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OnOn--lineline

Test your knowledge on:
http://www.chemistry-drills.com/

On-line lectures and notes (MIT):
http://ocw.mit.edu/courses/chemistry/

Introduction to Chemistry (Mark Bishop)
http://preparatorychemistry.com/

On-line textook (R. Dickerson; CalTech)
http://caltechbook.library.caltech.edu/178/



3

Page 5

HistoryHistory I:I:
Unintentional ChemistryUnintentional Chemistry

3000 BC.: Smelting of lead, copper and tin (bronze)3000 BC.: Smelting of lead, copper and tin (bronze)

1.1. Roasting of metal ore at about 300Roasting of metal ore at about 300°°C :C :

CuCOCuCO33 CuOCuO + CO+ CO22Malachite:Malachite:

2. Reduction at >10002. Reduction at >1000°°C:C:
metal oxide + charcoalmetal oxide + charcoal
→→ metal + carbon dioxidemetal + carbon dioxide

2 2 CuOCuO + C              2 Cu + CO+ C              2 Cu + CO22

Page 6

HistoryHistory II:II:
AlchemyAlchemy

Some Discoveries/InventionsSome Discoveries/Inventions::
••Sal ammoniac (NHSal ammoniac (NH44Cl), cinnabar (Cl), cinnabar (HgSHgS): ): 
by Abu Musa Jabir by Abu Musa Jabir ibnibn HayyanHayyan, Arabia 8. , Arabia 8. JhJh..
••Alcohol (ethanol CAlcohol (ethanol C22HH55OH), Italy ~1100 from wineOH), Italy ~1100 from wine
••Medicals; mercury, arsenic, antimony comp: Medicals; mercury, arsenic, antimony comp: 
by Paracelsus, 16. by Paracelsus, 16. JhJh..
••Phosphorous: Phosphorous: HennigHennig Brand; Hamburg 1669Brand; Hamburg 1669
••Porcelain: Johann Friedrich Porcelain: Johann Friedrich BBööttgerttger 1707/081707/08

Intentional, traditional, nonIntentional, traditional, non--scientific chemistry;scientific chemistry;
ProtoscienceProtoscience: Precursor of modern chemistry:: Precursor of modern chemistry:
•• Creation of the "philosopher's stone," (catalyst?)Creation of the "philosopher's stone," (catalyst?)⇒⇒
•• Conversion of base metals into solver or goldConversion of base metals into solver or gold
•• Search for the universal solvent "alkahest"Search for the universal solvent "alkahest"

Discovery of PhosphorDiscovery of Phosphor
by by HennigHennig BrandBrand (1669)(1669)

MetalMetal
WoodWood

SpaceSpaceSpirit/EtherSpirit/Ether
WindWindAir (cold)Air (cold)

EarthEarthEarthEarthEarth (dry)Earth (dry)
WaterWaterWaterWaterWater (wet)Water (wet)
FireFireFireFireFire (hot)Fire (hot)
China (Tao)China (Tao)BuddhismBuddhismGreeceGreeceNotion ofNotion of

elements:elements:
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HistoryHistory IIIIII
Chemistry as Chemistry as NaturalNatural ScienceScience

After 17. After 17. JhJh.: .: 
Scientific chemistry:Scientific chemistry:
Exemption from dogma and religion.Exemption from dogma and religion.
Rational conclusions Rational conclusions 
based of observation based of observation 
and experiments.and experiments.

Robert Boyle (1627Robert Boyle (1627--1691)1691)
IrishIrish researcherresearcher
"The "The ScepticalSceptical ChymistChymist" (1661)" (1661)

J. J. GayGay--LussacLussac
(1778(1778--1850)1850)
French Chem.French Chem.
Ideal gas Ideal gas lawlaw

Justus v. Liebig Justus v. Liebig 
(1803(1803--1873)1873)
German Chem.German Chem.
Chem.AnalysisChem.Analysis

Antoine Lavoisier Antoine Lavoisier 
(1743(1743--1794)1794)
French Chem.French Chem.
OxidationOxidation

Joseph Priestley Joseph Priestley 
(1733(1733--1804)1804)
Engl. researcherEngl. researcher
Invent.: NHInvent.: NH33,,
NN22O, CO, SOO, CO, SO22

Carl W. ScheeleCarl W. Scheele
(1742(1742--1786)1786)
SwedSwed. Pharm.. Pharm.
OO22, Cl, Cl22, Ba, Mn;, Ba, Mn;
HCN, HCN, lacticlactic acidacid
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Difference ChemistryDifference Chemistry--PhysicsPhysics

PhysicsPhysics: (Change of) State of: (Change of) State of
MatterMatter Example:Example:

Iron: metallic, shiny, conductive, malleable.Iron: metallic, shiny, conductive, malleable.
Heating iron Heating iron ⇒⇒ meltingmelting
cooling cooling ⇒⇒ solidification.solidification.
Properties unchanged.Properties unchanged.
Reversible change of stateReversible change of state

Another example:Another example:
Platinum wire heating to redPlatinum wire heating to red--hothot
Cooling: No change in prop.Cooling: No change in prop.
Emission of light: physical proc.Emission of light: physical proc.

ChemistryChemistry: Change of : Change of ComposiComposi--
tiontion of Matterof Matter

Iron in humid air Iron in humid air ⇒⇒ gets rustygets rusty
Rust: redRust: red--brown, nonbrown, non--conductiveconductive
not moldablenot moldable
⇒⇒ Change of matterChange of matter

Heating magnesiumHeating magnesium⇒⇒
combustion with light emissioncombustion with light emission⇒⇒
magnesium oxide (white powder)magnesium oxide (white powder)
⇒⇒ change of matterchange of matter

Last Example:Last Example:
Heavy cooling of air Heavy cooling of air ⇒⇒ liquefactionliquefaction
Slow warming up (distillation) Slow warming up (distillation) ⇒⇒
Separation of oxygen and nitrogenSeparation of oxygen and nitrogen
Properties unchanged.Properties unchanged.

Respired oxygen converts Respired oxygen converts 
carbohydrates into COcarbohydrates into CO22+H+H22O.O.
Energy is released.Energy is released.
⇒⇒ Chemical process. Chemical process. 

Liquefaction, evaporation, melting,Liquefaction, evaporation, melting,
distillation: physical processesdistillation: physical processes

Combustion, oxidation, Combustion, oxidation, 
chem. synthesis: Chemical proc.chem. synthesis: Chemical proc.
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Beginning and Resources of Beginning and Resources of 
Chemical IndustryChemical Industry

before 1820: Production of: before 1820: Production of: 
•• Soda (sodium carbonate) for processing ofSoda (sodium carbonate) for processing of

glass, bleaching agents, detergents, etc.glass, bleaching agents, detergents, etc.
•• Synthetic fertilizersSynthetic fertilizers
•• DyesDyes

Resources of chemical industry before 1870:Resources of chemical industry before 1870:
•• CoalCoal
•• MineralsMinerals
•• Plant productsPlant products
•• Animal productsAnimal products

Resources of chemicalResources of chemical
industry after 1870 industry after 1870 -- ??
•• Crude oilCrude oil
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Chemical HazardsChemical Hazards

21. Sept. 1921; BASF, 21. Sept. 1921; BASF, OppauOppau, : Explosion of fertilizer plant:, : Explosion of fertilizer plant:
561 Dead, 2000 Injured, 900 apartments destroyed, 100 m crater561 Dead, 2000 Injured, 900 apartments destroyed, 100 m crater

2 NH2 NH44NONO33 →→ 4 H4 H22O + 2 NO + 2 N22 + O+ O22
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Benefit from Chemical IndustryBenefit from Chemical Industry
DemographicsDemographics

Development of chemical industryDevelopment of chemical industry •• Synth. fertilizerSynth. fertilizer
•• Pesticides Pesticides 
•• MedicalsMedicals
•• Hygiene itemsHygiene items
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Why bother with Chemistry?Why bother with Chemistry?

Chemistry affects our life's:Chemistry affects our life's:

Carbohydrates,Carbohydrates,
Proteins,Proteins,
Fats,Fats,
Vitamins, etc.Vitamins, etc.

MedicineMedicine
GlassesGlasses
Medical devicesMedical devices

DetergentsDetergents
SoapSoap
Tooth pasteTooth paste

DyesDyes
CarpetsCarpets
FurnitureFurniture

Coal/GasCoal/Gas
PetrolPetrol
BatteriesBatteries

ToyToy
SportsSports
equipequip--
mentment
MobilesMobiles
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Significance of Chemistry for the LivingSignificance of Chemistry for the Living

to organismto organism

Chlorophyll

from atomfrom atom

Ascorbic AcidAscorbic Acid

via moleculesvia molecules
(>15 (>15 miomio.!).!)
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Analytical/SyntheticAnalytical/Synthetic ChemistryChemistry

Analytical chemistry:Analytical chemistry:
Understanding nature:Understanding nature:
What is it made of?What is it made of?
What is in there?What is in there?
and how much?and how much?

Synthetic Chemistry:Synthetic Chemistry:
Can we produce the same productsCan we produce the same products
(or even better) in the lab?(or even better) in the lab?

Wikipedia:Wikipedia:
Science of matter and Science of matter and 
changes it undergoes.changes it undergoes.
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Basic Terms and Concepts Basic Terms and Concepts 
Measures and Units (Measures and Units (SISI))

KKelvinTTemperature

J/mol·KSMolar Entropy
J/molJoule per MolHMolar Enthalpy
mol/lMole per volume; c=n/VcMolar concentration
g/molMass per Mole; M = m/nMMolar Mass
molMolenAmount of substance 
J = kg·m2/s2JouleEEnergy
Pa = N/m2PascalpPressure
N = kg·m/s2NewtonFForce

g/cm3Gramm per cm3ρDensity
LLiterVVolume
gGrammmMass
mMeterlLength
SymbolUnitSymbolMeasure
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General Structure of Matter  General Structure of Matter  

SubstanceSubstance Atomic levelAtomic level

ClCl--NaNa++

SaltSalt

WaterWater
Water moleculesWater molecules

OxygenOxygen
atomatom

HydrogenHydrogen
atomatom
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nitrogen atomnitrogen atom

AirAir
Oxygen Oxygen a.a. nitrogennitrogen
molecules (mixture)molecules (mixture)

Chemical CompoundChemical Compound

Sodium Sodium chloridechloride
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Mixtures, Substances, Compounds, Mixtures, Substances, Compounds, 
ElementsElements

MixtureMixture

Chemical Chemical 
compoundscompounds

composed of two or more differentcomposed of two or more different
chemical elements (types of atoms)chemical elements (types of atoms)

connected by chemical bondsconnected by chemical bonds

areare
either          either          

e. g. water He. g. water H22OO
two atoms of hydrogen (H)two atoms of hydrogen (H)

one atom of one atom of oxigenoxigen (O)(O)

oror

ElementsElements

one type oft atom;one type oft atom;
no decompositionno decomposition
by chem. methodsby chem. methods

e. g. hydrogen (H)e. g. hydrogen (H)
oxygen (O)oxygen (O)
iron (Fe)iron (Fe)

e. g. vodkae. g. vodka
water/alcoholwater/alcohol

SubstanceSubstance

separation byseparation by
physical methodsphysical methods

e.g. distillatione.g. distillation
filtration, extractionfiltration, extraction

e. g. watere. g. water
or pureor pure
alcoholalcohol

DecompositionDecomposition
by chem. methodsby chem. methods
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Symbols of Chemical ElementSymbols of Chemical Element

Jöns Jakob Berzelius
Swedish chemist

(1779-1848)

Symbols used for abbreviation of chemicalSymbols used for abbreviation of chemical
elements by elements by Berzelius; today by IUPACBerzelius; today by IUPAC::
OneOne-- or twoor two--letters long, only first capitalized.letters long, only first capitalized.
Mostly derived from Greek or Latin words.Mostly derived from Greek or Latin words.

NeonNeonNeNe
FluorineFluorineFF
OxygenOxygenOO
NitrogenNitrogenNN
CarbonCarbonCC
BoronBoronBB
BerylliumBerylliumBeBe
LithiumLithiumLiLi
HeliumHeliumHeHe
HydrogenHydrogenHH

CalciumCalciumCaCa
PotassiumPotassiumKK
ArgonArgonArAr
ChlorineChlorineClCl
SulfurSulfurSS
PhosphorusPhosphorusPP
SiliconSiliconSiSi
AluminumAluminumAlAl
MagnesiumMagnesiumMgMg
SodiumSodiumNaNa

First 20 elementsFirst 20 elements
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Natural Abundance of ElementsNatural Abundance of Elements

Over 90% of the universe is hydrogen (H);Over 90% of the universe is hydrogen (H);
second most is helium (He).second most is helium (He).

Common compounds:Common compounds:
SiOSiO22, Silicates, Al, Silicates, Al--, iron oxides, , iron oxides, 
carbonates, sulfates, hydroxides carbonates, sulfates, hydroxides 

Earth crust(0-40 km)

O Si Al Fe Ca Na K Mg H Res.

49%

26%

8%

5%

3%
3%

2% 2% 1% 1%

O
Si

Al
Fe

Earth inner core

80%

7%

5%
4%

2%
2%

Fe Si Ni O S Res.

Fe

Earth inner core (3000 km)Earth inner core (3000 km)
mainly composed of ironmainly composed of iron
(2900(2900°°C, liquid). Fe/NiC, liquid). Fe/Ni--convecconvec--
tiontion at mantle at mantle ⇒⇒magnetismmagnetism
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Change of Matter Change of Matter 
by Chemical Reactionby Chemical Reaction

IronIron

(Fe)(Fe)

SulfurSulfur

(S)(S)

IronIron--SulfurSulfur--
Mixture:Mixture: FeFe ++ SS

How can it beHow can it be
separated?separated?

Chemical reactionChemical reaction

IronIron--sulfursulfur--
compoundcompound
Iron sulfide (Iron sulfide (FeSFeS))

No physicalNo physical
separation intoseparation into
iron and sulfuriron and sulfur
possiblepossible
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Chemical ReactionChemical Reaction

A chemical reaction is a process that leads to the transformatioA chemical reaction is a process that leads to the transformation n 
of one set of chemical substances (reactants; reagents)of one set of chemical substances (reactants; reagents)
to another (products).to another (products).

A chemical reaction alters the combination of atoms in substanceA chemical reaction alters the combination of atoms in substances,s,
the number of atoms of each elements remains constant.the number of atoms of each elements remains constant.

Reactant 1 Reactant 1 (+ reactant 2)(+ reactant 2) product 1 + (product 1 + (product 2)product 2)

"The mass of matter remains constant"The mass of matter remains constant
during chemical reactions".during chemical reactions".

(Law of Conservation of Mass)(Law of Conservation of Mass)

Antoine Lavoisier
fr. Chem. (1743-1794)

Chemical equations used to graphically illustrate chemical reactChemical equations used to graphically illustrate chemical reactions:ions:

Page 22

Chemical ReactionChemical Reaction
Example: Sodium ChlorideExample: Sodium Chloride

Example:Example:

Sodium (Metal)Sodium (Metal)

++
Salt (NaCl)Salt (NaCl)ChlorineChlorine

Chemical reactions involve a "rearrangement" of atoms.
New compounds are formed with different properties.

Which substance can react with which other substanceWhich substance can react with which other substance
yielding which compound in which molar ratio?yielding which compound in which molar ratio?
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Elemental ParticlesElemental Particles

Matter composed of atoms, composed of three elemental particles:Matter composed of atoms, composed of three elemental particles:

++

00

--

Proton (pProton (p++): "big", "heavy" (relatively!), positive): "big", "heavy" (relatively!), positive
mass ~ 1 umass ~ 1 u

Neutron (n): "big", "heavy" (relatively!), neutralNeutron (n): "big", "heavy" (relatively!), neutral
mass ~ 1 umass ~ 1 u

Electron (eElectron (e--): tiny, lightweight, negative): tiny, lightweight, negative
mass ~ 1/1800 umass ~ 1/1800 u

u extremely small unit: 1 u = 1,66u extremely small unit: 1 u = 1,66⋅⋅1010--2727 KgKg

Page 24

RadiationRadiation

RadiationRadiation is a process in which waves or particles travel throughis a process in which waves or particles travel through
a medium or space a medium or space ⇒⇒ Transport of energy or mass.Transport of energy or mass.
Dualism: Each radiation has wave Dualism: Each radiation has wave andand particle character.particle character.

Electromagnetic waves (light, microElectromagnetic waves (light, micro--, radio, radio--, x, x--ray)ray)
Energy ~ frequency ~1/wave lengthEnergy ~ frequency ~1/wave length

Radioactive decayRadioactive decay : : 
Atomic nucleus emits particle or waveAtomic nucleus emits particle or wave

----electromagelectromag..
wavewave

γγ--radiationradiation

--111/1823 u1/1823 uElectronElectronββ--radiationradiation

+2+24 u4 uHe nucleus:He nucleus:
2 P2 P++; 2 N; 2 N

αα--radiationradiation

ChargeChargeMassMassCharacterCharacterNameName
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2. General Chemistry 2. General Chemistry 
Atomic Structure: Early Atomic ModelsAtomic Structure: Early Atomic Models

Daltons Atomic Theory (Daltons Atomic Theory ( 1801808):8):
•• Elements are made of tiny particles called atoms.Elements are made of tiny particles called atoms.
••The atoms of a given element are different from those of any othThe atoms of a given element are different from those of any other element; er element; 
they can be distinguished by their respective relative atomic they can be distinguished by their respective relative atomic weights.weights.

••All atoms of a given element are identical.All atoms of a given element are identical.
••Atoms of one element can combine with others to form chemical coAtoms of one element can combine with others to form chemical compounds;mpounds;
a given compound always has the same relative numbers of types a given compound always has the same relative numbers of types of atoms.of atoms.
••Atoms cannot be created, divided into smaller particles, nor desAtoms cannot be created, divided into smaller particles, nor destroyed; troyed; 
a chemical reaction simply changes the way atoms are grouped toa chemical reaction simply changes the way atoms are grouped together.gether.

Law of defined proportions = const. composition (J.  Proust, 1794Law of defined proportions = const. composition (J.  Proust, 1794 ):):
"A chemical compound always contains exactly the same "A chemical compound always contains exactly the same proporpropor--
tiontion of elements by mass". E. g. water: of elements by mass". E. g. water: oxygen:hydrogenoxygen:hydrogen = 8:1= 8:1
Law of multiple proportions (J. Dalton, 1803):Law of multiple proportions (J. Dalton, 1803):
"The proportions of mass of two elements in "The proportions of mass of two elements in differentdifferent compoundscompounds
are rations of small whole numbers". E.g.:are rations of small whole numbers". E.g.:
100 g of carbon reacts with 133 g oxygen to carbon monoxide100 g of carbon reacts with 133 g oxygen to carbon monoxide
100 g of carbon reacts with 266 g oxygen to carbon dioxide100 g of carbon reacts with 266 g oxygen to carbon dioxide
266:133=2:1266:133=2:1
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GeigerGeiger--Marsden Gold Foil ExperimentMarsden Gold Foil Experiment
Rutherford ModelRutherford Model

Sir E. RutherfordSir E. Rutherford
New Zealand Chem. New Zealand Chem. 

1910: 1910: αα--particles (particles (positivepositive HeHe--nuclei) directed onto verynuclei) directed onto very
thinthin gold foil: Very few particles deflected gold foil: Very few particles deflected ⇒⇒
1.1. Atoms are almost "empty"Atoms are almost "empty"
2.2. Atomic mass concentrated in positive nucleusAtomic mass concentrated in positive nucleus
3.3. Atomic volume represented by negative shell Atomic volume represented by negative shell 

RutherfordRutherford
ModelModel

(Radium)(Radium)

ZnSZnS
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Atoms have a Atoms have a positive core (nucleus)positive core (nucleus) , , 
surrounded by surrounded by negative electron cloud (shell)negative electron cloud (shell) ..

Protons and neutrons located Protons and neutrons located 
in nucleus (in nucleus (⇒⇒nucleons)nucleons)..
Neutrons: no charge,Neutrons: no charge,
Protons: charge = +1 Protons: charge = +1 ⇒⇒
Number of protons = number of Number of protons = number of 
(pos.) charges in nucleus (pos.) charges in nucleus 

The number of protons determines the element The number of protons determines the element 

= Atomic number (Z) in = Atomic number (Z) in 
periodic system of elementsperiodic system of elements (PSE)(PSE)

Z = 3Z = 3
LithiumLithium

Atomic diameter Atomic diameter ~~ 1010--1010 m, nucleus only 1/100000 of it:m, nucleus only 1/100000 of it:

Nucleus: tiny, "heavy", positive    Shell: "bigger", light, negaNucleus: tiny, "heavy", positive    Shell: "bigger", light, negativetive

Rutherford Atomic ModelRutherford Atomic Model

Page 28

Atomic MassAtomic Mass

Number of nucleons (protons + neutrons)= atomic mass (mNumber of nucleons (protons + neutrons)= atomic mass (maa),),
Mass of electrons can be neglected.Mass of electrons can be neglected.

The number of protons determines, which element (type of atom)The number of protons determines, which element (type of atom)
(= atomic number Z) (= atomic number Z) 

The number of neutrons N plus protons Z determines, The number of neutrons N plus protons Z determines, 
which mass is has. (atomic mass mwhich mass is has. (atomic mass maa = Z + N)= Z + N)

Example: Example: LithiumLithium
3 protons 3 protons ⇒⇒ atomic number Z = 3atomic number Z = 3
4 neutrons 4 neutrons ⇒⇒ atomic mass = 7atomic mass = 7

ProtonProton
NeutronNeutron
ElectronElectron
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Molecular MassMolecular Mass

The mass of molecule The mass of molecule mmMM of a chemical compound is theof a chemical compound is the
sum of the atomic masses of the constituting elementssum of the atomic masses of the constituting elements

Example: Glucose CExample: Glucose C66HH1212OO66

mmMM = 6= 6··mmaa(C) + 12(C) + 12··mmaa(H) + 6(H) + 6··mmaa(O)(O)

mmMM (Glucose) = 6(Glucose) = 6··12u + 1212u + 12··1u + 61u + 6··16u = 16u = 180 u180 u

The empirical formula indicates the number of atoms The empirical formula indicates the number of atoms 
of each element in the moleculeof each element in the molecule

mmaa(C(C) = 12 u) = 12 u

mmaa(H(H) =   1 u) =   1 u

mmaa(O(O) = 16 u) = 16 u

Page 30

Amount of Substance, MoleAmount of Substance, Mole

The mass unit u measures extremely small quantities (single moleThe mass unit u measures extremely small quantities (single molecules):cules):
The The Amount of Substance Amount of Substance nn (or Chemical Amount) with unit Mole is(or Chemical Amount) with unit Mole is
a quantity that measures the size of an ensemble of elementary ea quantity that measures the size of an ensemble of elementary entitiesntities
(atoms, molecules other particles) on lab(atoms, molecules other particles) on lab--scale.scale.

The Amount of Substance is no mass, nor a number of entitiesThe Amount of Substance is no mass, nor a number of entities
-- it is, however, closely related to both:it is, however, closely related to both:

M

m
n =
The Amount of Substance The Amount of Substance nn is the mass is the mass mm of a portion related to the of a portion related to the 
Molar Mass Molar Mass MM of the substance. The Molar Mass of the substance. The Molar Mass MM is a substanceis a substance--
specific quantity with the unit [g/mol].specific quantity with the unit [g/mol].

One Mole Li weights 7 g, 1 Mole water One Mole Li weights 7 g, 1 Mole water ≈≈ 18 g; 2 Mol H18 g; 2 Mol H22O O ≈≈ 36 g.36 g.

Examples:Examples:

M(HM(H22O) = 18 g/molO) = 18 g/molHH22O = 18 uO = 18 u
M(LiM(Li) = 7 g/mol) = 7 g/molLi = 7 uLi = 7 u
Molar Mass Molar Mass MMAtomic/molecular massAtomic/molecular mass

M(CM(C66HH1212OO66) = 180 g/mol) = 180 g/molCC66HH1212OO6 6 = 180 u= 180 u
M(HM(H22) = 2 g/mol) = 2 g/molHH2 2 = 2 u= 2 u
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AvogadroAvogadro´́ss NumberNumber
Illustration of Illustration of thethe MoleMole

An amount of substance n = 1 mol contains always An amount of substance n = 1 mol contains always 
the same number of particles: the same number of particles: AvogadroAvogadro´́ss Number NNumber NAA::

1 mol 1 mol ≈≈ NNAA = 6= 6··10102323 particlesparticles

Representation: 1 particles Representation: 1 particles ⇒⇒ 10102323 particles particles 

1 mol lithium 1 mol lithium 
66··10102323 atoms atoms 

(7 g)(7 g)

1 mol hydrogen1 mol hydrogen
66··10102323 molecules molecules 

(2 g)(2 g)
1 mol water1 mol water

66··10102323 molecules molecules 
(2+16 = 18 g)(2+16 = 18 g)

1 mol carbon1 mol carbon
66··10102323 atoms atoms 

(12 g)(12 g)

4 mol carbon4 mol carbon
44··66··10102323 atoms atoms 

(48 g)(48 g)

1 mol lithium 1 mol lithium ≈≈ 66··10102323 Li atomsLi atoms
1 mol hydrogen 1 mol hydrogen ≈≈ 66··10102323 HH22 molecules = molecules = 1212··10102323 H atomsH atoms
1 mol helium 1 mol helium ≈≈ 66··10102323 He atomsHe atoms

Page 32

Calculating with the Amount of Substance Calculating with the Amount of Substance 

The mass The mass mm [g] and the amount of substance [g] and the amount of substance nn [mol)] [mol)] 
can be converted by the molar mass can be converted by the molar mass MM [g/mol]:[g/mol]:

What is the mass of 0,2 mol glucose?What is the mass of 0,2 mol glucose?
Examples:Examples:

gmolmolgm 362,0/180 =⋅=
What is 5,85 g Sodium chloride (NaCl) in Mol?What is 5,85 g Sodium chloride (NaCl) in Mol?

n

m
M =

M

m
n =nMm ⋅=

mmAA(Na(Na) = 23 u; ) = 23 u; mmAA(Cl(Cl) = 35,5 u ) = 35,5 u ⇒⇒ MMNaClNaCl= 58,5 g/mol= 58,5 g/mol

mol
molg

g
n 1,0

/5,58

85,5 ==
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Illustration of Illustration of 
Stoichiometry and Molar MassStoichiometry and Molar Mass

A water molecule (HA water molecule (H22O) consists of 2 hydrogen and 1 oxygen atoms.O) consists of 2 hydrogen and 1 oxygen atoms.
The reactants must contain twice as much H atoms as O atoms.The reactants must contain twice as much H atoms as O atoms.
Both elements are diatomic molecules.Both elements are diatomic molecules.

2 H2 H22 ++ OO22 2 H2 H22OO

1 diatomic1 diatomic
oxygen moleculesoxygen molecules

2 diatomic2 diatomic
hydrogen moleculeshydrogen molecules

2 water molecules2 water molecules

2000 molecules2000 molecules1000 molecules1000 molecules2000 molecules2000 molecules

4 g                 +4 g                 +

2 mol (22 mol (2⋅⋅6 6 ⋅⋅101023 23 

molecules)molecules)

2 molecules (22 molecules (2⋅⋅2u = 4u )2u = 4u )
Hydrogen   +Hydrogen   +

2 mol (22 mol (2⋅⋅66⋅⋅101023 23 molecules)molecules)1 mol (61 mol (6⋅⋅101023 23 

molecules)molecules)
36 g36 g32 g            =32 g            =

2 molecule (22 molecule (2⋅⋅18u=36 u)18u=36 u)1 molecule (21 molecule (2⋅⋅16u=32u)16u=32u)
WaterWaterOxygen   =Oxygen   =

Molar Masses: M(HMolar Masses: M(H22)=2 g/mol; M(O)=2 g/mol; M(O22)=32 g/mol; M(H)=32 g/mol; M(H22O)=18 g/molO)=18 g/mol

oxygen atom (O):oxygen atom (O):
8 P8 P++;;8 8 NN⇒⇒mmaa=16 u=16 u

hydrogen atom (H):hydrogen atom (H):
1P1P++⇒⇒ mma a == 1u1u

mmH2O H2O == 16+2=18u16+2=18u

Conservation of mass!Conservation of mass!
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Molar Molar VolumeVolume of Gasesof Gases

1 Mole of any gas contains always 61 Mole of any gas contains always 6⋅⋅10102323 particles,particles,
either atoms (noble gases, e. g. He), either atoms (noble gases, e. g. He), 
or      diatomic molecules (other gaseous elements: Hor      diatomic molecules (other gaseous elements: H22, N, N22, O, O22,, FF22, Cl, Cl22))
or      compound molecules (e. g. COor      compound molecules (e. g. CO22).).

1 Mole of ideal gas has a volume of V = 22,4 L under STP.1 Mole of ideal gas has a volume of V = 22,4 L under STP.

Molar volume of gases: Molar volume of gases: VVmm = 22,4 L/mol := 22,4 L/mol :

n

V
Vm =

mV

V
n =nVV m ⋅=

ExampleExample: A volume of 1,12 L of gas contains : A volume of 1,12 L of gas contains 
which amount of substance which amount of substance nn [mol]? [mol]? 

mol
molL

L

V

V
n

m

05,0
4,22

12,1 ===
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ConcentrationConcentration -- MolarityMolarity

ExamplesExamples::
2 Mole of a substance are dissolved2 Mole of a substance are dissolved
in 500 in 500 mLmL solvent. solvent. cc = ?= ?

Lmol
L

mol
c /4

5,0

2 ==

1,8 g glucose in 100 ml water; c = ?. 1,8 g glucose in 100 ml water; c = ?. 

molmol
molg

g

M

m
n 21001,0

/180

8,1 −==== Lmol
L

mol
c /1,0

1,0

01,0 ==

The molar concentrationThe molar concentration cc defined asdefined as amountamount of a of a consticonsti--
tuenttuent nn divided by the volume of mixture (or solvent*)divided by the volume of mixture (or solvent*) VV

Many chemical reactions in solvent (e. g. water)Many chemical reactions in solvent (e. g. water)
How many reactant particles are in the solution?How many reactant particles are in the solution?

Which amount of substance has to be dissolved in 200 ml,Which amount of substance has to be dissolved in 200 ml,
yielding a solution ?yielding a solution ? molLLmolVcn 1,02,0/5,0 =⋅=⋅=

2 Mole have to be dissolved in 2 Mole have to be dissolved in 
how much solvent, so that c = 0,1 mol/L? how much solvent, so that c = 0,1 mol/L? L

Lmol

mol

c

n
V 20

/1,0

2 ===

*Dissolving a substance in a solvent does not change the*Dissolving a substance in a solvent does not change the
volume significantly. The density is increased.volume significantly. The density is increased.

V

n
c =
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IsotopesIsotopes

IsotopesIsotopes are variants of atoms of a particular chemical element, are variants of atoms of a particular chemical element, 
differing in the numbers of neutrons and in the atomic mass.differing in the numbers of neutrons and in the atomic mass.

They contain the same number of protons,They contain the same number of protons,
but a different number of neutrons.but a different number of neutrons.
ExamplesExamples::
Hydrogen:Hydrogen: H1

1
Deuterium:Deuterium: H2

1

C12
6Carbon:Carbon: ~99% nat. abundance;~99% nat. abundance; C13

6
~1%~1%

C14
6Traces of          ; instable Traces of          ; instable ⇒⇒ radioactive radioactive 

(Radiocarbon dating)(Radiocarbon dating)

U235
92Uranium:           fissile;           non fissile, both radioactUranium:           fissile;           non fissile, both radioactiveiveU238

92

IsotopesIsotopes have have identical chemical propertiesidentical chemical properties (bonding),(bonding),
but but different physical propertiesdifferent physical properties (mass)(mass)



19

Page 37

NonNon--wholewhole NumberNumber MassesMasses

The atomic masses of many elements in the PSE are,The atomic masses of many elements in the PSE are,
nonnon--whole numbers, since they consist of mixtures of isotope.whole numbers, since they consist of mixtures of isotope.

ExampleExample: Chlorine, average atomic mass = 35,45 u: Chlorine, average atomic mass = 35,45 u

-- 3535Cl: 75.7%Cl: 75.7%
-- 3737Cl: 24.2%Cl: 24.2%

consists of:consists of:

45,353724,035757,0 =⋅+⋅
Calculation:Calculation:

Elements that form only one stable type of atom (Elements that form only one stable type of atom (isotopisotop))
are named are named pure elementspure elements ..

ExampleExample: : 1919FluorineFluorine
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IonsIons

AtomsAtoms contain as many electrons in the shell as protonscontain as many electrons in the shell as protons
in the nucleus and are consequently neutral.in the nucleus and are consequently neutral.

Positive Positive ions = ions = cationscations ,,

NegativeNegative ions = ions = anionsanions ..

CationsCations derived from metal name (sodium (derived from metal name (sodium (cat)ioncat)ion, silver (, silver (cat)ioncat)ion))
or have the suffix or have the suffix ––iumium (NH(NH44

++ = ammonium ion)= ammonium ion)

AnionsAnions from nonfrom non--metal atoms have the suffix metal atoms have the suffix ––ideide (chloride)(chloride)
in compounds with oxygen in compounds with oxygen ––ateate (SO(SO44

22--=sulfate) or =sulfate) or ––iteite (SO(SO33
22--=sulfite)=sulfite)

Ions can carry multiple charges:Ions can carry multiple charges: ExamplesExamples: Al: Al3+3+, O, O22--

IonsIons have completely different properties than the resp. atoms !have completely different properties than the resp. atoms !

Examples:Examples: Na Na →→ NaNa++ + e+ e--

ClCl + e+ e-- →→ ClCl--

Ions are atoms or molecules in which the number of electrons Ions are atoms or molecules in which the number of electrons 
is not equal to the total number of protons, is not equal to the total number of protons, 
giving it a net positive or negative electrical charge.giving it a net positive or negative electrical charge.
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ReviewReview of Rutherford Modelof Rutherford Model

RutherfordRutherford´́ss model makes no statement about the electronmodel makes no statement about the electron--structure of structure of 
the atom or the energy of the electrons in the shell; it does nothe atom or the energy of the electrons in the shell; it does not explaint explain
the differences in chemical behavior of the elements .the differences in chemical behavior of the elements .

Why specific wave length = energies? Why specific wave length = energies? 

ExperimentExperiment: Hydrogen absorbs specific: Hydrogen absorbs specific
colors = wave length from the spectrum ofcolors = wave length from the spectrum of
visible lightvisible light

PrismPrism

Absorption spectrum of hydrogenAbsorption spectrum of hydrogen

HH22

Vice versa, thermally activated hydrogen emits Vice versa, thermally activated hydrogen emits 
light of exactly the same wave lengths.light of exactly the same wave lengths.

Emissions spectrum of hydrogenEmissions spectrum of hydrogen
HH22
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DiscreteDiscrete Energy LevelsEnergy Levels
of of ElectronsElectrons

Excitation: By additional energyExcitation: By additional energy
(heat, photon, electricity) the(heat, photon, electricity) the
electron can be moved to electron can be moved to 
higher level (outer orbit).higher level (outer orbit).
If photon energy too highIf photon energy too high
⇒⇒ ionizationionization

Excitation of atom by lightExcitation of atom by light

Deactivation of excited Deactivation of excited 
electrons under emission of electrons under emission of 
electromagnetic wave andelectromagnetic wave and
return to lower levelreturn to lower level
(inner orbit).(inner orbit).

Deactivation by emission of lightDeactivation by emission of light

Electrons can occupy Electrons can occupy diffediffe--
rent wellrent well--defined (=discrete)defined (=discrete)
energy levels in the shell.energy levels in the shell.
Transition between levelTransition between level
by absorption or releaseby absorption or release
of energy of energy 
(net energy conservation)(net energy conservation)
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Bohr ModelBohr Model

Only the electrons of the Only the electrons of the outermost (valenceoutermost (valence--) shell) shell
can participate in formation of chemical bonds.can participate in formation of chemical bonds.

The shells are filled with electronsThe shells are filled with electrons
from inside (lowest energy level)from inside (lowest energy level)
to outside. to outside. 

Each shell can carry a certainEach shell can carry a certain
number of electrons:number of electrons:

22··nn22

NielsNiels Bohr, Dan. phys.Bohr, Dan. phys.
Atomic model 1913Atomic model 1913
Nobel prize 1922Nobel prize 1922

Electrons travel around nucleus in circular orbits Electrons travel around nucleus in circular orbits 
(shells) associated with definite energy levels(shells) associated with definite energy levels
with the principle quantum number n.with the principle quantum number n.
The orbit radius r and the electron energyThe orbit radius r and the electron energy
increases asincreases as nn22. . 

NuclNucl

n=1n=1

n=2n=2

n=3n=3

elecelec--
tronstrons

nnShellShell

323244NN

181833MM

8822LL

2211KK

In the heaviest atomsIn the heaviest atoms
7 shells are occupied.7 shells are occupied.
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Electron ConfigurationElectron Configuration

ArAr
ClCl
MgMg
NaNa
NeNe
FF

BeBe
LiLi
HeHe
HH

ElementElement

8888221818

n=4n=4n=3n=3
max 8+10max 8+10

n=2n=2
max. 8max. 8

n=1n=1
max. 2max. 2

ZZ

7788221717
2288221212
1188221111

88221010
772299
222244
112233

2222
1111

Complete (closed) shells

Valence electrons
The number of valence electrons
determines chemical properties!
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Atomic Emission SpectrometryAtomic Emission Spectrometry
Flame PhotometryFlame Photometry

Each element has its unique Each element has its unique electron configurationelectron configuration
and hence characteristic electron transitions and correspondingand hence characteristic electron transitions and corresponding
lines in the emission spectrum lines in the emission spectrum ⇒⇒ atomic emission spectrometryatomic emission spectrometry..

Even without spectrometer some elementsEven without spectrometer some elements
can be distinguished by the color of the flame:can be distinguished by the color of the flame:

Na      Li      CuNa      Li      Cu

MagnesiumMagnesium

SiliconSilicon

SodiumSodium

CopperCopper

EyeEye Prism         Prism         Optic    Optic    

Light Light 
sourcesource

SlitSlit
SampleSample
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Periodic Table (System) of ElementsPeriodic Table (System) of Elements
Prediction of Elements by MendeleevPrediction of Elements by Mendeleev

DimitriDimitri MendeleevMendeleev
Periodic tablePeriodic table
(1869)(1869)

Properties of Gallium (Ga)
Prediction Reality

Atomic mass ~ 68 69,72
Density ~ 5,9 g/cm3 5,91 g/cm3

Melting Temp. ~ 30°C 29,8°C
Oxide X2O3 Ga2O3
Chloride XCl3 GaCl3 

Ga
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PeriodicPeriodic Table of ElementsTable of Elements

Elements listed with increasing value of atomic number
= no. Protons in nucleus = no. electrons in shell.
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StructureStructure of of PeriodicPeriodic TableTable

LaLa

AcAc

II..
1.1.

2.2.

3.3.

4.4.

5.5.

6.6.

7.7.

III. IV. V. VI. VII.III. IV. V. VI. VII.II.II.
VIII.VIII.

PeriodsPeriods

GroupsGroups

Main Main groupgroup numbernumber
= = numbernumber ofof
valencevalence electronselectrons

Main groups  Main groups  
Main groups  Main groups  

Auxiliary groups  Auxiliary groups  

LanthanidsLanthanids

ActinidsActinids
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MetalsMetals, , MetaloidsMetaloids ((SemimetalsSemimetals)), , 
NonNon--metalsmetals

Metallic character of elements in the periodic tableMetallic character of elements in the periodic table
decreases from bottom left to top right.decreases from bottom left to top right.

••conductiveconductive
••solidsolid
(except mercury)(except mercury)
some high meltingsome high melting

••malleable, ductilemalleable, ductile

••isolatorsisolators
((exeptexept carboncarbon
as graphite)as graphite)

••gaseous or gaseous or 
low meltinglow melting

••brittle solidsbrittle solids

> 80% of the elements are metals.> 80% of the elements are metals.
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Main Group ElementsMain Group Elements

II. II. AAlkali earth metalslkali earth metals: like alkali, but less: like alkali, but less
reactive (stable in air). reactive (stable in air). 

III. III. Boron groupBoron group: B hard metalloid,: B hard metalloid,
AlAl→→TlTl soft metals. Alsoft metals. Al--compoundscompounds
highly abundant in highly abundant in EarthEarth´́ss crust.crust.

IV. IV. Carbon groupCarbon group: C nonmetal, : C nonmetal, Si,GeSi,Ge metameta--
loidsloids; ; SnSn, , PbPb met.; different properties.met.; different properties.
Si high abundance (quartz); Si high abundance (quartz); CC→→naturalnatural
compounds; compounds; PbPb high density.high density.

V. V. Nitrogen groupNitrogen group: N=non: N=non--metallmetall (gaseous)(gaseous)
P/As met. and P/As met. and nonmetnonmet. allotropes,. allotropes,
SbSb/Bi=met.; N main ingredient air 78% /Bi=met.; N main ingredient air 78% 

A
uxilliary

G
roups

VI. VI. ChalcogensChalcogens: O gaseous, : O gaseous, nonmetal,vitalnonmetal,vital
in water; 21% of air). S yellow solidin water; 21% of air). S yellow solid
Se, Te, Po metalloid/metal allotropesSe, Te, Po metalloid/metal allotropes

VII. VII. HalogensHalogens: all nonmetals: all nonmetals
F/F/ClCl gas, Br liquid, I solidgas, Br liquid, I solid
reactive; form salts with reactive; form salts with II and and IIII

VIII. VIII. noble (inert) gasesnoble (inert) gases: : 
extremely low reactivityextremely low reactivity
→→ elemental state: elemental state: as traces in airas traces in air

I.I. Alkali metalsAlkali metals: silver, low melting, soft: silver, low melting, soft
Highly reactiveHighly reactive, natural abundance , natural abundance 
only in compoundsonly in compounds , not elemental. , not elemental. 
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OrbitalsOrbitals

ss--, p, p--, d, d--, and f, and f--orbitals exist:orbitals exist:

In the 2. shell (LIn the 2. shell (L--shell, max. 8 eshell, max. 8 e--) ) 
at first the 2sat first the 2s--orbital (max. 2eorbital (max. 2e--), afterwards ), afterwards 
the pthe p--orbitals are occupied. orbitals are occupied. 
pp--orbitals dumbbell shaped. orbitals dumbbell shaped. 
There are three: There are three: ppxx, , ppyy, , ppzz
having the same energy state.having the same energy state.
Each contains max. 2 eEach contains max. 2 e--

ss--orbitals are spherical. orbitals are spherical. 
The KThe K--shell (n=1; 2 eshell (n=1; 2 e--) has only 1s) has only 1s--orb.orb.

Every next shell Every next shell ⇒⇒ new type of orbitalnew type of orbital
(more complex shape). s, p, d hist., no meaning(more complex shape). s, p, d hist., no meaning

Flaw of Flaw of BohrBohr´́ss model: A circulating charged particle emits radiationmodel: A circulating charged particle emits radiation
→→ energy loss; and: experiments indicate electron has wave characenergy loss; and: experiments indicate electron has wave character.ter.
⇒⇒⇒⇒⇒⇒⇒⇒ Orbital model:Orbital model: Atomic orbitals are (energy) states Atomic orbitals are (energy) states 
or wave forms of electrons in the atom (quantum mechanics)or wave forms of electrons in the atom (quantum mechanics)
The probability of finding an electron in a certainThe probability of finding an electron in a certain
volume of space is the volume of space is the electron density.electron density.
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Energy Levels of OrbitalsEnergy Levels of Orbitals

3. and 4. main energy level overlap 3. and 4. main energy level overlap ⇒⇒
4s4s--orbitalsorbitals are filled before the are filled before the 3d3d--orbitalsorbitals

Main energy levels ("shells"): 1, 2, 3, 4, 5, 6Main energy levels ("shells"): 1, 2, 3, 4, 5, 6
Within each shell the energy level sWithin each shell the energy level s-- < p< p-- < d< d--orbital.orbital.
Electrons fill low energy orbitals before they fill higher energElectrons fill low energy orbitals before they fill higher energy ones. y ones. 

(see PSE: After K, Ca (s(see PSE: After K, Ca (s--block), introduction of transition metals withblock), introduction of transition metals with
valence electrons in dvalence electrons in d--orbitals. Afterwards orbitals. Afterwards Ga,Ge,AsGa,Ge,As etc. (petc. (p--block) block) 
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Quantum NumbersQuantum Numbers

Quantum numbers describe the energy of electrons in atoms.Quantum numbers describe the energy of electrons in atoms.

½½ : clockwise: clockwise

--½½: counter: counter--clockwiseclockwise

--ll ≤≤ mmll ≥≥ ++ll

0 0 ≤≤ ll ≥≥ nn--11

nn ≥≥ 11

RangeRange

of Valuesof Values

Spin of electronSpin of electronmmss
Spin Spin q.nq.n..

for for l = l = 1 (p1 (p--Orb.)Orb.)
mmll = = --1,0,+11,0,+1

ppxx,p,pyy,p,pzz

orientation oforientation of

subshellsubshell shapeshape
mmll

Magnetic Magnetic q.nq.n..
((Projection of Projection of 
angular momentum)angular momentum)

for for nn = 3:= 3:
l = 0,1,2l = 0,1,2

((s,p,ds,p,d))

subshellsubshell: : ss ⇒⇒ 00
(orbital)   (orbital)   pp ⇒⇒ 11

dd ⇒⇒ 22

llAzimuthalAzimuthal q.nq.n..
(angular momentum)(angular momentum)

n n = 1,2,3= 1,2,3,...,...shell (main shell (main 
energy level)energy level)

nnPrincipal (prim.) Principal (prim.) q.nq.n..

ValueValue

ExampleExample
Orbital meaningOrbital meaningSymbolSymbolNameName
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Fitting Electrons into OrbitalsFitting Electrons into Orbitals
Pauli Principle/Pauli Principle/HundHund´́ss rulerule

Pauli principle:Pauli principle: Two electrons my not occupy same quantum stateTwo electrons my not occupy same quantum state⇒⇒
Each orbital occupied by max. two electrons with different spin Each orbital occupied by max. two electrons with different spin ↑↓↑↓..
HundHund ´́ss rule:rule: When several orbitals of equal energy are available, When several orbitals of equal energy are available, 
electrons enter singly with parallel spins (minimizes repulsion)electrons enter singly with parallel spins (minimizes repulsion)..

Examples:

Phosphorus 15P Sulfur 16S

nn=3, =3, ll=1, =1, mmll=+1=+1 "electrons"electrons--inin--boxes"boxes"
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"Full" Outer Valence Shell"Full" Outer Valence Shell
Noble Gas ConfigurationNoble Gas Configuration

The number of valence electrons (VE) in the outer shellThe number of valence electrons (VE) in the outer shell
determines the chemical behavior.determines the chemical behavior.

"Full", closed"Full", closed--shell configuration have a favorable low energy. shell configuration have a favorable low energy. 

Electron configurations with a closedElectron configurations with a closed--shell are calledshell are called
noble gas configuration.noble gas configuration.

Elements with a closedElements with a closed--shell (no valence electrons)  shell (no valence electrons)  
(18. group or VIII. main group: He, Ne, (18. group or VIII. main group: He, Ne, ArAr, etc.) show very, etc.) show very
little tendency to participate in chemical reactionslittle tendency to participate in chemical reactions
Since they are all gases they are called Since they are all gases they are called noble noble (or inert)(or inert) gasesgases .   .   

Atoms of other elements can reach lower energy states Atoms of other elements can reach lower energy states 
by undergoing chemical reactions. By loss or gain of electronsby undergoing chemical reactions. By loss or gain of electrons
they can reach a they can reach a noble gas electron configurationnoble gas electron configuration ..
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Noble Gas Configuration/Octet RuleNoble Gas Configuration/Octet Rule
ExamplesExamples

Octet rule (of thumb): Atoms tend to combine in a way that they Octet rule (of thumb): Atoms tend to combine in a way that they 
each haveeach have eight electronseight electrons in their valence shells, giving them in their valence shells, giving them 
the same electronic configuration as a noble gasthe same electronic configuration as a noble gas
((applicable to the mainapplicable to the main--group elements, except helium).group elements, except helium).

Noble gas:Noble gas: 1010NeNe

1s1s22 2s2s22 2p2p66

1111NaNa

1s1s22 2s2s22 2p2p66

1s1s22 2s2s22 2p2p66
99FF

1s1s22 2s2s22 2p2p66 3s3s11

--ee--

+e+e--

NaNa++

1s1s22 2s2s22 2p2p55

FF--

Examples:Examples:

Atoms that lose electronsAtoms that lose electrons
have less negative chargeshave less negative charges
in shell than positive protonsin shell than positive protons
in the core and becomein the core and become
positive positive cationscations..

Atoms that gain electronsAtoms that gain electrons
become become negative anionsnegative anions..
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MoreMore ExamplesExamples forfor
Noble Gas Noble Gas ConfigurationConfiguration

Potassium (Potassium (1919K, alkali) looses 1 eK, alkali) looses 1 e--, becomes K, becomes K++ cation,cation,
with the same electron configuration like Argon with the same electron configuration like Argon 1818Ar.Ar.
Its chemical and physical properties are of causeIts chemical and physical properties are of cause
completely different (different number of protons).completely different (different number of protons).

In a similar manner calcium (In a similar manner calcium (2020Ca, alkali earth metal)Ca, alkali earth metal)
can lose two ecan lose two e-- ⇒⇒CaCa2+2+, or , or 1616S + 2 eS + 2 e-- →→ SS22--

both ions have the both ions have the same electron configuration as same electron configuration as 1818ArAr

The same electron configuration achieves chlorine The same electron configuration achieves chlorine 
((1717Cl, halogen) by gaining 1eCl, halogen) by gaining 1e-- becoming becoming ClCl-- (chloride ion).(chloride ion).

By loss or gain of electrons particles reach the favorable, By loss or gain of electrons particles reach the favorable, 
low energy closedlow energy closed--shell (noble gas configuration).shell (noble gas configuration).
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Chemical Bonds + MoleculesChemical Bonds + Molecules
Types of BondsTypes of Bonds

When atoms of different elements form chemical compounds, When atoms of different elements form chemical compounds, 
their chemical and physical properties change significantly.their chemical and physical properties change significantly.

metal complexes

coordinate
bond

Three types of chemical bondThree types of chemical bond

Covalent bond

molecules
e. g. He. g. H22OO

nonmetalnonmetal--
nonmetalnonmetal

Ionic bond

salts
e.g. Na+Cl-

metal with nonmetal with non--
metal (often)metal (often)

metals (alloys)

e. g. bronze

metallic bond

metal withmetal with
metalmetal

Example:Example: Sodium (metal)Sodium (metal)

++
Salt (NaCl)Salt (NaCl)ChlorineChlorine
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Metallic BondingMetallic Bonding

Metallic bonding: Electrostatic attractive force between positivMetallic bonding: Electrostatic attractive force between positively ely 
charged cations (nucleus + inner echarged cations (nucleus + inner e--), which form a 3D lattice and ), which form a 3D lattice and 
negative, delocalized,negative, delocalized, shared valence electrons (shared valence electrons (""electron sea").  electron sea").  

Metal bonding exists betweenMetal bonding exists between
atoms of a pure metal,atoms of a pure metal,
as well as in blends of twoas well as in blends of two
or more metals (alloys).or more metals (alloys).

Common alloys: bronze = copper/tin; brass= copper/zincCommon alloys: bronze = copper/tin; brass= copper/zinc
Rose gold=gold/copper; white gold=AuRose gold=gold/copper; white gold=Au--Ag/Ni/PdAg/Ni/Pd
Amalgam: mercury/silverAmalgam: mercury/silver

The free mobility of the valence The free mobility of the valence 
electrons causes electrical conelectrons causes electrical con--
ductivityductivity of metals.of metals.
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IonicIonic BondBond
IonizationIonization

The atomic number (number of protons The atomic number (number of protons 
in nucleus) does not change.in nucleus) does not change.
The mass does not change significantly.The mass does not change significantly.

Whether an atom tends to lose or gain one or more electronsWhether an atom tends to lose or gain one or more electrons
depends on the related change of its energy level.depends on the related change of its energy level.
The system as a whole strives to achieve the The system as a whole strives to achieve the lowest energy statelowest energy state . . 

Metals tend to lose electrons Metals tend to lose electrons ––
nonmetals tend to gain electrons.nonmetals tend to gain electrons.

ClCl ClCl--+ e+ e--
In return, In return, anionsanions have gained electrons have gained electrons 
to fill their valence shell. to fill their valence shell. 
They are negatively charged.They are negatively charged.

When atoms lose or gain electrons, ions are formed:When atoms lose or gain electrons, ions are formed:
Ions with positive charge are called Ions with positive charge are called cationscations . . 
They have lost electrons. They have lost electrons. 

NaNa NaNa++-- ee--
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Ionization EnergyIonization Energy

Ne

F

O

N

C

B

Be

Li

2p2sElement Ionization 
energy 

Within a period the number of protons 
increases binding electrons stronger ⇒
Ionization energy increases .

Full and semi-filled shells are
favorable.

Within a groupWithin a group , resp. , resp. 
from from period to periodperiod to period ,,
the outer electron are shielded the outer electron are shielded 
agaistagaist the nuclear charge the nuclear charge 

by the inner electronsby the inner electrons
⇒⇒ I.I.--Energy decreasesEnergy decreases ..

Io
ni

za
tio

n 
en

er
gy

  [
Io

ni
za

tio
n 

en
er

gy
  [

eVe
V

]]

atomic number atomic number →→

Ionization I energyIonization I energy required required 
to remove an electron to remove an electron 
from an atom. from an atom. 
⇒⇒ cationcation
(Unit: (Unit: eVeV = 1,6= 1,6··1010--1919 JJ))
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Electron AffinityElectron Affinity

The The electron affinityelectron affinity EA is the counter part of theEA is the counter part of the ionization energyionization energy ..
Amount of energyAmount of energy releasedreleased when an electron is added to an atom when an electron is added to an atom 
⇒⇒ negative anionnegative anion..

Electron affinities (Electron affinities (eVeV))
Positive values:Positive values:
System would go to higherSystem would go to higher
energy state energy state ⇒⇒ gain of electronsgain of electrons
not possible.not possible.
Negative EANegative EA--values:values:
Energy is released.Energy is released.
HalogensHalogens andand chalcogenschalcogens
have high electron affinitieshave high electron affinities
⇒⇒Large amounts of energy is Large amounts of energy is 
released, if they gain electrons.released, if they gain electrons.
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Electronegativity (EN)Electronegativity (EN)

Electronegativity (EN) describes the tendency of an atom Electronegativity (EN) describes the tendency of an atom (or a (or a funcfunc--
tionaltional group)group) to attract electrons to attract electrons (or electron density)(or electron density) towards itself.towards itself.

Larger difference in EN Larger difference in EN ⇒⇒ more more polar bond; polar bond; ∆∆EN>1,5 EN>1,5 ⇒⇒ ionicionic

XeI
2,21

Te
2,01

Sb
1,82

Sn
1,72

In
1,49

Sr
0,99

Rb
0,89

KrBr
2,74

Se
2,48

As
2,20

Ge
2,02

Ga
1,82

Ca
1,04

K
0,91

ArCl
2,83

S
2,44

P
2,06

Si
1,74

Al
1,47

Mg
1,23

Na
1,01

NeF
4,10

O
3,50

N
3,07

C
2,50

B
2,01

Be
1,47

Li
0,97

HeH
2,20

VIIIVIIVIVIVIIIIII

EN increases from EN increases from 
bottom left tobottom left to
top right in the PSEtop right in the PSE

For organic chem.:For organic chem.:
Hal/O >> C > HHal/O >> C > H

Alkali (I. MG) and alkaliAlkali (I. MG) and alkali
earth metals (II. HG)earth metals (II. HG)
electropositive. electropositive. ⇒⇒
Ionic bonds withIonic bonds with
halogens (VII. MG) andhalogens (VII. MG) and
chalcogens (VI. HG) chalcogens (VI. HG) 

CompoundsCompounds ofof alkalialkali--/alkali earth metals/alkali earth metals andand chalcogenschalcogens
resp.resp. halogenshalogens are ionic as a rule of thumb.are ionic as a rule of thumb.
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Atomic and Ionic RadiusAtomic and Ionic Radius

Gain or loss of electrons alters the radius of the particle.Gain or loss of electrons alters the radius of the particle.
The radii of The radii of atomsatoms and their respective and their respective ionsions are significantly different.are significantly different.
Loss of electrons (Loss of electrons (⇒⇒ cation)cation) decreases the radius, decreases the radius, 
since the residual electrons are attracted more by the nuclear csince the residual electrons are attracted more by the nuclear charge.harge.
Gain of electrons (Gain of electrons (⇒⇒ anion)anion) increases the radius, since the electron increases the radius, since the electron 
shell becomes wider by the additional negative charge.shell becomes wider by the additional negative charge.

Examples:
LiLi++

NaNa++

KK++

MgMg2+2+

CaCa2+2+

FF--

ClCl--

BrBr--

II--
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SaltsSalts are solids, that consist of ions (ionic bond). are solids, that consist of ions (ionic bond). 
Cations (+) and anions (Cations (+) and anions (--) are attracted by ) are attracted by electrostatic electrostatic 
forcesforces . The ions are positioned in a three. The ions are positioned in a three--dimensional dimensional crystal latticecrystal lattice
with regular longwith regular long--range order.range order.
Such ionic crystals have high melting temperatures, are hard + bSuch ionic crystals have high melting temperatures, are hard + brittle.rittle.

Salts, Ionic LatticeSalts, Ionic Lattice

Example: NaCl crystal (excerpt)
Each ion is surrounded by six counter
ions in octahedral geometry 

With consi-
deration of
the ionic
radius.
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Chemical Formulas of Salts Chemical Formulas of Salts 

The ionic crystal lattice is a continuous structure with no overThe ionic crystal lattice is a continuous structure with no overall chargeall charge
((electrical neutral).electrical neutral). Positive charges of cations are compensated byPositive charges of cations are compensated by
negative charges of anions negative charges of anions ⇒⇒ defined molar ratio (stoichiometry)defined molar ratio (stoichiometry)
of of cationscations andand anionsanions ..
Since cations and anions can carry different amounts of charge,Since cations and anions can carry different amounts of charge,
their ratio can differ from 1:1.their ratio can differ from 1:1.

General composition of a saltGeneral composition of a salt:: {{xx⋅⋅AAnn++ yy⋅⋅BBmm--}} == AAxxBByy

Ionic notationIonic notation
(displays charges)(displays charges)

x resp. y = 1 x resp. y = 1 
omittedomitted

Empirical formulaEmpirical formula
(only molar ratio)(only molar ratio)

Aluminum fluorideAluminum fluorideAlFAlF33FF--AlAl3+3+FFAlAl

Aluminum oxideAluminum oxideAlAl22OO33OO22--AlAl3+3+OOAlAl

Barium chlorideBarium chlorideBaClBaCl22ClCl--BaBa2+2+ClClBaBa
Calcium oxideCalcium oxideCaOCaOOO22--CaCa2+2+OOCaCa

potassium sulfidepotassium sulfideKK22SSSS22--KK++SSKK
sodium bromidesodium bromideNaBrNaBrBrBr--NaNa++BrBrNaNa

NameName
of saltof salt

FormulaFormulaIons withIons with
closedclosed--shellshell

ElementsElements
in compoundin compound

Examples:Examples:

Combination ofCombination of
ions in comions in com--
pound so thatpound so that
charges are charges are 
compensatedcompensated

{Na+Br-}
{2K+S2-}
{Ca2+O2-}
{Ba2+2Cl-}

{Al3+3F-}
{2Al3+3O2-}
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Covalent BondCovalent Bond

Atoms with low EN differences can form Atoms with low EN differences can form shared pair of electronsshared pair of electrons
The electron shells (or orbitals) overlap The electron shells (or orbitals) overlap ⇒⇒ covalent bondcovalent bond . . 
⇒⇒ moleculesmolecules

Octet rule (of thumb): Atoms tend to combine in a why that they Octet rule (of thumb): Atoms tend to combine in a why that they eacheach
have 8 electrons (4 electron pairs) in their valence shellhave 8 electrons (4 electron pairs) in their valence shell

Valence electrons not involved in covalent bonds Valence electrons not involved in covalent bonds 
formform free (or lone) electron pairsfree (or lone) electron pairs ..

ExamplesExamples:: Structural formulaStructural formulaEmp. formulaEmp. formulaCompoundCompound

HH22OOWaterWater

HH--FFHFHFHydrogen fluorideHydrogen fluoride
H:HH:H HH--HHHH22HydrogenHydrogen

HH--FF ::

::
::

H    HH    H
OO ::::

::::

H    HH    H
OO

HH--atomsatoms

+ ++ +

HH22--moleculemolecule
+ +

**

* H forms exclusively covalent bonds, because no free H* H forms exclusively covalent bonds, because no free H++ (proton=elemental part.)(proton=elemental part.)
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Bond CharacterBond Character

The presented types of bonds are only models.The presented types of bonds are only models.
Real bonds can be intermediates; bond characterReal bonds can be intermediates; bond character
varies continuously throughout the PSE.varies continuously throughout the PSE.

Ionic bondIonic bond Covalent bondCovalent bond

Examples:Examples:
Compounds of chlorine with elements of the 3. period:Compounds of chlorine with elements of the 3. period:

Compounds of sodium with elements of the 3. period:Compounds of sodium with elements of the 3. period:

Ionic bondIonic bondMetallic bondMetallic bond

Elements of the 3. periodElements of the 3. period

Metallic bondMetallic bond Covalent bondCovalent bond
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Chemical CompoundsChemical Compounds
Molecules, Molecular MassMolecules, Molecular Mass

A molecule is an electrically neutral group of at least two atomA molecule is an electrically neutral group of at least two atom
(of same or different element) held together by covalent chemica(of same or different element) held together by covalent chemical bondsl bonds

The molar mass of a molecule is the sum of the molar masses ofThe molar mass of a molecule is the sum of the molar masses of
the constituting atoms.the constituting atoms.

(2(2··1)+1)+32,07+(432,07+(4··16)=98,0716)=98,07S=32,07 O=16,00S=32,07 O=16,00HH22SOSO44

12,01 + (412,01 + (4··1,00)=16,011,00)=16,01H=1,00 C=12,01H=1,00 C=12,01CHCH44

1,00 + 35,45 = 36,451,00 + 35,45 = 36,45H=1,00 H=1,00 ClCl=35,45=35,45HClHCl

Molar mass [g/mol]Molar mass [g/mol]Molar mass of atom Molar mass of atom FormulaFormulaExamplesExamples::

All gaseous elementsAll gaseous elements** form diatomic molecules:form diatomic molecules:

*besides noble gases*besides noble gases

The nonmetals bromine (liquid) and iodine (solid) too: BrThe nonmetals bromine (liquid) and iodine (solid) too: Br22, I, I22

HH22, N, N22, O, O22, F, F22, Cl, Cl22
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Stoichiometric ValencyStoichiometric Valency

The valency is a measure of the number of bonds  formedThe valency is a measure of the number of bonds  formed
by a given element. It depends on the number of valence by a given element. It depends on the number of valence 
electrons.electrons.

ExamplesExamples:: HH22O: 2O: 2--valent oxygen binds two single valent Hvalent oxygen binds two single valent H
NaCl: Both single valent NaCl: Both single valent ⇒⇒ combine 1:1combine 1:1
MgClMgCl22: 2: 2--valent Mg binds 2 single valent valent Mg binds 2 single valent ClCl

•• H has always valence number 1H has always valence number 1
•• Alkali metals (I. MG.) have always valence number 1Alkali metals (I. MG.) have always valence number 1
•• Alkali earth metals (II. MG) always 2Alkali earth metals (II. MG) always 2
•• Elements of III. MG have valency 3Elements of III. MG have valency 3
•• Halogens (VII. MG: F, Halogens (VII. MG: F, ClCl, Br, I) are always single valent, Br, I) are always single valent
•• O very often valency 2 O very often valency 2 
•• Other elements different valency (MG. elements max. 4)Other elements different valency (MG. elements max. 4)
•• Products of lower case indices and valency in binaryProducts of lower case indices and valency in binary

compounds constant (last example)compounds constant (last example)

Rules:Rules:

AlAl22OO33: : 22··Al (3Al (3--valent): valent): 22··3 = 6;   3 = 6;   33··O (2O (2--valent): 3valent): 3··2 = 62 = 6
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Chemical/Structural Formulas of MoleculesChemical/Structural Formulas of Molecules
Single/Double/Triple BondsSingle/Double/Triple Bonds

Chemical (empirical) formulaChemical (empirical) formula : Simplest whole number ratio : Simplest whole number ratio 
of atoms of each element present in a compound. of atoms of each element present in a compound. 
Structural formulaStructural formula : Graphical representation of molecular structure, : Graphical representation of molecular structure, 
showing showing howhow the atoms are the atoms are arranged.arranged.
= Valence structure = LEWIS formula= Valence structure = LEWIS formula
All valence electrons (bonding and lone electron pairs) represenAll valence electrons (bonding and lone electron pairs) represented.ted.

More examples:More examples: Ammonia Ammonia 
NHNH33

H   N   HH   N   H

HH

S   HS   H

HH

Hydrogen Hydrogen 
sulfidesulfide

HH22SS

Some compounds (in particular of C, N, and O) containSome compounds (in particular of C, N, and O) contain
double or triple bonds: double or triple bonds: 

O   C   OO   C   OExamples:Examples: Carbon dioxideCarbon dioxide

N  NN  NNitrogenNitrogen

O  OO  OOxygenOxygen

Check valency and octet rule! Check valency and octet rule! 
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Polyatomic Compound IonsPolyatomic Compound Ions

Ions can also be formed from groups of joined atoms: Compound ioIons can also be formed from groups of joined atoms: Compound ionsns

Most common compound ions:Most common compound ions:

Ammonium ion NHAmmonium ion NH44
++

NN
HH

HH

HHHH
++

Hydroxide ion OHHydroxide ion OH--

HHOO
--

Nitrate ion NONitrate ion NO33
--

NN
OO OO

OO

--

SS

OO

OO

OOOO

--

--

Sulfate ion SOSulfate ion SO44
22--

CC
OO OO

OO
----

Carbonate ion COCarbonate ion CO33
22--

CC
OO OO

OO
--

HH

Hydrogen carbonateHydrogen carbonate
ion HCOion HCO33

22--
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Chemical ModelsChemical Models
Mesomeric ResonanceMesomeric Resonance

Rene Rene MargritteMargritte::
"This is no apple""This is no apple"

"This is no carbonate ion !""This is no carbonate ion !"
It is a (crude!) modelIt is a (crude!) model
of a carbonate ion.of a carbonate ion.
Experiments indicate:Experiments indicate:
All OAll O--atoms same charge;atoms same charge;
all bonds identical;all bonds identical;
all bond angles identical.all bond angles identical.

Christopher Christopher IngoldIngold (1933): Mesomerism =(1933): Mesomerism =
Representation of delocalized electronsRepresentation of delocalized electrons
by different contributing structures.by different contributing structures.
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Main group: → IV.                      V.                  VI.

2. Period:

3. Period:

(CO(CO22)) (N(N22)) (O(O22))

Double Bond Double Bond RuleRule
((empiricalempirical))

Elements of the second period (C, N, O) often form double bonds.Elements of the second period (C, N, O) often form double bonds.
The analogous elements of the 3. period (and higher), however,The analogous elements of the 3. period (and higher), however,
form in analogous compounds form preferably single bonds.form in analogous compounds form preferably single bonds.

(SiO(SiO22)) (P(P44))

(S(S88))
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Bond TheoryBond Theory
Orbital Hybridization (spOrbital Hybridization (sp33))

Carbon essential element in organic compounds; forms covalent boCarbon essential element in organic compounds; forms covalent bonds.nds.
C has 4 electrons in valence shell: configuration 2sC has 4 electrons in valence shell: configuration 2s22 2p2p2 2 (ground state)(ground state)
1 lone electron pair (s1 lone electron pair (s22) and 2 p) and 2 p--electron could form only 2 bonds.electron could form only 2 bonds.
Prediction: CHPrediction: CH22 But: Carbon is 4But: Carbon is 4--valent! Example.: CHvalent! Example.: CH44 ?!?!
Explanation:Explanation: The valence electrons are rearranged in a way, The valence electrons are rearranged in a way, 
that 4 electrons can form bonds. that 4 electrons can form bonds. 
The sThe s--orbital and the three porbital and the three p--orbitals are mixed to form orbitals are mixed to form 
four spfour sp 33--hybrid orbitalshybrid orbitals of identical energy.of identical energy.

Hybridization is not a physical fact Hybridization is not a physical fact --,,
it's only an model to explain experimental observations!it's only an model to explain experimental observations!

(e. g. molecule geometry)  !(e. g. molecule geometry)  !
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spsp33--Hybrid OrbitalsHybrid Orbitals

The 4 The 4 spsp33 hybrid orbitals hybrid orbitals 
arranged in space with aarranged in space with a
maximum separation:  maximum separation:  
tetrahedraltetrahedral

Geometry of hybrid orbitalsGeometry of hybrid orbitals

+

sp hybrid orbital
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Single BondsSingle Bonds

Two hydrogen atoms form a single bond (Two hydrogen atoms form a single bond (σσ --bond)bond)
by headby head--on overlapping between the atom orbitals.on overlapping between the atom orbitals.

Highest electron density between the two nuclei.Highest electron density between the two nuclei.
σσ--bond is symmetrical with respect to rotation about bond axis. bond is symmetrical with respect to rotation about bond axis. 

Other orbitalsOther orbitals
can also formcan also form
σσ--bonds:bonds:
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Single Bonds in HydrocarbonsSingle Bonds in Hydrocarbons

CC--HH--bonds and Cbonds and C--C single bonds are C single bonds are σσ--bonds. bonds. 
Four Four σσ--bonds bonds ⇒⇒ complies with octet rule. complies with octet rule. 
Example:Example:
MethaneMethane
4 C4 C--HH--
σσ--bondsbonds

Example:Example:
EthaneEthane
3 C3 C--HH--
1 C1 C--CC--
σσ--bondsbonds

Free rotation about Free rotation about σσ--bondsbonds
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spsp22--HybridisationHybridisation
Example: BoronExample: Boron

TrigonalTrigonal--planarplanar
geometry ofgeometry of
three spthree sp22--hybridhybrid
orbitals in space.orbitals in space.

B

F

F

F

Boron Boron trifluoridetrifluoride
(BF(BF33) does ) does notnot
comply withcomply with
octet ruleoctet rule
⇒⇒ electron gapelectron gap
⇒⇒ Lewis acidLewis acid

hybridization:

E

1s

2sp2

Boron (ground state):
1s2 2s2 2p1

E

1s

2p

2s

One sOne s-- and two pand two p--
orbitals mix to formorbitals mix to form
tree sptree sp22 hybrids ofhybrids of
equivalent energyequivalent energy
each occupiedeach occupied
by one electronby one electron
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spsp22--Hybridisation of CarbonHybridisation of Carbon

The 2sThe 2s--orbital and the two 2porbital and the two 2p--orbitals mixorbitals mix
to form to form three spthree sp22--hybrid orbitals.hybrid orbitals.
The The third pthird p--orbital unaffectedorbital unaffected..
Each occupied with single electron.Each occupied with single electron.

carbon

C C

H

H

H

H

CC--CC--σσ--bondbond and and ππ--bondbond
together form double bond.together form double bond.

E

1s

2sp2
2p

In an ethene molecule In an ethene molecule three spthree sp22--hybridhybrid
electrons form three electrons form three σσ--bonds:bonds:
Two with the Two with the HH--atomsatoms and one withand one with
the other Cthe other C--atom (atom (trigonaltrigonal--planarplanar).).

The fourth electrons occupy theThe fourth electrons occupy the
remaining, remaining, unhybridizedunhybridized ppzz--orbitals, orbitals, 
sidewise overlapping above sidewise overlapping above andand
beneath the plane to beneath the plane to form a form a ππ--bondbond ..

sp2-hybrid orbitals of carbon
and bonds formed in ethene.
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spsp--HybridizationHybridization

Which elements can mix one sWhich elements can mix one s-- and one pand one p-- orbital to two sp hybrids orbital to two sp hybrids 
to form two to form two σσ--bonds and bonds and how are they arranged in space?how are they arranged in space?

Beryllium (II. main group) can form two spBeryllium (II. main group) can form two sp--hybrid orbitals,hybrid orbitals,
which can form two which can form two σσ--bonds (linear, 180bonds (linear, 180°°) e. g.: H) e. g.: H--BeBe--HH

H

sp-hybrid orbitals of carbon
and bonds formed in ethyne.

The two spThe two sp--hybrids of each Chybrids of each C--atomatom
form two form two σσ--bondsbonds (C(C--C and CC and C--H).H).
The two remaining pThe two remaining p--orbitalsorbitals
overlap crossbred sidewiseoverlap crossbred sidewise
to form to form two Ctwo C--C C ππ--bondsbonds..

H

C C HH

One One CC--C C σσ--bondbond andand
twotwo ππ--bondsbonds together form atogether form a
triple bond:triple bond:
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Polar Covalent BondsPolar Covalent Bonds
DipolarDipolar MoleculesMolecules

EN (O): 3,5 EN (O): 3,5 

EN (H): 2,2EN (H): 2,2
δδ++

HH HH
OO
δδ--

++

__

Water molecule angled Water molecule angled ⇒⇒
partial charges asymmetrical partial charges asymmetrical 
⇒⇒ dipole moleculedipole molecule
⇒⇒strong intermolecular forcesstrong intermolecular forces
⇒⇒ liquid (high boiling temp.)liquid (high boiling temp.)

δδ++
δδ-- CC

OO OOδδ--
δδ++

Carbon dioxide: linear Carbon dioxide: linear 
partial charges symmetricalpartial charges symmetrical
⇒⇒ nono dipolar moleculedipolar molecule
⇒⇒weak intermolecular forcesweak intermolecular forces
⇒⇒ gas (low boiling temp.)gas (low boiling temp.)

H   H   ClCl
EN: 2,2  2,8EN: 2,2  2,8

δδ+   +   δδ--

Dipolar momentumDipolar momentum

H   H   ClCl

A A polar bondpolar bond is a covalent bond between two atoms is a covalent bond between two atoms 
with different with different electronegativitieselectronegativities ∆∆EN>0EN>0. . 
The electron density of the bonding electron pair is higher The electron density of the bonding electron pair is higher 
in the vicinity of the atom with the higher electronegativity. in the vicinity of the atom with the higher electronegativity. 
Partial chargesPartial charges and a permanent and a permanent dipoledipole are formed.are formed.
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Cleavage of Covalent BondsCleavage of Covalent Bonds

HeterolysisHeterolysis : Cleavage of a polar covalent bond into cation + anion:: Cleavage of a polar covalent bond into cation + anion:

Distinction between:Distinction between:

Homolysis:Homolysis: Cleavage of nonCleavage of non--polar covalent bond into two radicals:polar covalent bond into two radicals:

Radicals are atoms or molecules with a nonRadicals are atoms or molecules with a non--shared electron.shared electron.
They are very energetic, have high reactivity and short lifetimeThey are very energetic, have high reactivity and short lifetime..

Initiation of chlorine/Initiation of chlorine/
hydrogen gas explosionhydrogen gas explosionExample:Example: ClCl ClCl ClCl⋅⋅ ⋅⋅ClCl++

UV, heatUV, heat

H   H   ClCl
δδ++

HH

HH
OO

δδ--
Proton (HProton (H++) transfer) transfer

H         HH         HOO

HH
⊕⊕⊕⊕⊕⊕⊕⊕ ++ ClCl

Before new bonds can be formed in a chemical reaction, Before new bonds can be formed in a chemical reaction, 
existing bonds must be cleaved by high temp. or energetic radiatexisting bonds must be cleaved by high temp. or energetic radiation.ion.
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2.3.4 Intermolecular (physical) Forces2.3.4 Intermolecular (physical) Forces

Different attractive interactions can occur between Different attractive interactions can occur between 
molecules, distinguished by strength and origin:molecules, distinguished by strength and origin:

•• HydrogenHydrogen--(bridge)(bridge)--bonds: bonds: ≈≈ 10kJ/mol;    by polar H10kJ/mol;    by polar H

•• DipoleDipole--dipole interactions: dipole interactions: ≈≈ 5kJ/mol     by dipoles5kJ/mol     by dipoles

•• VanVan--derder--Waals interactions: Waals interactions: ≈≈ 1kJ/mol  by all atoms1kJ/mol  by all atoms

In contrast to In contrast to intramolecularintramolecular chemical (primary) bonds inside molecules,chemical (primary) bonds inside molecules,
these these intermolecularintermolecular forces between molecules are physical forces between molecules are physical 
(secondary) bonds.(secondary) bonds.
At the boiling temperature the kinetic energy of the moleculesAt the boiling temperature the kinetic energy of the molecules
exceeds the attractive forces. exceeds the attractive forces. 

st
re

ng
h

st
re

ng
h
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Hydrogen BondsHydrogen Bonds

100 100 °°CC

--33 33 °°CC

--161 161 °°CC

boiling temp.boiling temp.

18 g/mol18 g/molHH22OO

17 g/mol17 g/molNHNH33

16 g/mol16 g/molCHCH44

molar massmolar massmoleculemolecule

Boiling temperature is increasedBoiling temperature is increased
by hydrogen bondsby hydrogen bonds

Hydrogen bondHydrogen bond = attractive = attractive interactioninteraction of a of a hydrogen atomhydrogen atom with an with an 
electronegative atomelectronegative atom (N, O, F, ...) that comes from another molecule (N, O, F, ...) that comes from another molecule 
or chemical group. The hydrogen must be covalently bonded to or chemical group. The hydrogen must be covalently bonded to 
another electronegative atom to create the bond. another electronegative atom to create the bond. 
These phys. bonds can occur between molecules (intermolecular), These phys. bonds can occur between molecules (intermolecular), 
or within different parts of a larger single molecule (or within different parts of a larger single molecule (intramolecularintramolecular).).
This type of bond occurs in both inorganic molecules such as watThis type of bond occurs in both inorganic molecules such as water er 
andand organic moleculesorganic molecules such as proteins, cellulose or DNA such as proteins, cellulose or DNA 

Hydrogen (bridge) Hydrogen (bridge) 
bonds in waterbonds in water
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DipoleDipole--Dipole InteractionsDipole Interactions

Polar atomic group without hydrogen:Polar atomic group without hydrogen:
e. g. carbonyl group (org. chem.) e. g. carbonyl group (org. chem.) 

δδ++ CC

OOδδ--

DipoleDipole––dipoledipole interactions = electrostatic interactions of permanent interactions = electrostatic interactions of permanent 
dipoles in molecules (asymmetrical polar bonds; e. g. dipoles in molecules (asymmetrical polar bonds; e. g. HH22O, HCl, HF).O, HCl, HF).
Attractive force between positive part of molecule and negative Attractive force between positive part of molecule and negative 
part of neighbored moleculepart of neighbored molecule

--10 10 °°CC44 44 °°CCBoiling temperatureBoiling temperature
--76 76 °°CC17 17 °°CCMelting temperatureMelting temperature

sym.sym.⇒⇒ no dipoleno dipoleasymasym..⇒⇒ dipoledipole

Phase transition temperatures increases by dipolar interactions.Phase transition temperatures increases by dipolar interactions.
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London Dispersion London Dispersion ForcesForces
((VanVan--derder--WaalsWaals InteractionsInteractions))

London dispersion forces (LDF)London dispersion forces (LDF)
also called also called VanVan--derder--Waals forcesWaals forces
in the strict sense are weak in the strict sense are weak 
intermolecular interactionsintermolecular interactions
arising from induced instantaneous arising from induced instantaneous 
polarization by random fluctuation of polarization by random fluctuation of 
the electron density.the electron density.

n-pentane
old name: pentane

boiling T: 36°C

2-methyl butane
old name: iso-pentane

28°C

2,2-dimethyl propane
old name: neo-pentane

9,4°C

Example:

The LDF between molecules increases with surface:The LDF between molecules increases with surface:
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Chemical BondsChemical Bonds andand PhysicalPhysical BondsBonds
SummarySummary

instantaneously instantaneously posiposi--
tivelytively polarized atompolarized atom

instantaneously positively instantaneously positively 
polarized atom polarized atom 

VanVan--derder--WaalsWaals--
bond bond ≈≈ 1 kJ/mol1 kJ/mol

permanently positivepermanently positive--
lyly polarized atompolarized atom

permanently positively permanently positively 
polarized atom in mol.polarized atom in mol.

DipoleDipole--dipoldipolee
≈≈ 5 kJ/mol5 kJ/mol

Electronegative atomElectronegative atom
with lonewith lone--pair (O, pair (O, ClCl))

H atom (polar bond toH atom (polar bond to
electronegative atom, N, O,)electronegative atom, N, O,)

Hydrogen bondHydrogen bond
≈≈ 20 kJ/mol20 kJ/mol

Electron shellElectron shellNucleusNucleusCovalent Covalent bondbond
≈≈ 300 per bond300 per bond

delocalized electronsdelocalized electrons
(electron sea)(electron sea)

CationsCationsmetallic bondmetallic bond

anionsanionsCCationsationsIonic bondIonic bond
Lattice enthalpy Lattice enthalpy 
≈≈10001000

negative chargenegative chargepositive chargepositive chargeBond typeBond type
Energy (kJ/mol)Energy (kJ/mol)
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Polar/nonPolar/non--polar Solventspolar Solvents
hydrophilic/lipophilichydrophilic/lipophilic

Several types of chemical reactions occur in solution, if a suitSeveral types of chemical reactions occur in solution, if a suitableable
solvent for the reactants can be found. The solubility depends osolvent for the reactants can be found. The solubility depends on n 
polarity of solvent and solute. The number, potency and arrangempolarity of solvent and solute. The number, potency and arrangementent
of polar bonds in the molecule influences the polarity of the soof polar bonds in the molecule influences the polarity of the solvent:lvent:

Polar solutes or atomic groupsPolar solutes or atomic groups
are water soluble = are water soluble = hydrophilichydrophilic
Fats are nonFats are non--polar and notpolar and not
water soluble (water soluble (hydrophobichydrophobic ))
NonNon--polar compoundspolar compounds
areare lipophilic.lipophilic.

BenzeneBenzene EtherEther EsterEster AlcoholAlcohol WaterWater

PolarityPolarity

HydrophilicityHydrophilicity

HydrophobicityHydrophobicity = = LipophilicityLipophilicity

Ionic (Ionic (NaNa++ClCl--) or polar compounds (methanol) exhibit good solubility) or polar compounds (methanol) exhibit good solubility
in water. Nonin water. Non--polar compounds (fat, oil, grease) are soluble in nonpolar compounds (fat, oil, grease) are soluble in non--polarpolar
solvents (white spirit, ether, chloroform, etc.)solvents (white spirit, ether, chloroform, etc.)
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3. Physical Chemistry3. Physical Chemistry

Topics: Topics: 
•• State of matter/phase transitionsState of matter/phase transitions
•• Phase diagramsPhase diagrams
•• Homogeneous/heterogeneous systemsHomogeneous/heterogeneous systems
•• Separation processesSeparation processes
•• ThermodynamicsThermodynamics
•• KineticsKinetics
•• Chemical equilibriumChemical equilibrium
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State of Matter State of Matter 
Phase Transitions; SeparationPhase Transitions; Separation

solidsolid liquidliquid gaseousgaseous

MeltingMelting EvaporationEvaporation

SolidificationSolidification CondensationCondensation

SublimationSublimation

ResublimationResublimation

A A phasephase is a region of space (in a thermodynamic system) throughoutis a region of space (in a thermodynamic system) throughout
which all physical properties of a material are essentially unifwhich all physical properties of a material are essentially uniform. orm. 
States of matter are phases. The change of the state of matter iStates of matter are phases. The change of the state of matter is a s a 
phase transition.phase transition.

Temp.Temp.

The state of matter of a material or compound depends on The state of matter of a material or compound depends on 
temperature Ttemperature T andand pressure ppressure p ⇒⇒ pp--tt--phasephase diagramdiagram

Page 90

Phase DiagramPhase Diagram

Triple point:Triple point:
solid, liquid, andsolid, liquid, and
gaseous phasegaseous phase
coexist.coexist.

Temperature T

pr
es

su
re

 p

solidsolid
liquidliquid

gaseousgaseous
Triple pointTriple point

Position ofPosition of
melting curvemelting curve,,
boiling curveboiling curve andand
sublimation curvesublimation curve
substancesubstance--specific.specific.

NormalNormal
pressurepressure

Ambient
temp.

TTmm TTbb

ExampleExample: Solid: Solid
compound at norcompound at nor--
mal conditionsmal conditions
annealed annealed until ituntil it
melts (Tmelts (Tmm)) andand
evaporates (Tevaporates (Tbb))
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Liquefaction of GasesLiquefaction of Gases

Temperature T

P
re

ss
ur

e 
p

solidsolid

liquidliquid

gaseousgaseous

NormalNormal
pressurepressure

Ambient
temp.

Gas can be 
liquefied by
cooling or
compression
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Phase Diagram of WaterPhase Diagram of Water

Temperature T [°C]

P
re

ss
ur

e 
p 

[h
P

a]

IceIce
WaterWater

Water vaporWater vapor

10131013

0 100

AnomalyAnomaly::
Liquid water has a Liquid water has a 
higher density than higher density than 
ice.ice.
(Negative slope of(Negative slope of
melting curve)melting curve)

SkatingSkating::
At const. low temperaAt const. low tempera--
tureture (~ (~ --55°°C) pressureC) pressure
is increasedis increased
⇒⇒ ice meltsice melts

Pressure cooker:Pressure cooker:
Higher pressure Higher pressure ⇒⇒
higher boiling temp.higher boiling temp.
⇒⇒ faster cookingfaster cooking
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Multi Phase SystemsMulti Phase Systems
heterogeneous Systemsheterogeneous Systems

heterogeneous Systemsheterogeneous Systems : Two or more : Two or more componentscomponents (= phases).(= phases).
Physical (and chemical) properties change instantaneouslyPhysical (and chemical) properties change instantaneously
at at phase boundariesphase boundaries ..
Differentiation by combination of states of matter (Example) Differentiation by combination of states of matter (Example) 
(1) solid/solid(1) solid/solid Mixture            Mixture            (Granite = feldspar + quartz+ mica)(Granite = feldspar + quartz+ mica)
(2) solid/liquid(2) solid/liquid SuspensionSuspension (Blood = blood cells in blood plasma)(Blood = blood cells in blood plasma)
(3) liquid/liquid(3) liquid/liquid EmulsionEmulsion (Milk = fat droplets in water)(Milk = fat droplets in water)
(4) solid/gaseous(4) solid/gaseous Smoke; foamSmoke; foam (cigarette smoke, Styrofoam)(cigarette smoke, Styrofoam)
(5) liquid/gaseous(5) liquid/gaseous Fog; foam       (Fog, whipped cream)Fog; foam       (Fog, whipped cream)

= Aerosols= Aerosols

Heterogeneous mixtures can of be separated into homogeneous Heterogeneous mixtures can of be separated into homogeneous 
(uniform) components by physical operations like filtration, (uniform) components by physical operations like filtration, 
centrifugation, decantation, etc.centrifugation, decantation, etc.
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Homogeneous SystemsHomogeneous Systems

In homogeneous systems the properties are uniform throughout theIn homogeneous systems the properties are uniform throughout the
whole sample; no phase boundaries. whole sample; no phase boundaries. 
Homogeneous systems can be pure substances or multi componentHomogeneous systems can be pure substances or multi component
systems (=solutions). systems (=solutions). 

(1) solid/solid(1) solid/solid (metal alloys, z. B. bronze)(metal alloys, z. B. bronze)
(2) solid/liquid(2) solid/liquid (sugar dissolved in water)(sugar dissolved in water)
(3) liquid/liquid(3) liquid/liquid (alcohol + water)(alcohol + water)
(4) solid/gaseous(4) solid/gaseous (solution of hydrogen in platinum)(solution of hydrogen in platinum)
(5) liquid/gaseous(5) liquid/gaseous (air dissolved in water)(air dissolved in water)
(6) gaseous/gaseous   (6) gaseous/gaseous   (air)(air)

Different types of solutions:Different types of solutions:

Homogeneous mixtures can also be separated into their componentsHomogeneous mixtures can also be separated into their components
by physical operations, e. g.: by physical operations, e. g.: 
•• Distillation: Separation by different boiling points; (distilliDistillation: Separation by different boiling points; (distilling)ng)
•• Extraction: Separation by different solubility's; (coffee cookiExtraction: Separation by different solubility's; (coffee cooking)ng)
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DistillationDistillation

Thermal separation process: Mixture is separated into componentsThermal separation process: Mixture is separated into components byby
the differences in their boiling temperatures. the differences in their boiling temperatures. 
Mixture (2) is annealed (1); More volatile component (lower TMixture (2) is annealed (1); More volatile component (lower Tbb) ) evapoevapo--
rates. Thermometer (4) indicates temperature of vapor (3) rates. Thermometer (4) indicates temperature of vapor (3) 
= boiling temperature.= boiling temperature.
In condenser (here Liebig cooler) (5)In condenser (here Liebig cooler) (5)
with cooling water plugs (6;7)with cooling water plugs (6;7)
the more volatile componentthe more volatile component
condenses and drops into receivingcondenses and drops into receiving
flask (8).flask (8).
Volume extension duringVolume extension during
evaporation evaporation ⇒⇒ pressure equalization (9).pressure equalization (9).
High boiling compounds High boiling compounds bpbp.>200.>200°°C:C:
low pressure (vacuum) distillation.low pressure (vacuum) distillation.
⇒⇒ Lower boiling temperatures.Lower boiling temperatures.

ExamplesExamples: Essential Oils, pure alcohol,: Essential Oils, pure alcohol,
sea water sea water ⇒⇒ freshwaterfreshwater
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The Chemical The Chemical ReactionReaction

A A chemical reactionchemical reaction is a process that leads to the transformation is a process that leads to the transformation 
of one set of of one set of chemical substanceschemical substances to another. Existing bonds betweento another. Existing bonds between
the atoms of the reactants (=reagents) are partly broken, new bothe atoms of the reactants (=reagents) are partly broken, new bondsnds
are formedare formed

The connections among the atoms are altered, the number of atomsThe connections among the atoms are altered, the number of atoms
of the respective element remains constant.of the respective element remains constant.

Reaction equation: Reactant 1 Reaction equation: Reactant 1 (+ react. 2)(+ react. 2) product 1 + (product 1 + (product 2)product 2)

During a chemical reaction the totalDuring a chemical reaction the total
mass of matter remains constant.mass of matter remains constant.

Law of conservation of massLaw of conservation of mass

Antoine Lavoisier
fr. Chem. (1743-1794)
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Chemical Thermodynamics Chemical Thermodynamics 
Chemical KineticsChemical Kinetics

The electronic structure of the reactants (valency, polarity, etThe electronic structure of the reactants (valency, polarity, etc.) c.) 
indicate which chemical reactions are possible in general,indicate which chemical reactions are possible in general,
but do they really take place and under which conditions?but do they really take place and under which conditions?
Sometimes side reactions can occur. Which product is formed?Sometimes side reactions can occur. Which product is formed?

Whether a chemical reaction takes place, to which extent and howWhether a chemical reaction takes place, to which extent and how
fast is determined by the fast is determined by the chem. thermodynamicschem. thermodynamics and and kineticskinetics ..

Chem. thermodynamicsChem. thermodynamics: : 
Under which conditions does a reaction occur spontaneously ? Under which conditions does a reaction occur spontaneously ? 
Is heat released or consumed?Is heat released or consumed?
Chem. reactions always involve conversion of energy. Chem. reactions always involve conversion of energy. 
Whether a reaction occurs or not is related to the availableWhether a reaction occurs or not is related to the available
chemical energy stored in the reactants and products.  chemical energy stored in the reactants and products.  

Reaction kineticsReaction kinetics: Study of rate of chemical reactions: : Study of rate of chemical reactions: 
How much product is formed in time under given experimentalHow much product is formed in time under given experimental
conditions (e. g. concentration).conditions (e. g. concentration).
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Reaction enthalpyReaction enthalpy ((∆∆HHRR) (= reaction heat) = how much heat ) (= reaction heat) = how much heat 
is released or consumed during reaction.is released or consumed during reaction.

Reaction Enthalpy Reaction Enthalpy 
Exothermal/Endothermal ReactionExothermal/Endothermal Reaction

∆∆HHRR<0<0 ∆∆HHRR>0>0

Enthalpy negative Enthalpy negative ∆∆HHRR<0 <0 ⇒⇒ heat released = heat released = exothermalexothermal
EnthaIpy pos. (EnthaIpy pos. (∆∆HHRR>0) >0) ⇒⇒ heating necessaryheating necessary == endothermalendothermal ..

reactionreaction

en
th

al
py

en
th

al
py

reactants

products II

products Iproducts I

endothermal

exothermal

∆∆HHRR

Chemical energy is stored in chemical compounds.Chemical energy is stored in chemical compounds.
If the products (I) have lower energy state than reactants If the products (I) have lower energy state than reactants ⇒⇒
exothermal, energy released. (heat, light, bang)exothermal, energy released. (heat, light, bang)
If products (II) have higher energy content, reaction is endotheIf products (II) have higher energy content, reaction is endothermal, rmal, 
feed of energy required (heat, electricity). feed of energy required (heat, electricity). 

exothermalexothermal
endothermalendothermal
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Example for Example for 
Exothermal/Endothermal ReactionExothermal/Endothermal Reaction

HH22--OO22--reaction reaction ∆∆HHRR = = -- 286 kJ/mol (released; heat, light, bang)286 kJ/mol (released; heat, light, bang)
During electrolysis of water During electrolysis of water ∆∆HHRR = 286 kJ/mol = 286 kJ/mol 
(consumed; electrical power)(consumed; electrical power)

Example:Example:

2 H2 H22 + O+ O22 2 H2 H22OO
HydrogenHydrogen--oxygen reactionoxygen reaction

ElectrolysisElectrolysis

Oxyhydrogen reactionOxyhydrogen reaction
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Enthalpy of FormationEnthalpy of Formation
Calculation of Standard Enthalpy of ReactionCalculation of Standard Enthalpy of Reaction

The chemical internal energy = enthalpy H of a system cannot The chemical internal energy = enthalpy H of a system cannot 
be measured directly. Change in enthalpy be measured directly. Change in enthalpy ∆∆H more useful quantity.H more useful quantity.
By definition all elements have an enthalpy of zero.By definition all elements have an enthalpy of zero.
Enthalpies are Enthalpies are functfunct. of T und p . of T und p ⇒⇒ Standard cond. (25Standard cond. (25°°C, 1 bar): C, 1 bar): HH00

Molar Enthalpy of FormationMolar Enthalpy of Formation of a compound of a compound ∆∆HHff = amount of heat = amount of heat 
released or consumed during its formation from the elements.released or consumed during its formation from the elements.

HH22 + + ½½ OO22 →→ HH22O (l)O (l)
ExampleExample: Molar standard enthalpy of formation of water:: Molar standard enthalpy of formation of water:

∆∆HHff =  0          0     =  0          0     --286 kJ/mol286 kJ/mol
∆∆HHRR =  =  --286 kJ/mol286 kJ/mol

The reaction enthalpy can be calculated from the enthalpies of fThe reaction enthalpy can be calculated from the enthalpies of formaorma--
tiontion of involved compounds:of involved compounds:

∑ ∑∆−∆=∆ )tan()( 000 tsreacHproductsHH ffR

CC22HH44 + 3+ 3 OO22 →→ 2 CO2 CO22 +    2 H+    2 H22O (g) O (g) 
ExampleExample: Combustion of ethene:: Combustion of ethene:

∆∆HHff
00 =  52,3      0      2=  52,3      0      2··((--393,5)    2393,5)    2··((--241,8) kJ/mol241,8) kJ/mol

∆∆HHRR =  =  --1322,9 kJ/mol1322,9 kJ/mol



51

Page 101

Hess LawHess Law

Hess: the Hess: the enthalpyenthalpy change for a reaction carried out in a series of steps change for a reaction carried out in a series of steps 
is equal to the sum of the enthalpy changes for the individual sis equal to the sum of the enthalpy changes for the individual steps teps 

∆∆HHff (CO) = (CO) = ∆∆HHff (CO(CO22) ) -- ∆∆HHRR (CO(CO→→ COCO22) ) 

ExampleExample: : ∆∆HHff CO not directly measurable, because COCO not directly measurable, because CO22 is formed too.is formed too.

∆∆HHff (CO(CO22)= )= --393,5 kJ/mol 393,5 kJ/mol 
(measured)(measured)

∆∆HHRR = = --283 283 
kJ/molkJ/mol

reaction
reaction

reaction

reaction

∆∆HHff (CO)= (CO)= --110,5 kJ/mol (110,5 kJ/mol (calculated)
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Hess LawHess Law
and Biological Processesand Biological Processes

PhotosynthesisPhotosynthesis

RespirationRespiration
((GlycolysisGlycolysis, Citrate , Citrate cyclecycle, ...)   , ...)   

CombustionCombustion
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EntropyEntropy

solid             liquid               gassolid             liquid               gas

SSsolidsolid <      <      SSliquidliquid <      <      SSgasgas

Another thermodynamic property of matter is the Another thermodynamic property of matter is the entropyentropy : Interpretation: Interpretation
as molecular disorder or statistical number of possible arrangemas molecular disorder or statistical number of possible arrangements.ents.

pure subst.    mixturepure subst.    mixture

SSpurepure substancesubstance<  <  SSmixturemixture
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Change of EntropyChange of Entropy

In closed thermodynamic systems, the entropy remainsIn closed thermodynamic systems, the entropy remains
constant for completely reversible processes.constant for completely reversible processes.
For irreversible processes the entropy increases.For irreversible processes the entropy increases.

ExamplesExamples for irreversible processes for irreversible processes 
with increase of entropy:with increase of entropy:

Heat exchange:Heat exchange: 60 °C 20 °C50 °C 30 °C40 °C 40 °C

Diffusion:Diffusion:

∑ ∑∆−∆=∆ )()( 000 EdukteSprodukteSSRReaction entropy:Reaction entropy:
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Gibbs (Free) EnergyGibbs (Free) Energy

The reactions enthalpy indicates, if process is The reactions enthalpy indicates, if process is exoexo-- or endothermal,or endothermal,
but not, if reaction occurs spontaneously. Endothermal spontaneobut not, if reaction occurs spontaneously. Endothermal spontaneousus
reactions can occur, which consume heat from the environment,reactions can occur, which consume heat from the environment,
which is cooled.which is cooled.
Driving force for a reaction is the Driving force for a reaction is the Gibbs (Free) EnergyGibbs (Free) Energy ∆∆GG..

GibbsGibbs--Helmholtz equation: Helmholtz equation: ∆∆G = G = ∆∆H H --TT··∆∆SS

Reactions occur spontaneously, if Reactions occur spontaneously, if ∆∆GG < 0 (< 0 (exergonicexergonic reaction).reaction).
If If ∆∆GG > 0 > 0 ⇒⇒ endergonicendergonic reaction, absorbs energy from surrounding.reaction, absorbs energy from surrounding.

„„somebody hassomebody has
to lift the ballto lift the ball““
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Activation EnergyActivation Energy
CatalysisCatalysis

reactionreaction

en
er

gy
en

er
gy

reactants

products ⇒⇒ exothermalexothermal

Activation energyActivation energy

reaction reaction 
enthalpy enthalpy 
∆∆HHR R < O< O

The activation energy is the minimum energy required to start a The activation energy is the minimum energy required to start a chemichemi--
cal reaction (cal reaction („„igniting sparkigniting spark““) (cleavage of existing bonds), even for) (cleavage of existing bonds), even for
exothermal reactions in which the released heat exceeds the actiexothermal reactions in which the released heat exceeds the activationvation
energy by far.energy by far.

with catalystwith catalyst

A A catalystcatalyst (chem. compound (chem. compound 
added in small amounts added in small amounts 
to reaction)to reaction)
••lowers activation energy, lowers activation energy, 
••increases reaction rateincreases reaction rate
••doesn't influence equilibriumdoesn't influence equilibrium
••is not consumed by reactionis not consumed by reaction

PlatinumPlatinum

HH--HH
HH⋅⋅⋅⋅⋅⋅HH reactantreactant
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KineticsKinetics

Reaction kinetics: Speed of chemical reactions. Reaction kinetics: Speed of chemical reactions. 
Reaction rate defined as change of concentration with timeReaction rate defined as change of concentration with time

dt

Pd

dt

Bd

dt

Ad
r

][][][ =−=−=For a reaction: A + B For a reaction: A + B →→ P:P:

i.e.: increase of concentration of product P i.e.: increase of concentration of product P 
resp. decrease of reactant A or B with time.resp. decrease of reactant A or B with time.

reduction of methylene reduction of methylene 
blue by glucoseblue by glucose

Monitoring progress of reaction byMonitoring progress of reaction by
•• change of colorchange of color
•• spectroscopicspectroscopic
•• conductometricconductometric
•• calorimetric (heat measurement)calorimetric (heat measurement)
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The reaction rate depends on the concentration of the involved The reaction rate depends on the concentration of the involved 
compounds compounds ⇒⇒ rate lawrate law ::

Rate LawRate Law
Reaction OrderReaction Order

ba BATk
dt

Ad
r ][][)(

][ ⋅⋅=−=

The order of reaction is defined as the sum of all the exponentsThe order of reaction is defined as the sum of all the exponents
of the reactants involved in the rate equation.of the reactants involved in the rate equation.
kk is the is the rate constant, rate constant, which is temperature dependent as a rule.which is temperature dependent as a rule.

--d[A]/dtd[A]/dt = = kk··[A][A]··[B[B]]2. order2. orderA + B A + B →→ PP

--d[A]/dtd[A]/dt = = kk··[A[A]]1. order1. orderA A →→ PP

rate lawrate laworderorderreactionreaction

For A + B For A + B →→ P:P:
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Chemical Equilibrium Chemical Equilibrium 
Reversible/Irreversible ReactionReversible/Irreversible Reaction

In general, a chemical reaction can be reversed:In general, a chemical reaction can be reversed:
The products can react with each other to form the original reacThe products can react with each other to form the original reactants.tants.
Such a reaction is called a Such a reaction is called a reversiblereversible reaction.reaction.

Forward and reversed reaction occur simultaneously so that Forward and reversed reaction occur simultaneously so that 
a a dynamic equilibriumdynamic equilibrium is formed, in which A and B react continuouslyis formed, in which A and B react continuously
to C und D, while C and D form A and B again. Once the equilibrito C und D, while C and D form A and B again. Once the equilibriumum
is reached, the net concentrations remain constant.is reached, the net concentrations remain constant.

A + BA + B C + DC + DReversible reaction:Reversible reaction:

A + BA + B C + DC + DIrreversible reaction:Irreversible reaction:

A reaction without reversed reaction is called A reaction without reversed reaction is called irreversibleirreversible . . 
It occurs until A and/or B are consumed completely or, if C and/It occurs until A and/or B are consumed completely or, if C and/or Dor D
are removed from the reaction site.are removed from the reaction site.
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)()(

)()(

BcAc

DcCc

k

k
kc ⋅

⋅==
→

←Equilibrium constantEquilibrium constant

Law of Mass ActionLaw of Mass Action

The equilibrium state of a chemical reaction can be describedThe equilibrium state of a chemical reaction can be described
quantitatively by the quantitatively by the Law of Mass ActionLaw of Mass Action ((Guldberg/WaageGuldberg/Waage 1865).1865).

Application ofApplication of
Law of Mass Action:Law of Mass Action:

•• Solubility of salts Solubility of salts 
•• AutoprotolysisAutoprotolysis of waterof water

Concentrations are multiplied! By convention product Concentrations are multiplied! By convention product ⇒⇒ numeratornumerator

dDcCbBaA +⇔+ ba

dc

c BA

DC
k

][][

][][

⋅
⋅=in general:

DCBA +→+Almost complete
reaction: kc>>1 ; z.B. 1012

Equivalent
equilibrium:

BA + DC + kc=1

Barely occurring 
reaction:

DCBA +←+ kc<<1 ; z.B. 10-12

A + BA + B C + DC + D
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Le Le ChatelierChatelier´́ss PrinciplePrinciple

BA + DC +
DCBA +←+
DC+BA+

Change of concentrationChange of concentration::
Changing the concentration of anChanging the concentration of an
ingredient (C) will shift the equilibrium ingredient (C) will shift the equilibrium 
to the side that would reduce the change.to the side that would reduce the change.
By the reversed reaction C and D areBy the reversed reaction C and D are
consumed partly, while the concentrationconsumed partly, while the concentration
of A and B is increased until of A and B is increased until kkCC reached.reached.

][][

][][

BA

DC
kc ⋅

⋅=

Change of temperatureChange of temperature.: .: 
Exothermal reaction has energy (heat) as product. Cooling removeExothermal reaction has energy (heat) as product. Cooling removess
heat and the equilibrium is shifted to the product side.heat and the equilibrium is shifted to the product side.
Endothermal reactions are enhanced by feeding energy.Endothermal reactions are enhanced by feeding energy.

BA + EnergyDC ++

Change of pressure/volumeChange of pressure/volume: In reactions with volume decrease (com: In reactions with volume decrease (com--
pressionpression) increasing pressure shifts the equilibrium to product side. ) increasing pressure shifts the equilibrium to product side. 

VPBA /++ DC +ExampleExample:            N:            N2 2 + 3 H+ 3 H2 2 2 NH2 NH3 3 

Page 112

4. Inorganic Chemistry4. Inorganic Chemistry
4.1 Acids 4.1 Acids –– BasesBases

Historically, acids are compounds, which taste sour (vinegar, Historically, acids are compounds, which taste sour (vinegar, 
lemon). Those compounds lemon). Those compounds 
change the color of change the color of 
certain vegetal certain vegetal ingreingre--
dientsdients to red (red to red (red 
cabbage; litmus).cabbage; litmus).
(R. Boyle, 1663)(R. Boyle, 1663)

red cabbage red cabbage extrextr. . acidicacidic

Lavoisier (~1770) assumed, that acids contain oxygen, becauseLavoisier (~1770) assumed, that acids contain oxygen, because
nonnon--metal oxide (e. g. COmetal oxide (e. g. CO22) together with water form acids. ) together with water form acids. 

Substances, which taste and feel soapy, were called Substances, which taste and feel soapy, were called alkalisalkalis
((arab.:Plantarab.:Plant ashash←←PotassiumPotassium hydroxide).hydroxide). LyeLye = corrosive alkaline = corrosive alkaline 
substance. Later such chemicals were called substance. Later such chemicals were called basesbases , since, since
they are (together with an acid) the base for formation of saltsthey are (together with an acid) the base for formation of salts..

alkalinealkaline

Bases can change the color of certain plant ingredients, too.Bases can change the color of certain plant ingredients, too.

ObservationObservation: (Hydrochloric) acid dissolves lime (CaCO: (Hydrochloric) acid dissolves lime (CaCO33) and zinc  ) and zinc  
involving gas development. It does not react with copper.involving gas development. It does not react with copper.
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Acid RainAcid Rain

Carbon dioxide:Carbon dioxide:
•• COCO22 + H+ H22O O →→ HH22COCO33
NitroxidesNitroxides::
•• 2 NO2 NO22 + H+ H22O O →→ HNOHNO22 + HNO+ HNO33
Sulfur oxides:Sulfur oxides:
•• SOSO22 + H+ H22O O →→ HH22SOSO33
•• SOSO33 + H+ H22O O →→ HH22SOSO44

The source of acid rain are theThe source of acid rain are the
oxides of carbon, nitrogen andoxides of carbon, nitrogen and
sulfur, which are formed by thesulfur, which are formed by the
combustion of fossil fuelscombustion of fossil fuels
(coal, mineral oil, natural gas)(coal, mineral oil, natural gas)
They react with water moleculesThey react with water molecules
to produce acids.to produce acids.

1908                     1968
limestone sculptures in industr. area

CaCO3+2H2SO4→CO2+H2O+Ca2++SO+SO44
22--

The produced acids are harmful forThe produced acids are harmful for
plants, waters, and buildings:plants, waters, and buildings:

solid                 gaseous           solublesolid                 gaseous           soluble
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AcidAcid--Base Theory by Base Theory by BrBrøønstednsted

Comprehensive acidComprehensive acid--base theory by base theory by BrBr øønstednsted (1923):(1923):

Acids: Proton donators ; compounds or specimens, 
that release protons.

Bases:Proton acceptors ; compounds or specimens,
that absorbs (gains) protons.

Advantage: Definition is
• independent  of water as solvent
• not restricted to liquid phase ⇒
• more bases, e. g. ammonia (NH3)

HCl (g) + NaOH (s) →
Na+Cl –(s) + H2O (l)

JohJoh . N. . N. BrBr øønstednsted
dandan . Chem. Chem..

In water In water BrBrøønstednsted
acids produceacids produce
hydroniumhydronium ionsions::

H-A + H    H
O A- + H       HO

H
⊕⊕⊕⊕

Bases must have a lone 
pair to receive a proton
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Dissociation EquilibriumDissociation Equilibrium
Conjugate Acid/BaseConjugate Acid/Base

If an acid HA reacts with a base B, a proton is transferred fromIf an acid HA reacts with a base B, a proton is transferred from
the acid to the base (the acid to the base (protolysisprotolysis ).).

acid          baseacid          base
conjugateconjugate

acid          baseacid          base

In the reversed reaction, a proton is transferred from HBIn the reversed reaction, a proton is transferred from HB++ to Ato A--

i. e., HBi. e., HB++ acts as acid, Aacts as acid, A-- as base.as base.
In such a In such a dissociation equilibriumdissociation equilibrium two sets of two sets of 
acidacid--base pairs occur: Sbase pairs occur: S11/B/B11 and Sand S22/B/B22. . 
AA-- is called is called conjugateconjugate base to HAbase to HA
and HBand HB++ conjugate acid to B.conjugate acid to B.

Acid and bases can be neutral molecules or ions.Acid and bases can be neutral molecules or ions.

ExampleExample: Acetic acid + ammonia : Acetic acid + ammonia → ammoniumammonium-- + acetate ion+ acetate ion
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AmpholyteAmpholyte

An An ampholyteampholyte molecule (or ion) can either donate or accept molecule (or ion) can either donate or accept 
a proton, thus acting either as an acid or a base.a proton, thus acting either as an acid or a base.

More ampholytes: More ampholytes: 
HCOHCO33

-- (Hydrogen carbonate ion), HSO(Hydrogen carbonate ion), HSO44
-- (Hydrogen sulfate ion)(Hydrogen sulfate ion)

Acid/baseAcid/base designates a designates a chemical behaviorchemical behavior towards a reaction partner,towards a reaction partner,
rather than a class of substance.rather than a class of substance.
Names (e .g. nitric acid) are historical regarding reaction withNames (e .g. nitric acid) are historical regarding reaction with water.water.

Example: Example: 
Water reacts toward nitric acidWater reacts toward nitric acid
as a base: It receives a proton andas a base: It receives a proton and
becomes a becomes a hydroniumhydronium ion.ion.
Towards the base ammonia Towards the base ammonia 
water reacts as an acid, however,water reacts as an acid, however,
releasing a proton and becomingreleasing a proton and becoming
a hydroxide ion. a hydroxide ion. 

H2O + HNO3 → HH33OO++ + NO3
-

H2O + NH3 → OHOH-- + NH4
+
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AcidAcid--Base Theory by LewisBase Theory by Lewis

1927; G.N. Lewis: Even more general def. for acids and bases:1927; G.N. Lewis: Even more general def. for acids and bases:
(independent of protons or hydroxide ions)(independent of protons or hydroxide ions)

LewisLewis--acid: Electron pair acceptor acid: Electron pair acceptor 

LewisLewis--acid:acid: Specimen, with empty outer orbital, ready to receive Specimen, with empty outer orbital, ready to receive 
electron pair; has electron pair gap (does not comply with octeelectron pair; has electron pair gap (does not comply with octet rule!) t rule!) 

LewisLewis--base: Electron pair donator base: Electron pair donator 

LewisLewis--basebase has a free electron pair, which can add to a Lewis acidhas a free electron pair, which can add to a Lewis acid
to form a new electron pair bond. to form a new electron pair bond. 

Example:Example:

New bond by overlapNew bond by overlap
of empty boron orbitalof empty boron orbital
with occupied nitrogenwith occupied nitrogen
orbitalorbital

BrBröönstedtnstedt--
acidacid

Lewis acid   Lewis base   Lewis acidLewis acid   Lewis base   Lewis acid--base base aductaduct
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General Structure of AcidsGeneral Structure of Acids

What is the general structure of a What is the general structure of a BrBrøønstednsted acid?acid?
BrBrøønstednsted acidsacids contain polar bonded hydrogen.contain polar bonded hydrogen.

Which elements form polar bonds with H ?Which elements form polar bonds with H ?
NonNon--metals (electronegative!) form polar bonds with H.metals (electronegative!) form polar bonds with H.

H   H   ClClExampleExample: Hydrogen chloride: Hydrogen chloride other halogens analogousother halogens analogous

Elements with lower electronegativity (S,N,P,C) can increase Elements with lower electronegativity (S,N,P,C) can increase 
polarity by additional bonds to oxygen atoms:polarity by additional bonds to oxygen atoms:

Examples:Examples: Nitric acidNitric acid

N O
O

HH

O

Sulfuric acidSulfuric acid

S

OO

HH

O

HH

O

Citric acid
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Strong/Weak Acids/BasesStrong/Weak Acids/Bases

Acids and bases are graded Acids and bases are graded strongstrong or or weakweak regarding their regarding their 
tendency to release resp. receive protons. tendency to release resp. receive protons. 
The more polar the hydrogen is bonded, the greater the The more polar the hydrogen is bonded, the greater the 
tendency for dissociation = tendency for dissociation = protolysisprotolysis, the stronger the acid., the stronger the acid.
Examples:Examples: Sulfuric acidSulfuric acid

S

OO

HH

O

HH

O

is is 
strongerstronger

acid acid 
than:than:

S

O

HH

O

HH

O

Sulfurous acidSulfurous acid

S

HH

HHis is 
strongerstronger

acidacid
than:than:

HydrogenHydrogen
sulfidesulfide

Strong acidsStrong acids (HCl, H(HCl, H22SOSO44, HNO, HNO33, H, H33POPO44, HClO, HClO44))
dissociate in water almost dissociate in water almost completelycompletely : HA + H: HA + H22OO→→HH33OO+ + + A+ A--

Strong acids have weak conjugate bases;Strong acids have weak conjugate bases;
strong bases have weak conjugate acids.strong bases have weak conjugate acids.
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PolyacidsPolyacids

Some acids can release more than one proton via different  Some acids can release more than one proton via different  
protolysisprotolysis steps. The second step is hampered compared to the first.steps. The second step is hampered compared to the first.
ExampleExample: two: two--proton acid carbonic acid (Hproton acid carbonic acid (H22COCO33).).

HCO3
– / CO3

2– und H3O+ / H2O2. StufeCO3
2–+ H3O+HCO3

– + H2O

H2CO3 / HCO3
– und H3O+ / H2O1. StufeHCO3

– + H3O+H2CO3 + H2O
conjugate acid-base-pairs

Intermediate (e. g. hydrogen carbonate ion) = Intermediate (e. g. hydrogen carbonate ion) = ampholyteampholyte ! ! 

More More 
polypoly--
acids:acids:

Oxalic acid HOxalic acid H22CC22OO44

Sulfuric acid HSulfuric acid H22SOSO44

Phosphoric acid Phosphoric acid 
HH33POPO44

stepstep
stepstep
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Concentrate/Dilute Strong AcidsConcentrate/Dilute Strong Acids
MolarityMolarity

Warning:Warning: During dilution of concentrate acids (in particular sulfuric aciDuring dilution of concentrate acids (in particular sulfuric acid) d) 
with water large amounts of heat are released;, rapid evaporatiowith water large amounts of heat are released;, rapid evaporation of n of 
water; uncontrolled spray of acidic liquidwater; uncontrolled spray of acidic liquid
RuleRule: Add acid slowly to water : Add acid slowly to water –– never add water to conc. acid!never add water to conc. acid!

Mixing of pure, concentrate acid with water Mixing of pure, concentrate acid with water ⇒⇒ dilute aciddilute acid ..

Concentration c (= Concentration c (= MolarityMolarity M M (outdated but still common)(outdated but still common)) of acid/base ) of acid/base 
= Number of Mole dissolved acid/base in 1 L.= Number of Mole dissolved acid/base in 1 L.
M > 1 mol/L M > 1 mol/L ⇒⇒ conc. acid; M < 1 mol/L conc. acid; M < 1 mol/L ⇒⇒ dilute aciddilute acid

ExampleExample: conc. (69%mass) nitric acid has density : conc. (69%mass) nitric acid has density ρρ=1,41 g/cm=1,41 g/cm33

1 L1 L⇔⇔1410g; 69%1410g; 69%⇔⇔973g pure HNO973g pure HNO33; ; molar mass=63 g/mol; molar mass=63 g/mol; 
n=m/M = 973g/63g/mol=15,4 mol n=m/M = 973g/63g/mol=15,4 mol ⇒⇒conc. nitric acid = 15,4 M conc. nitric acid = 15,4 M HNOHNO33

How much conc. acid for 100 ml of 0,1 M (dilute) How much conc. acid for 100 ml of 0,1 M (dilute) HNOHNO33 ? ? 
n = n = VV··cc = 0,01 mol = 0,01 mol HNOHNO33

mlx
mol

x

mol

ml
65,0

01,04,15

1000 =⇒= ⇔⇔ 0,92g0,92g
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Strong AcidsStrong Acids

Hydrochloric acidHydrochloric acid = aqueous solution of hydrochloric gas (= aqueous solution of hydrochloric gas (HCl)HCl)(g(g));;
max. 40 % max. 40 % ⇒⇒13 mol/L hydrochloric acid13 mol/L hydrochloric acid
Complete dissociation: HCl + HComplete dissociation: HCl + H22O O →→ HH33OO+ + + + ClCl--

> 36% = fuming acid. > 36% = fuming acid. ⇐⇐ HCl gas evaporatesHCl gas evaporates

Aqua Aqua RegiaRegia = HCl/HNO= HCl/HNO33 (3:1) (3:1) dissolves gold dissolves gold 

Sulfuric acidSulfuric acid: Made from sulfur trioxide (SO: Made from sulfur trioxide (SO33) + H) + H22OO→→HH22SOSO44
100%: 100%: ρρ=1,8 g/cm=1,8 g/cm33; 1800g/98g/mol = 18 mol/L = 18 M H; 1800g/98g/mol = 18 mol/L = 18 M H22SOSO44
additional phys. solution of SOadditional phys. solution of SO33 ⇒⇒ OleumOleum (hygroscopic)(hygroscopic)

Nitric acidNitric acid = HNO= HNO33 ; concentrate = fuming 90% HNO; concentrate = fuming 90% HNO33
⇒⇒ free NOfree NO22 (brown toxic gas); (brown toxic gas); 
dissolves silver, but not gold (aqua dissolves silver, but not gold (aqua fortisfortis))

Nitrating acidNitrating acid: Mixture of nitric + sulfuric acid for nitration: Mixture of nitric + sulfuric acid for nitration
of compounds; e g. toluene of compounds; e g. toluene ⇒⇒ trinitrotoluenetrinitrotoluene (TNT)(TNT)
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Common Acids Common Acids 
and their Conjugate Basesand their Conjugate Bases

ClCl--Chloride ionChloride ionHClHCl(aq(aq))Hydrochloric acidHydrochloric acid

CNCN--Cyanide ionCyanide ionHCNHCNHydrogen cyanideHydrogen cyanide

CarbonateCarbonate

PhosphatePhosphate

SulfiteSulfite

SulfateSulfate

COCO33
22--HCOHCO33

--Hydrogen carbonateHydrogen carbonateHH22COCO33Carbonic acidCarbonic acid

CHCH33COOCOO--Acetate ionAcetate ionCHCH33COOHCOOHAcetic acidAcetic acid

ClOClO44
--Perchlorate ionPerchlorate ionHClOHClO44PerchloricPerchloric acidacid

POPO44
33--HH22POPO44

--

HPOHPO44
22--

DihydrogenDihydrogen phosphatephosphate

Hydrogen phosphateHydrogen phosphate
HH33POPO44Phosphoric Phosphoric 

acidacid

NONO22
--Nitrite ionNitrite ionHNOHNO22Nitrous acidNitrous acid

NONO33
--Nitrate ionNitrate ionHNOHNO33Nitric acidNitric acid

SOSO33
22--HSOHSO33

--Hydrogen sulfiteHydrogen sulfiteHH22SOSO33Sulfurous acidSulfurous acid

SOSO44
22--HSOHSO44

--Hydrogen sulfateHydrogen sulfateHH22SOSO44Sulfuric acidSulfuric acid

FF--Fluoride ionFluoride ionHFHFHydrofluoric acidHydrofluoric acid

AmpholytesAmpholytes
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Common Bases/AlkalisCommon Bases/Alkalis

Caustic sodaCaustic soda = alkaline solution of sodium hydroxide = alkaline solution of sodium hydroxide 
(NaOH) in water; max. 1200 g = 30 mol/L(NaOH) in water; max. 1200 g = 30 mol/L
exothermal process!exothermal process!
Production: Electrolysis of alkali chlorides Production: Electrolysis of alkali chlorides 
(see: (see: Industrial ChemistryIndustrial Chemistry))
Potash lyePotash lye = alkaline solution of potassium hydroxide = alkaline solution of potassium hydroxide 
(KOH) in water; (KOH) in water; exothermal processexothermal process!!

Ammonia waterAmmonia water = Ammonium hydroxide = Sal ammoniac= Ammonium hydroxide = Sal ammoniac
Ammonia (gas) dissolved in water: NHAmmonia (gas) dissolved in water: NH33 + H+ H22O O → NHNH44

++ + OH+ OH--←←
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Carbonic AcidCarbonic Acid

COCO2 (2 (aqaq)) HH22COCO33+ H+ H22OOpartly reacts topartly reacts to carbonic acid:carbonic acid:

Carbonic acid is a weakCarbonic acid is a weak
acid, dissociates only partlyacid, dissociates only partly
formingforming hydrogen carbonatehydrogen carbonate
ionsions (Ampholyt).(Ampholyt).

HCOHCO33
-- + H+ H33OO++HH22COCO33 + H+ H22OO

HCOHCO33
-- + H+ H22OO + H+ H33OO++COCO33

22--
In a second In a second protolysisprotolysis stepstep
carbonate ionscarbonate ions can be produced:can be produced:

(CO(CO22))(g)(g) (CO(CO22))(aq)(aq)..
Gaseous carbon dioxide Gaseous carbon dioxide 
soluble in water:soluble in water:

In carbonated water all species coexist in a chemical equilibriuIn carbonated water all species coexist in a chemical equilibriumm
in different concentrations. Addition of lemon (acid, Hin different concentrations. Addition of lemon (acid, H33OO++) shifts all ) shifts all 
equilibriums to the left equilibriums to the left ⇒⇒ moremore COCO22 gas escapes.gas escapes.
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AutoprotolysisAutoprotolysis of Watersof Waters

Salt solution are electrical conductive, since they contain ionsSalt solution are electrical conductive, since they contain ions..
Application of voltage Application of voltage ⇒⇒ ions are moved: Cations are moved: Cat++→→ cathode (neg. pole)cathode (neg. pole)

: An: An-- →→ anode (pos. pole)anode (pos. pole)

Water acts as acid Water acts as acid andand as base, as base, 
hydroniumhydronium ions and hydroxide ions are producedions and hydroxide ions are produced

in small concentrations.in small concentrations.

Pure, distilled water is conductive too, Pure, distilled water is conductive too, 
because water always contains ions due to because water always contains ions due to autoprotolysisautoprotolysis ::

H2O + H2O   [H3O]+ + [OH]-
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Ion(icIon(ic) ) ProductProduct of Waterof Water

The The ionion productproduct of of aqueousaqueous solutions solutions isis alwaysalways 1010--1414 molmol²²/L/L²²

H2O + H2O   [H3O]+ + [OH]-

H2O + H2O   [H3O]+ +[OH]-

H2O + H2O   [H3O]+ + [OH]-

By By additionaddition of of hydroniumhydronium
ionion ((fromfrom acidacid) ) shiftsshifts thethe
equilibriumequilibrium, H, H33OO++ and OHand OH--

reactreact untiluntil KKWW =10=10--14 14 againagain..
NowNow, [H, [H33OO++]>10]>10--77 andand
[OH[OH--]< 10]< 10--77

Law of mass actionLaw of mass action
for for autoprotolysisautoprotolysis

Derivation of ion product of waterDerivation of ion product of water
from law of mass actionfrom law of mass action
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The pH ValueThe pH Value

The concentration of The concentration of hydroniumhydronium ions is a measure forions is a measure for
acidic or alkaline character of a solution. acidic or alkaline character of a solution. 
Representation as decimal number confusing Representation as decimal number confusing 
in powers of 10 inconvenient, therefore definition:in powers of 10 inconvenient, therefore definition:

moderate alkalinemoderate alkaline10101010--10100.00000000010.0000000001

1414

77

44

00

pH valuepH value

1010--1414

1010--77

1010--44

101000

c(Hc(H33OO++) mol/L ) mol/L powerpower

very alkalinevery alkaline0.000000000000010.00000000000001

neutralneutral0.00000010.0000001

moderate acidicmoderate acidic0.00010.0001

very acidicvery acidic11

solutionsolutionc(Hc(H33OO++) mol/L ) mol/L decimaldecimal

The pH value is the negative decimal logarithm of theThe pH value is the negative decimal logarithm of the
hydroniumhydronium ion concentration. (ion concentration. (ppotentiaotentia hhydrogeniiydrogenii))

)](lg[ 3
+−= OHcpH
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Relationship between Relationship between HydroniumHydronium and and 
Hydroxide Ion ConcentrationHydroxide Ion Concentration

In neutral water is: c(HIn neutral water is: c(H33OO++) = ) = c(OHc(OH--) = 10) = 10--77 mol/Lmol/L

For For everyevery solution is: c(Hsolution is: c(H33OO++) ) ·· c(OHc(OH--) = 10) = 10--1414 molmol²²/L/L²²
Note: concentrations are multiplied!Note: concentrations are multiplied!

Analogous to pH a Analogous to pH a pOHpOH value can be defined:value can be defined:

The The pOHpOH value is the negative decimal logarithm of thevalue is the negative decimal logarithm of the
hydroxide ion concentration.hydroxide ion concentration.

)](log[ −−= OHcpOH
c(Hc(H33OO++))··c(OHc(OH--)=10)=10--1414 mol/L logarithm mol/L logarithm ⇒⇒ 14=+ pOHpH

neutralneutral7777

alkalinealkaline331111

acidicacidic121222

solutionsolutionpOHpOHpHpHExamples:Examples:
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pH pH calculationcalculation
((strongstrong acidacid oror strongstrong basebase))

n =0,1mol of n =0,1mol of strongstrong acidacid (HA) (HA) addedadded to V=10 L to V=10 L waterwater. pH = ?. pH = ?
ExampleExample::

LmolLmolLmolVnOHc HA /10/01,010/1,0/)( 2
3

−+ ====
210log)](log[ 2

3 =−=−= −+OHcpH

0,01 mol of 0,01 mol of strongstrong basebase addedadded to 100 L of to 100 L of waterwater. . pH = ?pH = ?

ExampleExample::

LmolLmolLmolVnOHc B /10/0001,0100/01,0/)( 4−− ====
410log)](log[ 4 =−=−= −−OHcpOH

1041414 =−=−= pOHpH

HA + HHA + H22OO→→HH33OO+ + + A+ A-- (1 mol acid produces 1 mol (1 mol acid produces 1 mol hydroniumhydronium) ) 
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Neutral7,0Distilled water
6,5Milk
6,0Mineral water
5,6Rain 
5,5Tee
5,0Coffee

<5,0Acid rain
4,5 – 5,0Beer

4,5Sour milk
4,0Wine

3,5Orange/apple juice
2,9Vinegar
2,7
2-3Coke
2,4Lemon juice
2,0Gastric acid

Acidic-0,5Battery acid
ArtpH-WertSubstance ArtpH-WertSubstance

13,5Caustic Soda

12,6Concrete

12,5Bleaching agent

11,5Sal ammoniac

9,0 – 10,0Soap

8,3Intestine

8,16Sea water
(pre-industrial)

8,05Sea water (today)

Alkaline7,34 – 7,45Blood

Acidic to 6,5 – 7,4Saliva

pH pH ValuesValues of Common Solutionsof Common Solutions
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Examples:Examples: LitmusLitmus

pH IndicatorpH Indicator

AA pH indicatorpH indicator is ais a halochromichalochromic compoundcompound added in small amountsadded in small amounts
to ato a solutionsolution to visualized acidity resp. basicity by color. to visualized acidity resp. basicity by color. 
Indicators are colored compounds, which undergo acidIndicators are colored compounds, which undergo acid--basebase--
reactions reactions ⇒⇒ chemical structure and color is changed.chemical structure and color is changed.
Indicator enable a rough determination of the pH value:Indicator enable a rough determination of the pH value:

Chemical structure of the
indicator methyl orange
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pH Test Strip/pH MeterpH Test Strip/pH Meter

pH Test strips contain a mixture pH Test strips contain a mixture 
of different indicators.of different indicators.
Comparison of color with  Comparison of color with  
reference scale reference scale ⇒⇒ pH value.pH value.

In a pHIn a pH--Meter electrochemical Meter electrochemical 
determination of Hdetermination of H33OO++ ion ion 
concentration and calculated concentration and calculated 
pH value displayed.pH value displayed.

GlasGlas electrodeelectrode

Page 134

NeutralizationNeutralization

Combination of an acidic solution with a certain with a certain Combination of an acidic solution with a certain with a certain 
c(Hc(H33OO++) with an identical volume of an alkaline solution with ) with an identical volume of an alkaline solution with 
the same the same c(OHc(OH--) produces a neutral solution (pH=7).) produces a neutral solution (pH=7).
The underlying reaction is a The underlying reaction is a neutralizationneutralization ..

H3O
+ + OH- H2O + H2O

If identical amounts of substance (If identical amounts of substance (equimolarequimolar amounts) amounts) 
of Hof H33OO++ and OHand OH-- are combined, they react in a neutralizationare combined, they react in a neutralization
reaction to neutral water.reaction to neutral water.

Attributes of a neutralization:Attributes of a neutralization:

•• represents an acidrepresents an acid--basebase--reaction, proton transfer Hreaction, proton transfer H33OO++ to OHto OH--..
•• exothermal reaction; reaction heat is released!exothermal reaction; reaction heat is released!
•• used in quantitative analysis for determination used in quantitative analysis for determination 

of unknown c(Hof unknown c(H33OO++) or ) or c(OHc(OH--): Acid): Acid--base titration (later)base titration (later)
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Calculation of Neutralization ReactionCalculation of Neutralization Reaction

In a submarine 180 L acid are leaked out of the battery cellsIn a submarine 180 L acid are leaked out of the battery cells
with pH = 1. How much sodium hydroxide solution of c = 2 mol/Lwith pH = 1. How much sodium hydroxide solution of c = 2 mol/L
is necessary for a complete neutralization (pH = 7) ?is necessary for a complete neutralization (pH = 7) ?

Neutralization means:Neutralization means:
amount of substance of acid (Hamount of substance of acid (H33OO++) ) 

is equal to amount of base (OHis equal to amount of base (OH--))
nnAA = = nnBB

ccAA⋅⋅VVAA = = ccBB⋅⋅VVBB

VVB B = = ccAA⋅⋅VVAA/c/cBB

ccAA = 10= 10--pH pH = 0,1 mol/L= 0,1 mol/L

L
mol/L

Lmol/L,
VB 9

2

18010 =⋅=
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Formation of Salt by NeutralizationFormation of Salt by Neutralization

In addition to HIn addition to H33OO++ and OHand OH-- --ions acidic and alkaline solutionsions acidic and alkaline solutions
both contain counter ions (electric neutrality).both contain counter ions (electric neutrality).
They can be product of a previous acidThey can be product of a previous acid--basebase--reactionreaction
from production of the acidic solution:from production of the acidic solution:

Example:Example: HCl (g) + HHCl (g) + H22O (l) O (l) →→ ClCl-- ((aqaq) + ) + HH33OO++ ((aqaq) ) 

Total reaction of the neutralization:Total reaction of the neutralization:
ClCl--(aq(aq)) + + HH33OO++(aq)(aq) + + NaNa++(aq(aq)) + OH+ OH--((aqaq)) →→ NaNa++(aq(aq)) + + ClCl--(aq(aq)) + 2H+ 2H22OO

If the water is evaporated NaCl (table salt) is remaining.If the water is evaporated NaCl (table salt) is remaining.

Acid + Base Acid + Base →→ Salt (+ Water)Salt (+ Water)

or they result from the dissolution of a compound in water: or they result from the dissolution of a compound in water: 

Example:Example: NaOH (s)       NaOH (s)       →→ NaNa++ ((aqaq) + OH) + OH-- ((aqaq) ) 
HH22O (l)O (l)



69

Page 137

Quantitative AnalysisQuantitative Analysis
TitrationTitration

Determination of the concentration of an unknown solution by defDetermination of the concentration of an unknown solution by definedined
addition of another solution (standard solution with known conc.addition of another solution (standard solution with known conc.) ) 
until equivalence point is reached, visualized by indicator.until equivalence point is reached, visualized by indicator.

Reaction has to be:
• complete
• known stoichiometry
• fast
• End point detectable

Suitable reactions:
• Neutralization
• Redox reaction
• (Complexation)

S
ta

nd
ar

d 
so

lu
tio

n
S

ta
nd

ar
d 

so
lu

tio
n

unknownunknown
solutionsolution

B
ur

et
te

At equivalence point:

nnknownknown = = nnunknownunknown

ccknownknown··VVknownknown..= = ccunknownunknown..··VVunknownunknown

ccunknownunknown==
ccknownknown··VVaddedadded

VVreceivingreceiving
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AcidAcid--BaseBase--TitrationTitration
(Principle)(Principle)

Acidic solution, c(HAcidic solution, c(H33OO++) = ?) = ?
Measuring a certain volumeMeasuring a certain volume
of acid of acid VVAA; Drop wise addition; Drop wise addition
of sodium hydroxide solution of sodium hydroxide solution 
with known concentration with known concentration ccBB
until pH=7 (neutralization);until pH=7 (neutralization);
Measuring the consumptionMeasuring the consumption
of basic solution of basic solution VVBB..

BBAAA VczVc ⋅=⋅⋅ )(

Vcn ⋅=withwith

)( AA

B
BA zV

V
cc

⋅
⋅=

BAA nzn =⋅ )(
At equivalence point:At equivalence point:

with number of acid protons with number of acid protons zzAA
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Quantitative AcidQuantitative Acid--BaseBase--ReactionReaction
(Strong Acid/Base)(Strong Acid/Base)

If a certain amount of base is added to an existing acidic solutIf a certain amount of base is added to an existing acidic solution,ion,
the acid is neutralized partly. the acid is neutralized partly. 
What is the concentration of the remaining acid ?;What is the concentration of the remaining acid ?;
Which pHWhich pH--value is reached ?value is reached ?
In the existing acid with a volume VIn the existing acid with a volume VAA and a concentration and a concentration 
ccAA the amount of Hthe amount of H33OO++ is: is: 

AAAOH
zVcn ⋅⋅=+ )(0 3

The addition of base produces a certain amount of OHThe addition of base produces a certain amount of OH-- ions:ions:
BBOH

Vcn ⋅=− )(

Part of the HPart of the H33OO++ is neutralized; the remaining is neutralized; the remaining amoutamout is:is:

)()(0)( 33
−++ −=

OHOHOH
nnn with the conc.:with the conc.:

BS

BBAAA
OH VV

VczVc
c

+
⋅−⋅⋅=+ )( 3

Volumes have to be addedVolumes have to be added
For identical conc. For identical conc. ccAA==ccBB und und zzAA=1, simple equation:=1, simple equation:

BA

BA
OH VV

VVc
c

+
−⋅=+

)(
)( 3
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Titration CurveTitration Curve
(Strong Acid/Strong Base)(Strong Acid/Strong Base)

Titration of 20 ml 0.1 molar HCl Titration of 20 ml 0.1 molar HCl 
with 0.1 M NaOH (with 0.1 M NaOH (ccAA==ccBB , , zzAA=1)=1)

4,64,62,52,5··1010--5519,9919,99
3,63,62,52,5··1010--4419,919,9
2,62,60,00250,00251919

1,841,840,0140,0141515
1,471,470,0330,0331010
1,221,220,060,0655

110,10,100

pH valuepH valuec(Hc(H33OO++) mol/L) mol/L
c(OHc(OH--) mol/L) mol/L

Addition VAddition VBB
NaOH [ml]NaOH [ml]

B

B
OH V

V
c

+
−⋅=+

20

)20(1,0
)( 3

B

B
OH V

V
c

+
−⋅=−

20

)20(1,0
)(

12,512,54040
12,312,30,020,023030
11,411,40,00250,00252121

* Ion product of water relevant* Ion product of water relevant

Neutral point
pH = 7

7*7*1010--77

Equivalence point
nA = nB

2020
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Acidity Constant;Acidity Constant;
pKpKAA ValueValue

In addition to very strong acids, which dissociate completely,In addition to very strong acids, which dissociate completely,
weaker acids exist, which dissociate only partly.weaker acids exist, which dissociate only partly.
Their equilibrium reaction in water is described by Their equilibrium reaction in water is described by 
the law of mass action.the law of mass action.

)()(

)()(

2

3

OHcHAc

AcOHc
K

⋅
⋅=

−+

)(

)()( 3

HAc

AcOHc
K A

−+ ⋅=since c(H2O)≈
const. ⇒

The The acidity constant Kacidity constant K SS is a measure for the strength of the acidis a measure for the strength of the acid

Often, the negative decimal logarithm Often, the negative decimal logarithm pKpK AA is represented:is represented:

AA KpK log−= Analogous KAnalogous KBB and and pKpKBB for basesfor bases

Important note: Important note: pHpH describes describes individual solution propertyindividual solution property
In contrast to:   In contrast to:   pKpK AA describes describes compound property!compound property!

HA + H2O → H3O
+ + A-
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pKpKAA TableTable

6,46HCO3
-Carbonic acid(H2CO3)

4,75CH3COO-Acetic acidCH3COO
H

3,14F-Hydrofluoric acidHF

1,96H2PO4
-Phosphoric acidH3PO4

1,93SO4
2-Hydrogen sulfateHSO4

-

0ClO3
-Chloric acidHClO3

-1,32NO3
-Nitric acidHNO3

-1,74H2OHydronium ionH3O
+

-3HSO4
-Sulfuric acidH2SO4

pKA
conjugated 

baseNameacid

-6Cl-Hydrochloric acidHCl

-9ClO4
-Perchloric acidHClO4

conjugated 
baseNameacid

O2-hydroxide-ionOH-

OH-waterH2O

S2-Hydrogensulfid-
ionHS-

PO4
3-HydrogenphosphateHPO4

2-

HO2
-Hydrogen peroxideH2O2

CO3
2-HydrogencarbonateHCO3

-

NH3Ammonium ionNH4
+

ClO-Hypochloric acidHClO

HPO4
2-Dihydrogenphosph.H2PO4

-

HS-Hydrogen sulfideH2S

pKA

24

15,74

12,9

12,32

11,62

10,4

9,21

7,25

7,21

7,06

14=+ BA pKpKFor conjugated acidFor conjugated acid--base pairs is:base pairs is:
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Degree of Degree of ProtolysisProtolysis
(Degree of Dissociation)(Degree of Dissociation)

Degree of Degree of protolysisprotolysis αα = = Fraction of dissociated acid in equilibrium.Fraction of dissociated acid in equilibrium.

αα = = concentration of dissociated acidconcentration of dissociated acid
total concentration of acidtotal concentration of acid

0

0

)(

)()(

HAc

HAcHAc −=

0cK A=αOstwald Law of Dilution:Ostwald Law of Dilution:

Stronger acid Stronger acid oror
lower concentrationlower concentration
⇒⇒ more dissociationmore dissociation
(=(=protolysisprotolysis))

Degree of Degree of protolysisprotolysis depends on Kdepends on KAA value (resp. value (resp. pKpKAA) ) 
andand on initial concentration of acid on initial concentration of acid cc00::
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pH Calculation IIpH Calculation II
(Weak Acid)(Weak Acid)

since since c(Hc(H33O)O)++==c(Ac(A--))
and weak acid and weak acid ⇒⇒
little dissociation: little dissociation: c(HAc(HA)) ≈≈ c(HA)c(HA)00

)(

)()( 3

HAc

AcOHc
K A

−+ ⋅=

0

2
3

)(

)(

HAc

OHc
K A

+

= 03 )()( HAcKOHc A ⋅=+⇒⇒

logarithm logarithm ⇒⇒ ])(log[ 02
1 HAcpKpH A −=

Example:Example:
0,1 mol acetic acid (0,1 mol acetic acid (pKpKAA = 4,75) in 1 L water:= 4,75) in 1 L water:

875,2)175,4(]1,0log75,4[ 2
1

2
1 =+=−=pH
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Buffer SolutionsBuffer Solutions

Buffer solutions Buffer solutions contain a weak acid contain a weak acid and and its conjugate weak its conjugate weak 
base together.base together.
Buffers stabilize the pH value against external acid/base attackBuffers stabilize the pH value against external acid/base attack..
Only minor changes of pH by addition of acid or base. Only minor changes of pH by addition of acid or base. 

take logarithm take logarithm ⇒⇒
)(

)(
log

HAc

Ac
pKpH A

−

+=

HendersonHenderson--HasselbalchHasselbalch equation:equation:
Calculation of pH of buffer solutionCalculation of pH of buffer solution

For pH < For pH < pKpKAA, more acid than conjugate base;, more acid than conjugate base;
for pH > for pH > pKpKAA, more conjugate base than acid., more conjugate base than acid.

)(

)()( 3

HAc

AcOHc
K A

−+ ⋅= )(

)(
)( 3 −

+ ⋅=
Ac

HAc
KOHc A⇒⇒

Page 146

Buffer EffectBuffer Effect

Buffer solution neutralizes added Buffer solution neutralizes added 
strong acid or base partly, bystrong acid or base partly, by
shifting the equilibrium.shifting the equilibrium.
Most effective buffer,Most effective buffer,
if if c(HA):c(Ac(HA):c(A--) = 1:1) = 1:1
(so that pH = (so that pH = pKpKAA))

Strong acid (Strong acid (HH33OO++)) is convertedis converted
intointo weak acidweak acid

H3O
+ + A- → HA + H2O

Buffering of base analogousBuffering of base analogous

Excess of acid or base byExcess of acid or base by
a factor of 10 altersa factor of 10 alters
the pH value only by 1!the pH value only by 1!

Molar fraction of baseMolar fraction of base
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Titration CurveTitration Curve
Weak Acid/Strong BaseWeak Acid/Strong Base

Example:Example:
20 ml 0.1 molar acetic acid 20 ml 0.1 molar acetic acid 
((pKpKAA=4,75); 0.1 M NaOH added=4,75); 0.1 M NaOH added

875,2]1,0log75,4[2
1 =−=pH

Initially:Initially:

HAcHAc/Ac/Ac--
Buffer:Buffer: )(

)(
log75,4

HAcc

Acc
pH

−

+=

By addition of NaOH solution:By addition of NaOH solution:
HAcHAc + OH+ OH-- →→ AcAc-- + H+ H22OO

BufferBuffer
regionregion

Equivalence p.: all Equivalence p.: all HAcHAc neutralized; neutralized; 
only 0,05 mol/L Aconly 0,05 mol/L Ac-- ((pKpKBB = 9,25)= 9,25)

72,8]05,0log25,9[14 2
1 =−−=pH

8,728,722020
>25 as for HCl/NaOH>25 as for HCl/NaOH

7719,8619,86
661919
4,754,751010
4,274,2755
2,8752,87500
pHpH--WertWertAddition NaOH [ml]Addition NaOH [ml]

Neutral point:pH = 7<Equivalence pH=8,72

X

X
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Titration Curve of Phosphoric AcidTitration Curve of Phosphoric Acid

Phosphoric acid dissociates in three steps: 

pKS3 = 12,3PO4
3– + H3O+HPO4

2– + H2O

pKS2 = 7,2HPO4
2– + H3O+H2PO4

– + H2O

pKS1 = 2,0H2PO4
– + H3O+ H3PO4 + H2O →

→
→

(0,1 M)

Titration curve 10 mL 0.1 M H3PO4

H3PO4

H2PO4
–

HPO4
2–

PO4
3–valuevalue

EE

EE

EE
(not complete)(not complete)
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4.2 Salts, Solubility4.2 Salts, Solubility
The Crystalline StateThe Crystalline State

Microscopic characteristics of the Microscopic characteristics of the crystalline statecrystalline state is:is:
•• 3D 3D regular spatial arrangementregular spatial arrangement (crystal lattice)(crystal lattice)
•• of ions (salts), atoms (metals), or moleculesof ions (salts), atoms (metals), or molecules
•• with high with high symmetry and long range ordersymmetry and long range order ..

Macroscopic crystals: flat surfaces, high symmetry. Macroscopic crystals: flat surfaces, high symmetry. 
Examples:Examples:

CaFCaF22

Quartz Quartz 
(SiO(SiO22))

Such single crystals are transparent, but refractive.Such single crystals are transparent, but refractive.
Polycrystalline material (Polycrystalline material (µµm size crystals) are opaque.m size crystals) are opaque.
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Crystal Crystal LatticeLattice

Different types of atomic crystal lattices exist, which are reprDifferent types of atomic crystal lattices exist, which are represented esented 
in the external shape of the macroscopic crystal: Cubic, tetragoin the external shape of the macroscopic crystal: Cubic, tetragonal,nal,
hexagonal, monoclinic, triclinic. Dense sphere packing is soughthexagonal, monoclinic, triclinic. Dense sphere packing is sought ⇒⇒
highest lattice energy; arrangement of counter ions electric neuhighest lattice energy; arrangement of counter ions electric neutral.tral.
Crystal type depends on ratio of ion radii Crystal type depends on ratio of ion radii r(cation):r((anionr(cation):r((anion).).

NaClNaCl--type:type: NaNa++:Cl:Cl-- <0,7 <0,7 ⇒⇒
cubic facecubic face--centered. centered. 
Each NaEach Na++ surrounded by 6 surrounded by 6 ClCl--

NaNa++

ClCl--

CsClCsCl--type:type: CsCs++:Cl:Cl-- > 0,7 > 0,7 ⇒⇒
cubic bodycubic body--centered lattice;centered lattice;
Each Each CsCs++ surrounded by 8 surrounded by 8 ClCl--
(and vice(and vice--versa). versa). 

In In ZnSZnS--(Zincblende)(Zincblende)--typetype: : 
ZnZn2+2+:S:S22--<0,4 <0,4 ⇒⇒ coordination number 4.coordination number 4.
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Amorphous StateAmorphous State

The The amorphous stateamorphous state is formed by the same molecular entitiesis formed by the same molecular entities
as the crystal lattice (ions, molecules), but as the crystal lattice (ions, molecules), but without longwithout long
range orderrange order . Also denoted as . Also denoted as glassy stateglassy state ..

Amorphous solids have bent fracture surfaces.Amorphous solids have bent fracture surfaces.
ExamplesExamples: Glasses and sediments like flint stone, opal and: Glasses and sediments like flint stone, opal and

Malachite = (Cu(OH)Malachite = (Cu(OH)22··CuCOCuCO33))Anisotropy is the properAnisotropy is the proper--
tyty of being directionallyof being directionally
dependent. dependent. 
E. g. refractive indexE. g. refractive index

Crystals are anisotropic;Crystals are anisotropic;
Amorphous bodiesAmorphous bodies
are isotropic.are isotropic.
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SaltsSalts

SaltsSalts are ionic solids, in which the cations (+) and anions (are ionic solids, in which the cations (+) and anions (--) are ) are 
arranged regularly in a 3D arranged regularly in a 3D crystal latticecrystal lattice ..
Due to the strong electrostatic attractions between oppositely cDue to the strong electrostatic attractions between oppositely charhar--
gedged ions (lattice energy) salts have high melting points (NaCl 800ions (lattice energy) salts have high melting points (NaCl 800°°C).C).
Salt crystals are electrically neutral, i. e. the charges of catSalt crystals are electrically neutral, i. e. the charges of cations andions and
anions are balanced = no net charge.anions are balanced = no net charge.

nm
mn BAnBmA →+ −+

In salts of main group elements (I, II, VI, VII) the In salts of main group elements (I, II, VI, VII) the monoatomicmonoatomic ionsions
comply with the octet rule comply with the octet rule ⇒⇒ defined stoichiometry: (NaCl, MgCldefined stoichiometry: (NaCl, MgCl22, Na, Na22S)S)
Salts of auxiliary group elements (transition metals) often haveSalts of auxiliary group elements (transition metals) often have
variable variable valancyvalancy:                FeCl:                FeCl22 = = {Fe{Fe2+2+22Cl--} } = = iron(IIiron(II))--chloridechloride

FeClFeCl33 = = {Fe{Fe3+3+33Cl--} } = = iron(IIIiron(III))--chloridechloride
CuCu22O = O = {2Cu{2Cu++OO22--} = } = copper(Icopper(I))--oxideoxide
CuOCuO = = {Cu{Cu2+2+OO22--} = } = copper(IIcopper(II))--oxideoxide

Salts can also be composed of polyatomic ions:Salts can also be composed of polyatomic ions:
AmmoniumAmmonium-- NHNH44

++, Carbonate, Carbonate-- COCO33
22--, Sulfate, Sulfate-- SOSO44

22--, Phosphate, Phosphate-- POPO44
33--

DichromateDichromate-- CrCr22OO77
22--, Permanganate, Permanganate-- MnOMnO44

--. . 
Composition of the salt with according to charge balance; e. g.:Composition of the salt with according to charge balance; e. g.:
KMnOKMnO44={K={K++MnOMnO44

--}, K}, K22CrCr22OO77={2K={2K++CrCr22OO77
22--}; (NH}; (NH44))22COCO33={2NH={2NH44

++COCO33
22--}}



77

Page 153

Salts and Minerals Salts and Minerals 
(Trivial names)(Trivial names)

NaCl=table salt=NaCl=table salt=
rocksaltrocksalt=halite =halite 

Common minerals:Common minerals:
Sandstone = Sandstone = sedimentedsedimented quartz grains (SiOquartz grains (SiO22) ) 
Chalk = calcium carbonate (CaCOChalk = calcium carbonate (CaCO33))⇒⇒
Lime stone = Calcium carbonate, too (CaCOLime stone = Calcium carbonate, too (CaCO33), ), ⇒⇒
Marble = Calcium carbonate, too (CaCOMarble = Calcium carbonate, too (CaCO33))
Gypsum = Calcium sulfate (CaSOGypsum = Calcium sulfate (CaSO44))
SulfidicSulfidic mineralsminerals::
ZincblendeZincblende ((ZnSZnS), ), 
Pyrite (FeSPyrite (FeS22), ), 
Galena (Galena (PbSPbS))

OxidesOxides: Corundum (Al: Corundum (Al22OO33); ); 
Iron oxides: Hematite (FeIron oxides: Hematite (Fe22OO33), ), 
Magnetite (FeMagnetite (Fe33OO44), ), WWüüstitestite ((FeOFeO) ) 

A A mineralmineral is a naturally occurring is a naturally occurring solidsolid chemicalchemical
substancesubstance formed through formed through biogeochemicalbiogeochemical propro--
cessescesses, having characteristic , having characteristic compositioncomposition, , 
highly ordered highly ordered atomic structureatomic structure, and specific , and specific 
physical propertiesphysical properties

OtherOther important mineralsimportant minerals
Bauxite: mainly Al(OH)Bauxite: mainly Al(OH)33
Chile niter: NaNOChile niter: NaNO33

SilicatesSilicates: Si: Si--Oxides with Al, Fe, Mg, Na, K, ions.Oxides with Al, Fe, Mg, Na, K, ions.
Most rockMost rock--forming mineralsforming minerals
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LimeLime CycleCycle



78

Page 155

SolvationSolvation of Saltsof Salts
Hydrate ShellHydrate Shell

SolvationSolvation of NaCl in water:of NaCl in water:

Ion crystals can be dissolved preferably in the polar solvent waIon crystals can be dissolved preferably in the polar solvent water. ter. 
At surface water molecules are attracted by the ions; ions are At surface water molecules are attracted by the ions; ions are disdis--
solved. They are surrounded by a solved. They are surrounded by a hydrate shellhydrate shell . (hydration). (hydration)

crystalcrystal

hydrated ions    hydrated ions    
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Solubility ProductSolubility Product

The solubility of a certain ionic compound in the respective solThe solubility of a certain ionic compound in the respective solvent isvent is
limited. The solubility of salts quantified by the  limited. The solubility of salts quantified by the  solubility productsolubility product ..
Heterogeneous equilibrium between saturated solution of the saltHeterogeneous equilibrium between saturated solution of the salt
and solid, and solid, sedimentedsedimented salt:salt:

The solubility product is temperature dependent.The solubility product is temperature dependent.
(like all equilibrium constants)(like all equilibrium constants)

and for Aland for Al22OO33 ??

If product of ion concentration < If product of ion concentration < KKSpSp ⇒⇒ unsaturated solution;unsaturated solution;
If If product of ion concentration > as product of ion concentration > as KKSpSp ions crystallize as salt.ions crystallize as salt.

Form of solubility product depends on stoichiometry:Form of solubility product depends on stoichiometry:
)()(

2
)(

2 22 aqaqs BABA −+−+ +→Example:Example: e. g. CaCle. g. CaCl22

)()( 22 −+ ⋅= BcAcKSp

)()()( aqaqs BABA −+−+ +→

)()( −+ ⋅= BcAcKSpSolubility product:Solubility product:
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10-50 mol3/l3Ag2S

10-15 mol2/l2MnS

10-21 mol2/l2NiS

10-30 mol4/l4Cr(OH)3

10-38 mol4/l4Fe(OH)3

10-22 mol2/l2ZnS

10-15 mol3/l3Fe(OH)2

10-28 mol2/l2PbS

10-33 mol4/l4Al(OH)3

10-28 mol2/l2CdS

10-11 mol3/l3Mg(OH)2

10-36 mol2/l2CuS

Hydroxides

10-54 mol2/l2HgS

Sulfides

2·10-9 mol2/l2BaCO3

5·10-9 mol2/l2CaCO3

Carbonates

1·10-8 mol2/l2PbSO48·10-17 mol2/l2AgI

1·10-9 mol2/l2BaSO45·10-13 mol2/l2AgBr

2·10-5 mol2/l2CaSO410-10 mol2/l2AgCl

SulfatesHalogenides

KSpCompoundKSpCompound

Solubility ProductsSolubility Products
Poor Solubility Salts Poor Solubility Salts 

Low solubility: Low solubility: KKSpSp < 10< 10--44 molmol22/L/L22

HintsHints::
•• alkali metal salts alkali metal salts 
have good solubilityhave good solubility
•• alkali earth salts alkali earth salts 
have lower solubilityhave lower solubility
•• Heavy metal saltsHeavy metal salts

(Ag, (Ag, PbPb, , BaBa, , CdCd))
poorly solublepoorly soluble

•• Sulfides (SSulfides (S22--) are) are
poorly solublepoorly soluble
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Precipitation ReactionsPrecipitation Reactions

Silver nitrate (AgNOSilver nitrate (AgNO33) is the best soluble silver salt.) is the best soluble silver salt.
What happens, if a sodium chloride solution is addedWhat happens, if a sodium chloride solution is added
to a saturated solution of silver nitrate?to a saturated solution of silver nitrate?

?)()()(3)( →+++ −+−+
aqaqaqaq ClNaNOAg

The solubility product of silver chloride (10The solubility product of silver chloride (10--1010) is exceeded) is exceeded
and the salt and the salt AgClAgCl precipitates. precipitates. 

{ }↓++→+++ −+−+−+−+ ClAgNONaClNaNOAg aqaqaqaqaqaq )(3)()()()(3)(
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The SolubilityThe Solubility

Due to the different unit dimension Due to the different unit dimension KKSpSp values are hard to compare.values are hard to compare.
Therefore, definition of the solubility S of a salt:Therefore, definition of the solubility S of a salt:

)()()( aqaqs BABA −+−+ +→ForFor
SpKBcAcS === −+ )()(

ExampleExample: : KKSpSp ((AgCLAgCL)=10)=10--1010 molmol22/L/L22 LmolLAgCl /1010 510 −− ==
LmolAgClcClcAgc /10)()()( 5−−+ ===

mgmolmolgnMm 435,110/5,143 5 =⋅=⋅= −

For the general case of a salt For the general case of a salt AAxxBByy::

yx
yx

Sp
xy

yx

K

y

Bc

x

Ac
S +

−+

⋅
=== )()(
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Temperature DependenceTemperature Dependence
of the Solubilityof the Solubility

The dissociation of ions from the crystal is a highly endothermiThe dissociation of ions from the crystal is a highly endothermic c 
(energy consuming) process . (energy consuming) process . 
In contrast, energy is released when the ion is solvated.In contrast, energy is released when the ion is solvated.

Lattice energyLattice energy
-- SolvationSolvation energyenergy

= Solution energy= Solution energy

Solution energy > 0  Solution energy > 0  ⇒⇒
endothermic processendothermic process
Solution energy < 0  Solution energy < 0  ⇒⇒
exothermic process.exothermic process.

endothermicendothermic

solutionsolution

exothermicexothermic

E
ne

rg
y

E
ne

rg
y

SolvationSolvation

Most solution processes are endothermic Most solution processes are endothermic 
⇒⇒ improved solubility at higher temperatures.improved solubility at higher temperatures.

)()()( aqaqs BAEnergieBA −+←−+ +→+
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CommonCommon--Ion EffectIon Effect

LmolClcAgc /10)()( 5−−+ ==

The solubility product remains constant!The solubility product remains constant!

ExampleExample: An amount of NaCl: An amount of NaCl--solution is added to a saturated solution is added to a saturated AgClAgCl--
solution, so that solution, so that c(Clc(Cl--)=10)=10--33 mol/Lmol/L. The solubility product of . The solubility product of AgClAgCl is is 
exceeded; exceeded; AgClAgCl has to precipitate until:has to precipitate until: LmolClcAgcKSp /10)()( 10−−+ =⋅=

Lmol
Clc

K
Agc Sp /10

10

10

)(
)( 7

3

10
−

−

−

−
+ ===

The concentration of silver ionsThe concentration of silver ions
c(Agc(Ag++)) ≠≠ c(Clc(Cl--)) is then: is then: 

The The commoncommon--ion effection effect is the decrease of the solubility of one salt, is the decrease of the solubility of one salt, 
when another salt, which has an ion in common with it, is also pwhen another salt, which has an ion in common with it, is also present. resent. 
For example, the solubility of For example, the solubility of silver chloridesilver chloride, , AgClAgCl, is lowered when , is lowered when 
sodium chloride, a source of the common ion chloride, is added. sodium chloride, a source of the common ion chloride, is added. 
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4.3 Redox Reactions 4.3 Redox Reactions 
Basics, DefinitionsBasics, Definitions

Redox reactions are essential for chemical energyRedox reactions are essential for chemical energy
storage and conversion:storage and conversion:

and and 
in nature:in nature:
Photosynthesis

Battery

Fuel-
cell

Combustion

Both in  Both in  
technology:technology:
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Origin of the TermsOrigin of the Terms
Oxidation/ReductionOxidation/Reduction

Originally the term oOriginally the term oxidationxidation described the reactiondescribed the reaction
of organic materials or metals with atmospheric oxygen;of organic materials or metals with atmospheric oxygen;

or the rust of ironor the rust of iron

4 Fe + 3 O4 Fe + 3 O22
→→ 2 Fe2 Fe22OO33

i. e. the combustion of i. e. the combustion of 
wood, oil, wax or coalwood, oil, wax or coal

C + OC + O22 →→ COCO22

ReductionReduction was the recovery of (precious) metals was the recovery of (precious) metals 
from their respective salts e. g.:from their respective salts e. g.: 2 2 HgOHgO →→ 2 Hg + O2 Hg + O22

Since there are many similar processes, which don't involve oxygSince there are many similar processes, which don't involve oxygen,en,
the term the term oxidationoxidation nowadays is used in a more general concept.nowadays is used in a more general concept.
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Today's Definition of Today's Definition of 
Oxidation/ReductionOxidation/Reduction

OxidationOxidation is the loss of electrons by an atom, ion or moleculeis the loss of electrons by an atom, ion or molecule
⇒⇒ increase of oxidation number (state)increase of oxidation number (state)

Oxidation = Electron donation

A transfer of electrons changes material properties substantiallA transfer of electrons changes material properties substantially:y:
E.g.: Copper (red shiny metal) is transformed into CuE.g.: Copper (red shiny metal) is transformed into Cu2+2+ ions.ions.
CuCu2+2+--Ions form together with anions salts or are solvated.Ions form together with anions salts or are solvated.
Solvated CuSolvated Cu2+2+ ions have a hydrate sheath and blue color.ions have a hydrate sheath and blue color.

This process This process 
is reversibleis reversible

Reduction = Electron acceptance:

Reduction Reduction is the gain of electrons by an atom, ion or moleculeis the gain of electrons by an atom, ion or molecule
⇒⇒⇒⇒⇒⇒⇒⇒ decrease of oxidation number (state)decrease of oxidation number (state)
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Redox ReactionRedox Reaction
Thermite ReactionThermite Reaction

Iron oxide powder mixed with aluminum powder. Iron oxide powder mixed with aluminum powder. 
Reaction initiated with sparkler or blowpipe (activation energy!Reaction initiated with sparkler or blowpipe (activation energy!).).

Exothermic Exothermic 
reaction!reaction!
Energy releasedEnergy released
as heat and light.as heat and light.

How can you prove that the How can you prove that the 
produced metal is iron,produced metal is iron,
not aluminum?not aluminum?

Thermite Thermite 
process used for process used for 
welding railswelding rails
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Redox ReactionsRedox Reactions
ExamplesExamples

In redox reactions the gain of electrons in the reduction must bIn redox reactions the gain of electrons in the reduction must bee
identical to the loss of electrons in the oxidation.identical to the loss of electrons in the oxidation.
Electrons never show up in the total equation!Electrons never show up in the total equation!

Depending on the reactants several electrons can be transferred Depending on the reactants several electrons can be transferred 

Example: Zinc + sulfur:  Oxidation:        Zn Example: Zinc + sulfur:  Oxidation:        Zn →→ ZnZn2+2+ + 2e+ 2e--

Reduction: SReduction: S + 2 e+ 2 e--→→ SS22--

Redox reaction: Redox reaction: Zn + SZn + S →→ ZnZn2+2+ + S+ S22-- = = ZnSZnS

Conservation of mass and charge: On both sides of reaction Conservation of mass and charge: On both sides of reaction arrorarror
same number of the atoms of each element and same total charge. same number of the atoms of each element and same total charge. 

A redox reaction can formally be subdivided into oxidation and A redox reaction can formally be subdivided into oxidation and 
reduction. The two parts reaction never occur separately!reduction. The two parts reaction never occur separately!

Redox reaction = Electron transfer:
No free electrons exist! No free electrons exist! OxidationOxidation and and reductionreduction coexistent! coexistent! 

Note:  Do not subtract electronsNote:  Do not subtract electrons

No half molecules         :No half molecules         :
Zn - 2e- → Zn2+

½ Cl2
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Balancing of Redox EquationsBalancing of Redox Equations

Aluminum reacted with bromineAluminum reacted with bromine
yielding aluminum bromide:yielding aluminum bromide:

Interim eq.: Al + BrInterim eq.: Al + Br2 2 →→ AlBrAlBr3 3 

Bromine diatomic, Bromine diatomic, 
Aluminum ion 3 valent, Aluminum ion 3 valent, 
Bromide 1 valentBromide 1 valent

Oxidation Oxidation ⇒⇒ oxidation number increases!oxidation number increases! −
+

+ +→ eAlAl
III

33
0

Reduction Reduction ⇒⇒ oxidation number decreases!oxidation number decreases!
I

BreBr
−

−− →+ 22
0

2

Lost = gained electrons: Ox (Lost = gained electrons: Ox (··2); Red 2); Red ((··3)3)
−+ +→ eAlAl 622 3

−− →+ BreBr 663 2

Total equation by Total equation by 
addition of partial addition of partial 
reaction equations;reaction equations;
ee-- eliminated!eliminated!3

3
2 26232 AlBrBrAlBrAl =+→+ −+
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MoreMore Redox Redox ReactionsReactions

Redox reaction without oxygen:Redox reaction without oxygen:

Redox:      2 Na + Cl2 → 2 NaCl
Oxidation:         2·(Na → Na+ + e-)
Reduction:  Cl2 + 2 e- → 2 Cl-

Na (I. mg) looses 1 eNa (I. mg) looses 1 e--,,
ClCl (VII. mg) gains 1 e(VII. mg) gains 1 e--,,
to obey octet rule.to obey octet rule.
Chlorine diatomic gas.Chlorine diatomic gas.

Redox reaction with complex stoichiometry:Redox reaction with complex stoichiometry:

Redox:    16 Al + 3 S8→8 Al2S3={2Al3+3S2-}
Oxidation:        16·(Al → Al3+ + 3 e-)
Reduction: 3·(S8+16 e-→8S2-)

Al (III. mg) looses 3 eAl (III. mg) looses 3 e--,,
S (VI. mg) gains 2 eS (VI. mg) gains 2 e--,,
to obey octet rule.to obey octet rule.
sulfur as Ssulfur as S88 ring.ring.

The stoichiometric factors result from combinationThe stoichiometric factors result from combination
of the partial reaction steps.of the partial reaction steps.

Reduction of ironReduction of iron--(II)(II)--oxide to iron:oxide to iron:

Redox     : 2 FeO + C     → CO2 + 2 Fe
Oxidation : C + 2 O2- → CO2 + 4 e-

Reduction: 2 Fe2+ + 4 e- → 2 Fe
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Oxyhydrogen ReactionOxyhydrogen Reaction

Many redox reaction are exothermic, i. e. release of energy.Many redox reaction are exothermic, i. e. release of energy.
Another reaction this kind the oxyhydrogen reaction (hydrogen teAnother reaction this kind the oxyhydrogen reaction (hydrogen test)st)

2 2 H2 + O2 → 2 H2O + energy

Oxidation:           H2 → 2 H+ + 2 e-

Reduction:O2 + 4 e- → 2 O2-

Redox:    2 H2 + O2 → (4H+ + 2O2-)→ 2H2O

H (I. mg) losses 1 eH (I. mg) losses 1 e--,,
O (VI. mg) gains 2 eO (VI. mg) gains 2 e--,,
⇒⇒ noble gas configurationnoble gas configuration..
Both diatomic gases!Both diatomic gases!

Biggest hydrogenBiggest hydrogen--oxygen reactionoxygen reaction
of all times?of all times?

Zeppelin "Hindenburg"
Lakehurst 1937

Page 170

Oxidizer/ReducerOxidizer/Reducer

Compounds which are able to oxidize other species (eliminate eleCompounds which are able to oxidize other species (eliminate electrons)ctrons)
are called are called oxidizers (oxidants, oxidizing agents)oxidizers (oxidants, oxidizing agents) = electron acceptors= electron acceptors
The oxidizer itself is being reduced!The oxidizer itself is being reduced!

OO2 2 + 4 e+ 4 e--→→ 2 O2 O22--
Common oxidizers:Common oxidizers:
•• OxygenOxygen
•• ChlorineChlorine
•• Oxoanions Oxoanions z.Bz.B.: MnO.: MnO44

-- (Permanganate), Cr(Permanganate), Cr22OO77
22-- (Dichromate)(Dichromate)

•• Anions of halogen oxoacids, Anions of halogen oxoacids, z.Bz.B. ClO. ClO44
-- (Perchlorate)(Perchlorate)

•• Noble metal ions, e. g. Noble metal ions, e. g. 

ClCl2 2 + 2 e+ 2 e--→→ 2 2 ClCl--

AgAg++ + e+ e--→→ AgAg

Compounds which are able to reduce other species (donate electroCompounds which are able to reduce other species (donate electrons)ns)
are called are called reducers (reductants, reducing agents)reducers (reductants, reducing agents) = electron donators= electron donators
The reducer itself is being oxidized!The reducer itself is being oxidized!

Common reducers:Common reducers:
•• Hydrogen Hydrogen 
•• Zn, Fe, MgZn, Fe, Mg
•• CarbonCarbon

H2 → 2 H+ + 2 e-

Zn Zn →→ ZnZn2+2+ + 2e+ 2e--
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0     0       0      00     0       0      0

+I      +II       +I      +II       --IIII

--IV+I  +IVIV+I  +IV--IIII

RulesRules (order of priority) agreed(order of priority) agreed--upon for upon for determdeterm..
of oxidation state (roman numeral superscript):of oxidation state (roman numeral superscript):

HH22, Cl, Cl22, Na, Al, Na, Al

NaNa++, Ca, Ca2+2+, S, S22--

CHCH44, CO, CO22

1.1. Free elements always have oxidation number 0Free elements always have oxidation number 0

2.2. MonoatomicMonoatomic ions: ions: OxNoOxNo = charge= charge

3.3. H H OxNoOxNo = +I ; O = +I ; O OxNoOxNo = = --II II 
--I   +I I   +I --I   I   

(exception: Hydrides (exception: Hydrides MeHMeHxx; H; H22OO22))

4.4. In molecules In molecules ΣΣOxNoOxNo=0 ; =0 ; 
in molecular ions in molecular ions ΣΣOxNoOxNo= charge= charge

Examples:Examples:

MnOMnO44
--, SO, SO44

22--
+VII+VII--II,   +VIII,   +VI--IIII

Oxidation Oxidation Numbers/StateNumbers/State

How do you know, its a redox reaction  How do you know, its a redox reaction  
and which species gains or looses how many electrons?and which species gains or looses how many electrons?

Oxidation number = Oxidation number = hypotheticalhypothetical charge an atom would have charge an atom would have 
if all bonds to atoms of different elements were 100% ionic.if all bonds to atoms of different elements were 100% ionic.

Redox reaction Redox reaction ⇒⇒⇒⇒⇒⇒⇒⇒ change of oxidation numberschange of oxidation numbers
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Oxidation Numbers Oxidation Numbers 
of Selected Compoundsof Selected Compounds

Compounds of chlorine with various oxidation numbers:Compounds of chlorine with various oxidation numbers:

PerchloratePerchlorate
PerchloricPerchloric acidacid

ChlorateChlorate
ChloricChloric acidacid

ChloroChloro--
dioxidedioxide

HypochloriteHypochlorite
hypochlorichypochloric acidacid

ChloriChlori
nene

ChlorideChlorideNameName

ClOClO44
--

HClOHClO44

ClOClO33
--

HClOHClO33

ClOClO22ClOClO--

HClOHClO
ClCl22ClCl--FormulaFormula

+VII+VII+V+V+IV+IV+I+I00--IIOxNoOxNo

Compounds of sulfur with various oxidation numbers:Compounds of sulfur with various oxidation numbers:

SulfurSulfur

SS88

00

S.trioxideS.trioxide/Sulfate/Sulfate
sulfuric acidsulfuric acid

Sulfur dioxideSulfur dioxide
sulfurous ac.sulfurous ac.

DithioniteDithioniteSulfide/HydroSulfide/Hydro
gen sulfidegen sulfide

NameName

SOSO33/SO/SO44
22--//

HH22SOSO44

SOSO22/SO/SO33
22--//

HH22SOSO33

SS22OO44
22--SS22--/H/H22SSFormulaFormula

+VI+VI+IV+IV+III+III--IIIIOxNoOxNo

Compounds and oxidation numbers of manganese:Compounds and oxidation numbers of manganese:

ManganateManganate
(blue)(blue)

MnOMnO44
22--

+VI+VI

PermanganatePermanganate
(violet)(violet)

Manganese Manganese 
dioxidedioxide

ManganeseManganese
(II) ion(II) ion

NameName
MnOMnO44

--MnOMnO22MnMn2+2+FormulaFormula
+VII+VII+IV+IV+II+IIOxNoOxNo
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Redox Redox ReactionsReactions and and pHpH--ValueValue

In some redox reactions (often in aqueous solution)In some redox reactions (often in aqueous solution)
HH33OO++ resp. OHresp. OH-- ions for the charge compensationions for the charge compensation
under consideration of the acidic or alkaline/basic environmentunder consideration of the acidic or alkaline/basic environment

E.g.E.g.: : PermanganatePermanganate reduced to reduced to manganese(IImanganese(II) in acidic environment) in acidic environment

MnOMnO44
-- + 5 e+ 5 e-- →→ MnMn2+2+

+VII                                                  +II+VII                                                  +II

MnOMnO44
-- + 5 e+ 5 e-- + 8 + 8 HH33OO++ →→ MnMn2+2+ + 12 H+ 12 H22OO

For compensation For compensation fofo charges (left charges (left --6;6;
right +2) 8 Hright +2) 8 H33OO++ are introducedare introduced

(acidic environment).(acidic environment).
Together with 4 OTogether with 4 O22--

(formally) they form 12 H(formally) they form 12 H22OO

E.g.E.g.: : Hydrogen peroxideHydrogen peroxide is oxidized to oxygen in is oxidized to oxygen in alkalinealkaline..

HH22OO22 →→ OO22 + 2 e+ 2 e-- +2 H+2 H++
--I                               0I                               0

HH22OO22 + 2 + 2 OHOH-- →→ OO22 + 2 e+ 2 e-- +2 H+2 H22OO

Note: There areNote: There are
no free protons!no free protons!

Both examples only Both examples only partialpartial reaction equations!reaction equations!
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Redox TitrationRedox Titration
Example: PermanganometryExample: Permanganometry

Redox reactions can be used in quantitative analysis (titration)Redox reactions can be used in quantitative analysis (titration) forfor
determination of an unknown concentration of a solution,determination of an unknown concentration of a solution,
if the equivalence point is detectable, e. g. change of color if the equivalence point is detectable, e. g. change of color 
PermanganometryPermanganometry : Titration of a solution of an oxidizable compound: Titration of a solution of an oxidizable compound
(e. g. Fe(e. g. Fe2+2+) with potassium permanganate solution (KMnO) with potassium permanganate solution (KMnO44; violet); ; violet); 
The FeThe Fe2+ 2+ are oxidized by the drop wise added MnOare oxidized by the drop wise added MnO44

-- ions graduallyions gradually
yielding Feyielding Fe3+3+ ions. At the same time the violet MnOions. At the same time the violet MnO44

-- ions are reducedions are reduced
to colorless Mnto colorless Mn2+2+ ions ions ⇒⇒ decolorization of the added pdecolorization of the added permanganateermanganate
solution as long as Fesolution as long as Fe2+2+ ions are present.ions are present.
After equivalency (FeAfter equivalency (Fe2+2+ ions consumed) no reaction of added MnOions consumed) no reaction of added MnO44

--

ionsions⇒⇒ violet coloring of the iron ion solution.violet coloring of the iron ion solution.

From volume and concentration of consumed permanganate solution From volume and concentration of consumed permanganate solution 
the concentration of Fethe concentration of Fe2+ 2+ solution can be calculated.solution can be calculated.
Account for stoichiometry! 1 mol MnOAccount for stoichiometry! 1 mol MnO44

-- oxidizes 5 mol Feoxidizes 5 mol Fe2+2+..
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Chromatometry, Iodometry Chromatometry, Iodometry 

Cr2O7
2- + 6 Fe2+ + 14 H3O

+ → 6 Fe3+ + 2 Cr3+ + 21 H2O
DichromateDichromate

IodometryIodometry :: determination of concentration by means of redox systemdetermination of concentration by means of redox system
2 I2 I-- ⇒⇒ II2 2 + 2 e+ 2 e--: Elemental iodine forms with starch solution a: Elemental iodine forms with starch solution a
deep blue complexdeep blue complex..
Reversed titration method:Reversed titration method:

ExampleExample: determination c(Cu: determination c(Cu2+2+):  ):  
-- Measure off defined volume (e. g. 20 ml)Measure off defined volume (e. g. 20 ml)
-- Add excess of KI solution Add excess of KI solution ⇒⇒ 2 Cu2+ + 2I- → 2 Cu+ + I2
-- 2 mol Cu2 mol Cu2+2+ produce 1 mol Iproduce 1 mol I22, which dyes the solution blue, which dyes the solution blue
-- Determination of  the molar of produced iodine by redox Determination of  the molar of produced iodine by redox 

titration with reductant solution of known concentration.titration with reductant solution of known concentration.
- I2+2S2O3

2- → 2I-+S4O6
2- (2 mol thiosulfate reduces 1 mol iodine)(2 mol thiosulfate reduces 1 mol iodine)

-- From vol. and conc. of used From vol. and conc. of used S2O3
2-⇒n(I2)⇒n(Cu2+)⇒c(Cuc(Cu2+2+))

Two other analytic methods like permanganometry (titrations)Two other analytic methods like permanganometry (titrations)
but with different stoichiometry:but with different stoichiometry:
Chromatometry (dichromate titration)Chromatometry (dichromate titration) : : 
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Noble/Base MetalsNoble/Base Metals

Why does iron rust, but gold does not? Does aluminum oxidize?Why does iron rust, but gold does not? Does aluminum oxidize?

In general all metals can react by loosing electrons,In general all metals can react by loosing electrons,
forming metal kations, i. e. they oxidize. But:forming metal kations, i. e. they oxidize. But:

The various metals have a different oxidizability:The various metals have a different oxidizability:
Noble metalsNoble metals: resistant to oxidation, low reactivity, occur in : resistant to oxidation, low reactivity, occur in 
elemental form. Gold, platinum, silver, (copper)elemental form. Gold, platinum, silver, (copper)

What is the difference between noble and base metals?What is the difference between noble and base metals?

Base metalsBase metals: readily oxidizable, reactive, occur in compounds : readily oxidizable, reactive, occur in compounds 
all mainall main--group metals:group metals:
(Alkali, alkaline earth(Alkali, alkaline earth
metals, aluminum)metals, aluminum)
Transition metals:Transition metals:
Iron, Zinc, etc.Iron, Zinc, etc.

TlHgAuPtIrOsReWTaHf*LaBaCs

InCdAgPdRhRuTcMoNbZrYSrRb

GaZnCuNiCoFeMnCrVTiScCaK

AlMgNa

BBeLi

H
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Chemical ReactivityChemical Reactivity
(Oxidizability) of  Alkali Metals(Oxidizability) of  Alkali Metals

Alkali metals have highest reactivity.Alkali metals have highest reactivity.
Storage in inert media (ether) or Storage in inert media (ether) or 
paraffin oil. Otherwise intenseparaffin oil. Otherwise intense
reactions, likereactions, like

4 Na + O4 Na + O22 →→ 2 Na2 Na22OO

Sodium under paraffin oilSodium under paraffin oil

Water not feasible as storage medium,Water not feasible as storage medium,
since sodium (like all alkali metals) reacts with water.since sodium (like all alkali metals) reacts with water.

↑++→+ −+
2)()(2 2222 HOHNaOHNa aqaq

Sodium hydroxide is produced Sodium hydroxide is produced 
and hydrogen, which is inflamed.and hydrogen, which is inflamed.
The sodium melts (TThe sodium melts (Tmm=98=98°°C)C)
due to reaction heat due to reaction heat 

Page 178

Redox Redox ReactionsReactions
of Noble and Base Metalsof Noble and Base Metals

Zn+2 HCl Zn+2 HCl →→
ZnZn2+2++2Cl+2Cl--+H+H22↑↑

Cu+2HCl Cu+2HCl →→ Zn + CuZn + Cu2+2+→→ZnZn2+2++Cu+Cu

CuCu2+2+ ZnZn2+2+

WhyWhy??
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Table of Noble/Base MetalsTable of Noble/Base Metals

GoldGold
PlatinumPlatinum
PalladiumPalladium
MercuryMercury
SilverSilver
CopperCopper
LeadLead
TinTin
NickelNickel
CobaltCobalt
CadmiumCadmium
IronIron
ChromiumChromium
ZincZinc
AluminumAluminum
MagnesiumMagnesium
SodiumSodium
CalciumCalcium
PotassiumPotassium
LithiumLithium
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The oxidizability of metals, i. e. their tendency The oxidizability of metals, i. e. their tendency 
to loose electrons, can be compared by directto loose electrons, can be compared by direct
reaction with each other reaction with each other ⇒⇒ rankingranking

Ni + CuNi + Cu2+2+→→ NiNi2+2++Cu+Cu

Ag + AuAg + Au+ + →→ AgAg+ + + Au+ Au
Cu + 2 AgCu + 2 Ag+ + →→ CuCu2+ 2+ + 2 Ag+ 2 Ag

Fe + NiFe + Ni2+ 2+ →→ FeFe2+ 2+ + Ni+ Ni
Zn + FeZn + Fe2+2+→→ ZnZn2+ 2+ + Fe+ Fe
but: Cu + Znbut: Cu + Zn2+2+ →→

Examples:Examples:

Driving force for the oxidation of base metalsDriving force for the oxidation of base metals
by noble metal kations is: by noble metal kations is: ∆∆G<OG<O

How can the tendency of electronHow can the tendency of electron
attraction or repulsion be quantified?attraction or repulsion be quantified?

How can the energy released in redox How can the energy released in redox 
reactions be utilized?reactions be utilized?
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Conversion of EnergyConversion of Energy

Electric energyElectric energy Mechanical energyMechanical energy
Electric motorElectric motor

DynamoDynamo

Chemical energyChemical energy Electrical energyElectrical energy
BatteryBattery

Chemical energyChemical energy Electrical energyElectrical energy
AccumulatorAccumulator

Chemical energyChemical energy HeatHeat z.Bz.B.: C + O.: C + O22 →→ COCO22

Oder: Zn + CuOder: Zn + Cu2+2+→→ZnZn2+2++Cu+Cu

Spatial separation of oxidation (Zn Spatial separation of oxidation (Zn →→ ZnZn2+2++ 2e+ 2e--) and ) and 
reduction (reduction (CuCu2+2++ 2e+ 2e-- →→ Cu) reaction. Instead of direct transfer from Cu) reaction. Instead of direct transfer from 
oxidation to reduction site. electrons have to flow through condoxidation to reduction site. electrons have to flow through conductor.uctor.
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4.4 Electrochemistry: 4.4 Electrochemistry: 
Redox Potential; Galvanic (Voltaic) CellRedox Potential; Galvanic (Voltaic) Cell

⊕

⊕
⊕

⊕⊕ ⊕

⊕

⊕

⊕
⊕

more
noble

less
noble

Half-cells

Between a metal bar (electrode) and the surrounding metal ion soBetween a metal bar (electrode) and the surrounding metal ion solutionlution
(electrolyte) charges are exchanged by chemical reactions buildi(electrolyte) charges are exchanged by chemical reactions building up ang up a
difference in the chemical potential. More noble metals have a ldifference in the chemical potential. More noble metals have a lowerower
tendency to loose electrons. If two such halftendency to loose electrons. If two such half--cell are connected by acell are connected by a
conductor conductor the potential differencethe potential difference ∆∆E can be measure as voltageE can be measure as voltage..

∆∆E=1,1 VE=1,1 V
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Table of Standard Table of Standard ElectrodeElectrode PotenialsPotenials

Strength oxidizing/reducing agents Strength oxidizing/reducing agents 
depends on change ofdepends on change of Gibbs Gibbs free free enerener--
gygy ∆∆G during G during electron loss or gain:electron loss or gain:
Each Each redox system (electrode/redox system (electrode/
electrolyte electrolyte ⇒⇒ redox potentialredox potential ; ; 
listed in Table of Standard Electrodelisted in Table of Standard Electrode
PotentialPotential..

-1,66 V↔ Mg+ 2e-Mg2+Magnesium (Mg)

-0,76 V↔ Zn+ 2e-Zn2+Zinc (Zn)

-0,41 V↔ Fe+ 2e-Fe2+Iron (Fe)

-0,40 V↔ Cd+ 2e-Cd2+Cadmium (Cd)

-0,23 V↔ Ni+ 2e-Ni2+Nickel (Ni)

-0,14 V↔ Sn+ 2e-Sn2+Tin (Sn)

-0,13 V↔ Pb+ 2e-Pb2+Lead (Pb)

0↔ H2+ 2e-2H+hydrogen (H 2)

+0,35 V↔ Cu+ 2e-Cu2+Copper (Cu)

+0,80 V↔ Ag+ e-Ag+Silver (Ag)

+0,85 V↔2 H2O+ 4e-O2+4H+oxygen (O2)

+1,20 V↔ Pt+ 2e-Pt2+Platinum (Pt)

+1,69 V↔ Au+ e-Au+Gold (Au)

∆E0Red.Ox.

-2,71 V↔ Na+ 1e-Na+Sodium (Al)

-3,02 V↔ Li+ 1e-Li+Lithium (Li)

-1,66 V↔ Al+ 3e-Al3+Aluminum (Al)

+0,48 V↔ S2-+ 2e-SSulfur (S)

+1,31 V↔ 2Cl-+ 2e-Cl2Chlorine (Cl)

+2,87 V↔ 2F-+ 2e-Fluor (F) F2
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increasing reducing activity
increasing reducing activity

nnee

Isolated potential (halfIsolated potential (half--cell)= not cell)= not 
obtained emp. obtained emp. ⇒⇒ onlyonly galvanic cell galvanic cell 
potialpotial between pairs of electrodes between pairs of electrodes ∆∆EE..
EE00 Hydrogen ElectrodeHydrogen Electrode defined 0 defined 0 
Stronger oxidizers (Ox)Stronger oxidizers (Ox)
⇒⇒ positive positive potentialpotential ∆∆∆∆∆∆∆∆EE00
Stronger reduction agents (Red)Stronger reduction agents (Red)
⇒⇒ negative negative potentialpotential ∆∆∆∆∆∆∆∆EE00
Stand.cond.Stand.cond.(25(25°°C,1013 hPa,1 mol/L)C,1013 hPa,1 mol/L)..

00 EFnG eR ∆⋅⋅−=∆ FaradayFaraday--KonstKonst. F. F

Base metalsBase metals oxidized by acid (Hoxidized by acid (H++⇒⇒HH22
noble metals and copper are not.noble metals and copper are not.
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Standard Hydrogen Electrode (SHE)Standard Hydrogen Electrode (SHE)

∆E0=0 Volt

Determination of standard electrode potentials in comparison Determination of standard electrode potentials in comparison 
to Standard Hydrogen Electrode (set to to Standard Hydrogen Electrode (set to ∆∆EE00=0 V) =0 V) 

Salt bridgeSalt bridge
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Galvanic Cell / Voltaic ElementGalvanic Cell / Voltaic Element
Electromotive Force (EMF)Electromotive Force (EMF)

Combination of two Combination of two halbhalb--cells is a Galvanic Cellcells is a Galvanic Cell
∆∆EE00= = ∆∆EE00 (cathode)(cathode) --∆∆EE0 0 (Anode) = EMF (Electromotive Force)(Anode) = EMF (Electromotive Force)

Daniell cell

0.35-(-0.76)V

metallic 
copper 

precipitatedZink electrode
dissolved

cathodeAnode
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Nernst EquationNernst Equation
Concentration Dependence of Electrode PotentialConcentration Dependence of Electrode Potential

The potential of a real electrode depends on the standard potentThe potential of a real electrode depends on the standard potential of theial of the
redox system (electrode/electrolyte) an on the conditions (conceredox system (electrode/electrolyte) an on the conditions (concentration, ntration, 
pressure, temperature).pressure, temperature).
Under standard condition (c = 1mol/L solution,1013 Under standard condition (c = 1mol/L solution,1013 hPahPa, 25, 25°°C) C) 
the the standard standard potential Epotential E00 is listed in the table.is listed in the table.

For higher or lower concentration of the electrolyte the electroFor higher or lower concentration of the electrolyte the electrode potentialde potential
of the halfof the half--cell E can be calculated by the Nernst equation:cell E can be calculated by the Nernst equation:

)(log
059,00 +⋅+= nMec
n

EE
Nernst 

equation

Walter Hermann Nernst

ExampleExample: What is the potential of a copper electrode: What is the potential of a copper electrode
in a Cuin a Cu2+2+--ion solution of c = 0,1 mol/L?ion solution of c = 0,1 mol/L?

VE 3205,0)1(
2

059,0
35,010log

2

059,0
35,0 1 =−⋅+=⋅+= −

Page 186

CorrosionCorrosion, Passivation, Passivation

CorrosionCorrosion : Disintegration of an engineered material : Disintegration of an engineered material 
due to chemical reaction with its surrounding (oxygen, acid)due to chemical reaction with its surrounding (oxygen, acid)

−+ +→++ OHMeOHOMe 4222 2
22

↑++→+ ++
22

2
3 2222 HOHMeOHMe

Basic metals oxidized by atmospheric oxygen Basic metals oxidized by atmospheric oxygen ⇒⇒ few nm oxidefew nm oxide layer. layer. 
Formation of hard, nonFormation of hard, non--reactive surface film inhibits further corrosion reactive surface film inhibits further corrosion 
(e.g. Al(e.g. Al22OO33 on Al, on Al, ZnOZnO on Zn, TiOon Zn, TiO2 2 on Ti),on Ti),⇒⇒ PassivationPassivation ))

In hotIn hot--dip galvanizing process iron or steel are coated with a zinc laydip galvanizing process iron or steel are coated with a zinc layerer
by passing metal through molten zinc bath (460by passing metal through molten zinc bath (460°°C). Exposed to C). Exposed to atmoatmo--
sphere, zinc reacts with Osphere, zinc reacts with O22 to form to form ZnOZnO and further and further 
with COwith CO22 to ZnCOto ZnCO33, a dull grey, fairly strong material , a dull grey, fairly strong material 
protecting the iron below against further corrosion protecting the iron below against further corrosion 
(passivation). If the coating is damaged, zinc works(passivation). If the coating is damaged, zinc works
as a galvanic anode so that iron is not oxidized.as a galvanic anode so that iron is not oxidized.

Iron, however, forms a porous oxide layer (rust). oxygen can penIron, however, forms a porous oxide layer (rust). oxygen can penetrateetrate
rust layer until complete corrosion (Ferust layer until complete corrosion (Fe22OO33, Fe, Fe33OO44) () (PittingPitting).).
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GalvanicGalvanic CorrosionCorrosion
GalvanicGalvanic ((SacrificialSacrificial) Anode) Anode

Galvanic CorrosionGalvanic Corrosion: : 
ShortShort--circuited galvanic element; circuited galvanic element; 
Direct connection with a more nobleDirect connection with a more noble
metal enhances oxidation (corrosion)metal enhances oxidation (corrosion)
of the more basic metal, since electrons of the more basic metal, since electrons 
are deflected. Contact between gold and are deflected. Contact between gold and 
amalgam fillings should be avoided,amalgam fillings should be avoided,
otherwise mercury and tin are dissolved.otherwise mercury and tin are dissolved.

Galvanic anodeGalvanic anode: Basic metal : Basic metal 
(Zn, Mg, Al, alloy) in direct contact (Zn, Mg, Al, alloy) in direct contact 
protects metal (Fe) from corrosion; protects metal (Fe) from corrosion; 
itself being dissolved (sacrificed)itself being dissolved (sacrificed)
In ships, pipes, etc.In ships, pipes, etc.
Iron nail in saline with indicator 
(with Fe3+ green dye):
Galvanic corrosion (contact with nobler
Cu) enhances iron dissolution,
Galvanic anode from Zn stops
corrosion. Zn2+(aq) colorless FeFe/Cu Fe/Zn

Hg,Ag,SnHg,Ag,Sn

Page 188

BatteriesBatteries::
ZincZinc--CarbonCarbon BatteryBattery ((DryDry CellCell))

Zinc ions bind produced ammonia Zinc ions bind produced ammonia 
as complex:as complex:
ZnZn2+2++ 2NH+ 2NH33 →→ [Zn(NH[Zn(NH33))22]]2+2+

This complex forms with the chlorideThis complex forms with the chloride
ions (ammonium chloride) a saltions (ammonium chloride) a salt
[Zn(NH[Zn(NH33))22]]2+2+ + 2Cl+ 2Cl-- →→[Zn(NH[Zn(NH33))22]Cl]Cl22(s)(s)

AnodeAnode (Minus pole, Zinc case):(Minus pole, Zinc case):
Zn Zn →→ ZnZn2+2+ + 2e+ 2e--

Regeneration of HRegeneration of H++ from the from the 
Ammonium chloride electrolyte:Ammonium chloride electrolyte:
NHNH44

++ →→ NHNH33++ HH++

Total reactionTotal reaction ::
Zn + 2Zn + 2MnOMnO22 +2+2NHNH44ClCl →→ 2MnO(OH)2MnO(OH) ++ [Zn(NH[Zn(NH33))22]Cl]Cl22 all solid!all solid!

+IV+IV +III+III
CathodeCathode (Plus pole, carbon rod):(Plus pole, carbon rod):

MnOMnO22++ HH+++ 1e+ 1e-- →→ MnO(OHMnO(OH))

ManganeseManganese dioxidedioxide →→ ManganoxidManganoxid--
hydroxidhydroxid electrolyteelectrolyte

pastepaste

G
ra

ph
ite

G
ra

ph
ite

ro
d

ro
d

ManganeseManganese
dioxidedioxide
CathodeCathode

zinc casezinc case
anodeanode
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LeadLead--AcidAcid BatteryBattery

The chemical reactions are (charged to discharged):
Minus pol:
Plus pol:

discharge = comproportionation

charging = disproportionation

0 +IV +II

For car: 12 Volt
stacking!

LeadLead
electrodeelectrode
(minus pole)(minus pole)

LeadLead electrelectr..
LeadLead
dioxidedioxide
coatingcoating
(plus pole)(plus pole)

dissociateddissociated sulfuricsulfuric acidacid

DISCHARGINGDISCHARGING
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FuelFuel CellCell

IdeaIdea: 1838 Christian Sch: 1838 Christian Schöönbein; nbein; sincesince 1950 in 1950 in spacespace technology.technology.

Typs:
Alkaline Fuel Cell
H2/ O2/OH- (100kW)
Direct Methanol Fuel Cell
MeOH/Luft/Polymer/H+ (500 kW)

ElectrodesElectrodes separatedseparated byby
membranemembrane oror electrolyteelectrolyte..
Anode Anode flushedflushed withwith fuelfuel
(H(H22, , methanemethane, , ethanolethanol,,
glucoseglucose solutionsolution),),
cathodecathode withwith oxidizingoxidizing
agentagent (O(O22, H, H22OO22).).
ElectrodesElectrodes mademade ofof
carboncarbon nanonano tubestubes
withwith PtPt-- oror PdPd--coatingcoating
as as catalystcatalyst..

Theor. max.1,23 V: pract. 0,5-1 V ⇒ Stacking

Membrane         Cathode    Membrane         Cathode    

air     air     

DC     DC     
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ElectrolysisElectrolysis

ProcessesProcesses in in voltaicvoltaic cellscells cancan bebe
reversible: reversible: ApplyingApplying DCDC--voltagevoltage at at 
electrodeselectrodes leadsleads to to electrolysiselectrolysis : : 
Elements in Elements in thethe electolyteelectolyte areare separatedseparated
by by enforcedenforced redox redox reactionreaction..

Electrolysis of cop-
per chloride solution

OxidationCl2 + 2 e–2 Cl– →Anode:

ReductionCuCu2+ + 2 e– →Cathode:

Ion Ion migrationmigration duedue to to electrostaticelectrostatic attractionattraction::
Positive Positive CationsCations (Cu(Cu2+2+))→→minus pole (minus pole (cathodecathode))
Negative Anions (ClNegative Anions (Cl--)   )   →→ plus pole (plus pole (anodeanode))

Oxidation Oxidation alwaysalways at at thethe anodeanode!!

NoteNote: : PolarityPolarity of of cathode/anodecathode/anode reversedreversed withwith
respectrespect to to voltaicvoltaic elementelement:   Plus :   Plus minus poleminus pole→→←←

Voltaic cell

Electrolysis

spontaneousspontaneous

nonnon--spontaneousspontaneous
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ElectrolysisElectrolysis of Waterof Water

Hoffman
electrolysis
apparatus

4 H2O + 4 e- → 22 H2 + 4 OHOH--2 H2O→ 11O2 + 4 H+ + 4 e-

acidicacidic alkalinealkaline

15 Volt DC !

faucetfaucetfaucetfaucet

hydrogenhydrogenoxygenoxygen

anodeanode platinumplatinum electrodeelectrode ((cathodecathode))
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ElectrolyticElectrolytic CopperCopper PurificationPurification

Crude copper anode
(99,5% pure) dissolved
at 0.2-0.3 V at anode. 
Highly pure copper
(99,95%) precipitated
at cathode.
Impurities of base
metals (Fe, Zn) remain
in solution (as ions);
noble metal particles
are deposited on the
ground (anode sludge).

Crude copperCrude copper Pure copperPure copper

AnodeAnode CathodeCathode

Copper sulfate sol.Copper sulfate sol.

Anode sludge Anode sludge 
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AluminumAluminum ProductionProduction
HallHall--HeroultHeroult ProcessProcess

Aluminum ore (bauxite) heated in Aluminum ore (bauxite) heated in 
conc. NaOH sol. 200conc. NaOH sol. 200°°C (Bayer proc.).C (Bayer proc.).
Aluminum hydroxide Aluminum hydroxide ⇒⇒ sol. sol. AluminateAluminate

Al(OH)Al(OH)33 + NaOH + NaOH �� NaNa+ + + [Al(OH)+ [Al(OH)44]]--

Filtering of solid impurities;Filtering of solid impurities;
NeutralisationNeutralisation →→ pure Al(OH)pure Al(OH)33 precipprecip.; .; 
Calcination (1000Calcination (1000°°C) C) ⇒⇒ Alumina.Alumina.
2 Al(OH)2 Al(OH)33 �� AlAl22OO33 + 3 H+ 3 H22OO

Alumina dissolved in molten cryolite Alumina dissolved in molten cryolite 
(Na(Na33AlFAlF66) at 1000) at 1000°°C in a ceramic vat; C in a ceramic vat; 
electroelectro--chemchem. reduction to Aluminum. reduction to Aluminum
5 Volt DC, some 100,000 A current!5 Volt DC, some 100,000 A current!
Anodes of fused coke are consumed  Anodes of fused coke are consumed  
by oxidation: by oxidation: 

2Al2Al22OO33 + 3C + 3C →→ 4Al + 3CO4Al + 3CO22; ; 
∆∆H = + 0,835 H = + 0,835 MegaJMegaJ/mol Al/mol Al
Extreme energy consumption!Extreme energy consumption!


