes) are
made of aluminum. Most materials used for
transportation use large amounts of aluminum: cars,
trucks, boats, aircraft, and aircraft engines. Road
signs and high-voltage power lines are also made
mostly of aluminum.

About 64 million tonnes of aluminum was produced in
2019. China produces most of the world's aluminum
(> 50%).




Aluminum — History.

+ A metal ornament, removed from a tomb of a military
leader in 3rd century China, showed that it contained 85 %
Al. How it was produced remains a mystery.

1825: Hans Christian Oersted, a Danish chemist, was the
first to produce tiny amounts of aluminum by heating
aluminum chloride with potassium.

1886: 8 months after graduating from college, 21 year old
Charles M. Hall invented an inexpensive method for the
production of aluminum. In the woodshed behind his
family's home, Hall produced globules of Al metal by the
electrolysis of aluminum oxide dissolved in a cryolite-
aluminum fluoride mixture. Hall was granted a patent for
his process in 1889. In the same year, Hall founded the
Pittsburgh Reduction Company (later ALCOA). When it
opened his company, he could produce about 25 kilograms
of aluminum a day. By 1909, his company was producing
about 41,000 kilograms of aluminum a day. The process
was discovered nearly simultaneously by a 23 year old
Frenchman called Héroult.

Aluminium production
1700 years ago ?

Hall cells for the production of Al



The Hall-Heroult Process

Graphite
anode

Graphite-lined
tank (cathode)

Molten mixture Bubbles of CO,
of Al,O3 and

Na3AlF6

Al()

An electrolytic cell for production of aluminum by the Hall-Héroult process. Molten
aluminum metal forms at the graphite cathode that lines the cell. Because molten

aluminum is more dense than the Al,O5;-Na,;AlF, mixture, it collects at the bottom of
the cell and is drawn off periodically.



Technical Production of Aluminum

Al,O, has to be dissolved in cryolite, NazAlF; (Mp. 1000 °C), because
the melting point of Al,O; is too high (Mp. 2050 °C). Together they form
an eutectic mixture with a Mp. of 960 °C.

Anodes last approx. 3 weeks before they have to be replaced.

The production is a very energy intensive process: approx. 25 % of the
costs are electricity (Canada has no bauxite but is a main producer
because of cheap hydro power). One third is used to do the chemistry
and two thirds are used to heat the cell.

The aluminum production consumes 5 % of the electricity generated in
the USA.

-

ANODE: 302 + 2C(s) —» CO(g)+CO,(g) +6 e

CATHODE: 2 APR* + 6 e —= 2 Al (1)

NET: ALO, (Na,AlF,)+2C (s)—= 2AI(l)+CO (g)+CO,(9)

\_




Anodized Aluminum

« Aluminum is stable in air because it is
protected by a thin layer of Al,O,
(‘passivation’).

* The passivation also prevents the reaction
of Al with oxidizing acids (e.g. HNO,).

» Anodized aluminum: the protection can be
increased by electrochemical deposition of
Al,O5(0.02 mm).




AlH; and' LTAIH,

« Under normal conditions, neither AlH; nor Al,Hg
are stable. Both compounds polymerize to give
(AlH3),, in which Al has the coordination number 6.

* (AlIH;), can be synthesized from the elements:

[ 2 Al + 3 H, — 2 (AlHy), ]

» LiAlH, is a strong reducing agent, which can be
used to make many other hydrides.

4 BCl, + 3 LiAIH, — 2 B,H, + 3 LIAICI,

Li*




Reactivity of LIAIH,

Chemistry: Lithium alanate is a metal hydride that produces elemental
hydrogen on contact with water. This reaction is strongly exothermic. Once
the reaction mixture has been heated sufficiently, the hydrogen self-ignites
and burns with atmospheric oxygen to produce water

LiAIH, + 4 H,O — LiAI(OH), + 4 H,
2H,+0, —> 2H,0




Aluminum — Reactions with Halogens

[ 2Al+3 X, — 2 AIX; ]

ALUMINIUM WITH THE
HALOGENS




Aluminum Halides

» Aluminum does not form (p-p)n bonds. Therefore, stabilization of
the electronically unsaturated AlX; has to occur via aggregation and
not via (p-p)n bonds as in BX,.

« For X =Cl, Br, and I, dimers of the formula Al,Xg are formed (for X =
Cl only in the liquid and gas phase).
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 AICl; is a white, hydroscopic
substance which sublimes at 183 °C. Gasphase Liquid or gasphase  Solid state

In the solid sate, it has a layered at high temp. at low temp.
structure with AICl; octahedra.

Ve
1CI c a. Cl
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 AICI; acts as a Lewis acid and a main Nl bl oo

application is the use as a catalyst in ‘V
organic reactions (e.g. Friedel-Crafts). h A
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« Corundum, a-Al,O;: the second hardest natural mineral
known to science. The hardest mineral, diamond is still
four times harder than corundum. The red variety of
corundum is known as ruby (+ Cr3*) and all the other
colors of corundum are known as sapphire (+ Fe?*, Fe®*,
Ti4").,

Ruby
« Corundum structure : O% form a hcp structure with AI3*
in 2/3 of all octahedral interstitial sites.

« y-ALO,: white, hygroscopic powder with a high surface
area and a good adsorption capability. Used as a
support for catalysts or for chromatography. y-Al,O, is
not found in nature.

400 °C 1000 °C A sapphire larger than a
2 y-AlO(OH) » v-AlL,O4 > 0-AlO,4 chicken's egg that was once
-2 H, owned by Queen Marie of

Romania was sold in 2003 for
1,916,000 Swiss francs




Aluminium — Reactions with Metal Oxides

(Video: http://www.cci.ethz.ch)

The reduction of iron(lll) oxide to elementary iron by aluminum follows the following
equation:

The energy released by this reaction amounts to AH = -730 kJ/mol. The principle
of the reaction (,Aluminothermisches Verfahren" = Alumino-thermal processes) is
also used for the reduction of other heavy metals oxides.



At neutral pH, Al(OH), precipitates as a hydrated, gel-
like solid (extensive H-bonding) but it re-dissolves in
excess base as Al(OH),” forms (amphoteric behavior).
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Bauxite is a naturally occurring, heterogeneous
material composed primarily of one or more
aluminum oxide hydroxide minerals.

Bauxite was named after the village Les Baux de
Provence in southern France.

There are numerous bauxite deposits, mainly in
the tropical and subtropical regions, but also in
Europe. Bauxite is generally extracted by open
mining.

Contains: AlO,(OH);,, (0 < x < 1).

Sample of bauxite from
Western Australia.

Bauxite mine.




The Bayer Process

* The process of producing pure alumina from bauxite has
changed very little since the first plant was opened in
1893.

« Bauxite is purified by dissolving it in a NaOH solution.

* Removal of Fe,O5 and other oxides (‘red mud’) gives pure
Al(OH); on cooling, which is dehydrated in a kiln at high

temperature.
f 30 atm \
_ 200 °C
Bauxite + NaOH > Na[Al(OH),] + Fe,0;
crystallization
1200 °C
ALO; + H,O <« Al(OH); + NaOH

- j




Gallium

Predicted and described by Mendeleev as
ekaaluminum.,

Sources: Gallium is often found as a trace element

in diaspore, sphalerite, germanite, bauxite, and coal.

It is one of four metals -- mercury (- 37 °C), cesium
(28 °C), and rubidium (39 °C) -- which can be liquid
near room temperature and, thus, can be used in
high-temperature thermometers. It has one of the
longest liquid ranges of any metal and has a low
vapor pressure even at high temperatures.

Gallium is widely used in doping semiconductors
and producing solid-state devices such as
transistors.

Partially melted gallium
(Mp.=30°C)


http://www.theodoregray.com/PeriodicTableDisplay/Samples/031.1/index.s15.html

The Disappearing Spoon




Indium

1863: Indium was discovered.

Until 1924, a gram or so constituted the world's
supply of this element in isolated form but it is
probably about as abundant as silver. Today, the
world production is approx. 900 tonnes per yeat.
Indium is most frequently associated with zinc
materials (In3®* and Zn?* have the same size).

Indium is a very soft, silvery-white metal with a

brilliant luster. If you read books about elements you will
quite often come across the statement that
"this element is soft enough to be cut with a

Indium finds little use except in low melting alloys knife" Vanadium and cadmium have all
(an alloy of 24% indium - 76% gallium is liquid at been thus described... although many a
room temperature). knife has been blunted in the attempt! At

least with indium the statement is true.


http://www.theodoregray.com/PeriodicTableDisplay/Samples/049.1/index.s15.html

Thallium was discovered spectroscopically in 1861. The
element was named after the beautiful green spectral
line, which identified the element (Gr. thallos: a green
twig).

A very soft, silvery white metal that tarnishes quickly in
moist air but which is stable if kept away from oxygen
under water.

Thallium is one of the most toxic elements in the periodic
table. It disrupts the normal metabolism of many cells by
substituting potassium. Estimates of the lethal dose

range from a gram down to just 50 mg. It was once an i )
effective murder weapon before its effects became well Thallium under water

understood and an antidote - prussian blue — was
discovered.

The halides TIX resemble AgX in color and solubility.
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