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Figure: Shutterstock
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Information on elements
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• An excellent resource on “applications” of elements: http://periodictable.com/

• Also includes excellent collection of technical data (by Wolfram Research)

http://periodictable.com/


Abundance in Earth’s crust
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Relative
abundance

O 1

Cu 1.5 × 10−4

Ag 1.7 × 10−7

Au 6.7 × 10−9

Ni 2.0 × 10−4

Pd 1.4 × 10−8

Pt 8.0 × 10−8

This data varies a bit 
depending on the source. 
Order-of-magnitude 
differences are reliable

Data in table from 
periodictable.com. 
Use the tabulated 
data in exercises.

Figure: AJK / Wikipedia

https://periodictable.com/Properties/A/CrustAbundance.an.log.html


Ag, Au – metallic ground state

Property Ag Au

Atomic number 47 79

Electronic configuration [Kr] 4d10 5s1 [Xe] 4f14 5d10 6s1

Crystal structure Face-centered cubic (FCC, Fm-3m)
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Figures: AJK
Figure: Wikipedia

Figure: Wikipedia

Cu/Ag/Au 
unit cell

74.05% of the total volume is occupied by spheres (maximum density 
possible in structures constructed of spheres of only one size)

FCC Bravais 
lattice

Space-filling 
view

3x3x3 supercell



Can you spot the difference?
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Figure: ShutterstockFigure: aptac-us.org

Property Ag Au

Electronic configuration [Kr] 4d10 5s1 [Xe] 4f14 5d10 6s1

Crystal structure FCC FCC

Why does gold look so ... golden?



Relativistic effects in chemistry (1)

• Relativistic effects arise from the finite speed of light (c ≈ 137 a.u., atomic units)

• The relativistic mass increase for electrons with rest mass m0 and speed v is

• The average radial velocity of 1s electrons is roughly (Z = atomic numer) 
<v> ≈ Z (a.u.)

• Example: for Hg (Z = 80), the speed of the 1s electron is ca. 80 a.u. 

• The relativistic mass increase leads to contraction of the effective Bohr radius (1s)

• For Hg: v/c = 80 a.u. / 137 a.u. = 0.58. The radial shrinkage of 1s orbital a0 by 23%

7

P. Pyykkö, Chem. Rev. 1988, 88, 563.



Relativistic effects on orbitals

• The semi-quantitative calculation on the previous slide showed that 1s orbital of 
Hg would be contracted by ~23% due to relativistic mass increase

• The higher s shells are orthogonal to the 1s shell and must contract, too

– The higher s shells, up to the valence shell, contract roughly as much as 1s
because their electron speeds near the nucleus are comparable and the 
contraction of the inner part of the wave function affects the outer part, too

• p-orbitals are also contracted due to relativity (and split into p1/2 and p3/2)

• d and f electrons never come close to the nucleus and they will be screened more
strongly by the contracted s and p orbitals

• Bottom line: 

– s and p orbitals are contracted and stabilized due to relativity

– d and f orbitals are expanded and destabilized due to relativity

• The relativistic effects for the valence orbitals increase as Z2
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Relativity and periodic trends
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Start to be relevant (~ Cu) Clearly relevant (~ Ag) Highly relevant (6th row)

Highly relevant also for actinoids!



”Gold maximum” of relativistic effects
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<r>rel / <r>non-rel for 6s orbital (Z = 55-100)

P. Pyykkö, J.-P. Desclaux, Acc. Chem. Res. 1979, 12, 276.

<r>non-rel is greater than <r>rel!



So, why is gold yellow?
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Figure: WikipediaFigure: P. Pyykkö

Au absorbs blue and 
reflects yellow/red

R = relativistic
NR = nonrelativistic

Figure: Wikipedia / AJK

d -> s excitation



Pauling Electronegativity trends

12Figure: Wikipedia

How much atom attracts electrons in a compound

Group 4 Group 11

Halogens

d-metal with the highest electronegativity: Au

https://en.wikipedia.org/wiki/Electronegativity
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CsAu is analogous to CsCl
-> ”Gold as a halogen”
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Angew. Chem. Int. Ed. 2013, 52, 7583 

°C K

Zn 420 693

Cd 321 594

Hg -38.8 234
Source: periodictable.com / Wolfram Research

Melting point

• Hg: [Xe] 4f14 5d10 6s2

• Closed shells only.
• 6s stabilized by

relativistic effects.
• Metallic bonding 

energetically less
favorable than in Zn, Cd
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Figure: The Economist

80%!



Oxidation states for Ag, Au
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N. N. Greenwood, A. Earnshaw, Chemistry of the Elements, 2nd ed. 1997, Butterworth Heinemann.

”Halogen”

e.g. CsAu

Most important 
for Ag, Au

Common 
for Au



Oxides of Ag and Au
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Cubic Ag2O 
(analogous to Cu2O)

Monoclinic AgO
(analogous to CuO)

Orthorhombic Au2O3

(thermally unstable, 
decomposes at 160°C)

Also for silver: 
Ag2O3 with Ag(III)
Ag3O4 with Ag(II) and Ag(III)
Ag3O with Ag(0) and Ag(I)

Figures: ICSD



Applications of Au: Catalysis
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Effect of a catalyst on an exothermic chemical reaction X + Y -> Z

Figure: Wikipedia



Gold Catalysis
• Until recently, chemical inertness of bulk gold appeared to provide very limited 

opportunities to open up new and exciting chemistries

• However, gold, when sub-divided to the nanoscale (<< 100 nm), can be 
exceptionally active as a catalyst

• Nanoparticles of gold can help to activate molecular oxygen under mild 
conditions — at atmospheric pressure and temperatures of 60–80 C°

• Note that nanostructuring can also increase the activity of other metals, but for 
gold this is perhaps more interesting since the bulk form is so inert
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Synthesis of gold nanoparticles
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Chloroauric acid



Gold nanoparticles on TiO2 support
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Heterogenous catalysis: catalyst particles on a solid support



Gold nanoparticles – size effect
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Nature

Review on superatoms
and magic numbers



Gold nanoparticles – size vs. shape
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Examples of reactions catalyzed by 
Au nanoparticles

• Selective oxidation of hydrocarbons

– Partial oxidation of methane to methanol–formaldehyde, and petrol 
derivatives to oxygenates

– Great interest from the point of view of industrial organic chemistry

• Low temperature CO oxidation

• Acetylene hydrochlorination

• Addition of nucleophiles to acetylenes

• Selective hydrogenation of N–O bonds

• Alcohol oxidation to acids and aldehydes

• Direct formation of hydrogen peroxide
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Pd, Pt – metallic ground state
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Figure: Wikipedia

Property Pd Pt

Atomic number 46 78

Electronic configuration [Kr] 4d10 [Xe] 4f14 5d9 6s1

Crystal structure Face-centered cubic (FCC, Fm-3m)

Figures: AJK
Wikipedia

Ni/Pd/Pt 
unit cell

74.05% of the total volume is occupied by spheres (maximum density 
possible in structures constructed of spheres of only one size)

FCC Bravais 
lattice 3x3x3 supercell



Oxidation states for Pd, Pt

26N. N. Greenwood, A. Earnshaw, Chemistry of the Elements, 2nd ed. 1997, Butterworth Heinemann.

Most important 
for Pd, Pt

Missing from here: -2 for Pt (e.g. Cs2Pt)!

Common for Pt



Oxides of Pd and Pt
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PdO PtO2 (T < 800 °C) PtO2 (T > 800 °C)

ICSD

Also for platinum: 
PtO with Pt(II)
Pt3O4 with Pt(II) and Pt(IV)



Pd and Pt in catalytic applications 
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Figure: Wikipedia

Volcano plot for the decomposition of 
formic acid on transition metals

Higher rate

• Sabatier principle is a qualitative guideline for 
heterogeneous catalysis.

• The best catalysts should bind atoms and 
molecules with an intermediate strength

• Not too weakly in order to be able to 
activate the reactants

• Not too strongly to be able to desorb the 
products. 

• This leads to a volcano- type relationship 
between activity and bond strength

Weaker bond Stronger bond



Pd and Pt in catalytic converters
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Figure: pakwheels.com

Exhaust gas

Hydrocarbons

Carbon monoxide

NOx

CO2

Oxidation catalyst to eliminate

CO and hydrocarbons

Tail pipe

emissions

CO2

H2O

N2

Examples of reactions

2CO + O2 -> CO2

CO + NOx -> CO2 + N2



Pd-catalyzed coupling reactions
(Nobel Prize in Chemistry 2010)
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Figure: Nobel committee



Pt catalysts in organic synthesis

• Often the so-called Adams's catalyst is used instead of platinum metal

– Platinum(IV) oxide hydrate, PtO2•H2O

– More consistent behavior in comparison to Pt metal

• During the (catalyzed) reaction, platinum metal is then formed (actual catalyst)

– The platinum metal is possibly formed as nanoclusters

• Valuable catalyst for 

– Hydrogenation

– Hydrogenolysis

– Dehydrogenation

– Oxidation reactions 
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Figure: Webelements



Pt catalysts in fuel cells
• Proton-Exchange-Membrane (PEM) hydrogen fuel

cells can be used for converting chemical energy 
to electricity

• Operating temperatures < 100°C

• Net reaction: H2 + ½O2 -> H2O

• Both anode and cathode reaction need a catalyst

• Pt is currently the most important catalyst

• Pt might be too expensive to enable widespread 
applications of such fuel cells

– CO poisoning is also an issue

• Plenty of ongoing research on improved carrier 
materials for Pt (e.g. nanostructured carbon)
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Figure: Wikipedia

ACS Catal. 2017, 7, 3121−3130

Recent work on the related water-splitting reaction in Aalto


