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How to start? — How to proceed?

@ The way how the lectures proceed
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Classes of materials - structural basis

The structure of atoms

Demokritos (5th century BC ): materials are constructed of an infinite
number of indivisable units, atoms

Dalton (~ 1800): materials are constructed of elements characterized by
specific atoms

J.J.Thomson (1897): discovery of the electron
identical constituents in the specific atoms of each elements

electron is a particle of
mass << lightest atom, H m,=9.11*10-! kg
~ 2x10%-times smaller

charge: negative, g,= -1.6*10-1° Coulomb (C) plum/raisin ~e”
cf/
atom = plummy pudding Q —

structure of the atom
was not known

Ernest Rutherford (1909-11) : scattering of He-ions (. particles ) on a thin metal foil

He?*
E— _——
Only a few particles were influenced in their path,
«— some slightly deviated, and very few got
— reflected/repelled
p ——
E— E— ‘

- the mass of the atoms is concentrated in very small regions

- these small regions carry positive charges
- Rutherford’s model: atom is like Sun and its orbiting planets

- most part of the volume of materials is ,,empty”

\

atomic nucleus (small, carries the mass, positive charge)

Structure of atoms:
electron, with negative charge

Results and models concerning the electronic structure of atoms

Niels Bohr (1913) — model

James Franck, Gustav L. Hertz (1914) — verification by experiment

_he
(hf =n<

‘ h=6.62%10"Js
€=2.998%10°m/s)

Atomic electrons are bound on atomic orbitals of discrete energies

Results of quantum physics and supposting experimental results

Albert Einstein, Max Planck, Johannes de Haas, Otto Stern, Walther Gerlach

\

Present understanding of the atomic structure




Dimensions of the atomic structure

~101m - :
(spherical model about the region where
the atomic electrons are present)
[ —— ~10'15 m

,,diameter” of a H-atom ~ 10-'°m

103 10°¢ 10° 102 10

milli- micro-  nano-  pico- femto-

The atoms interact with each other by their electronic ,,clouds”/orbitals.
The physical/chemical properties of materials derive from the properties
of electronic orbitals.

The atomic mass

It is based on the atomic nucleus composed of protons (p) and neutrons (n)

Proton (+)

Neutron

The atoms are electrically neutral

Electric charge = (-1)* charge of the electron = 1.6%10""° C
Mass m;~ 1.66*10*7 kg, (~1840*m,)

Number of protons in a nucleus: Z
nucleons

Electrically neutral
Mass m,~1.67*10%" kg, slightly larger than m,

Number of neutrons in a nucleus: N

Atomic number

Number of protons = number of bound electrons @

Mass number A =N+Z (the total number of nucleons)

Symbol of an element X
,Hhuclide”

The absolute value of the atomic mass is based on the ,,unified atomic mass unit” (u)
u=1.660 538 782 x 10727 kg (one-twelfth of the mass of the nucleus of a 2C atom)

lu~m,~m,
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The structure and energetics of atomic electrons

@ nucleus
@ ¢lectron

Possible number of electrons
(]

18

E(eV)

electron-volt

Energy states of
free electrons

0 —_—_—— N=ee
® @
Principal quantum
number(n)
) -5 —

L-shell 2
-10 =

@
—
Energy states of atomic electrons

M-shell 3

Electronic energy and momenta are quantized properties in the bound state.
Quantum numbers: principal-, angular momentum-, magnetic-, spin-

Pauli’s principle: the bound electrons can not have identical quantum numbers




The ,,electron-volt” as an energy unit

- + 1 eV energy = the kinetic energy of one electron after
}5____,+ it got accelerated by a voltage of 1 V

"

1V

leV =q*U =1.6%10""C*1V =1.6%10"" Joule
S

charge
voltage

The electron-volt unit is widely used in the field of spectroscopy, and radiations
like light and ionizing radiations (X-rays, vy, B, a, etc.)

Role of the orbital angular momentum quantum number (l)

1=0,1,2,...(n-1) sub-shells
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Examples for the population of electronic orbitals

subshells may lead to a fine structure of the energy levels

11Na atom 17Cl atom
3p - s -+ 3
—o— 35 —o—— 35
2p 2p
> —0—0— Jg > —0—0— Jg
> >
@ @
c c
(0] (]
——o— 13 —o—o— 13
1s22522p%3s! 1s22522p%3s23p°

Population of electronic orbitals — relation to the state of free electrons

Symplified sketch of the electronic energy levels in an atom  (subshells are not shown separately)

the energy states affected the most in chemical reactions, atomic
0 bond formation, etc.
Eﬂ AE
s |4
E n=3 LUMO Lgwest Unoccupied Molecular Orbital
£
R 17N} 7SO,
MMM HOMO Highest Occupied Molecular Orbital
—H— =1 L
" AE ~ lonization energy — | (eV/atom or kJ/mol)
wNe AE ~ Electron affinity - E,, (eV/atom or kJ/mol)

1s22s22p®




Interaction between the atoms — chemical binding

General concept of the formation of atomic bonds: minimizing the potential energy

Primer (strong) chemical bonds (binding energy 100 — 500 kJ/mol few eV/bond)

a./ the covalent bond formation of unified electronic orbitals

-H ®Electran from hydrogen

*H

5

repelling potential

binding energy

binding distance
attracting potential

(1eV/bond ~ 100 kJ/mol)

®Electron from carbon

Epor, \
0

To

b./ the ionic bond

II.
-
Nae + *Cl.

LR
eMge + 0 e
L

c./ the metallic bond

sodium contributes
electron, leaving it
with a closed shell

torming ionic

LR B
— Na' + 3018

chioring gains
bond z
electron, leaving it
with a closed shell

2+ .e
— Mg + 303

forming lonic

Ionization energy (I):

The minimum energy required to

152 [Hel2sZoph [Nel3s23p6 [Arl3d! 04524p8 lkel4d! 055256

20 He | / I
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Electronegativity

X

3
i15{:0
remove an electron bound in an atom gmm
in the gas phase (eV/atom; kJ/mol) c
" % 90 R0 30 a0 S0 |60 70 80 90
‘! Atomic number
MHelzs! Melzs' [Arls!  [krissl  [Helos!
Electronaffinity (E,):
-400
= ’ "IJ Be The energy released when an
= ‘ .
é_ 2300 ﬂ ﬂ g electron attaches to an atom in the
Au
= -200 A ﬂ gas phase (eV/atom; kJ/mol)
|
S ot M Exothermic electron attachment: E_,>0
2 o | -- incoming electron interacts strongly with
- ﬁ[é&N e;l Ica 1\/? ] KT ks‘ﬁ[ (t{ )! \na g the nucleus on its orbital
4 Zin 4 s .
100 e R e o0 8o oo | Endothermic electron attachment: E,,<0
Atomic number -- A" has higher energy than A and e-

is the measure of the power of an atom of an element
to attract electrons when it is part of a compound

Mulliken’s absolute definition: ‘ =3 +Ey)
8
o
arithmetical average of the ionization energy B
. E
and electron affinity 3
=)
. . 0
Pauling’s relative scale:
characterizes the polar character of bonds oo | electronegativity
| AHOMO
A = Eygng pp (€XP.) — Egong ag (theor., non — polar) R
pon-polar _ Ehf);j + E&;g « if the bonds were purely covalent 4
bond,AB T b

0.104%A =7, - 74|

one of the electronegativities is empirically fixed — relative scale

Mulliken’s




Pauling-scale (relative):
eV/atom

A
z
g 2
Practical use of go
o . 1
electronegativity
(e.g. for molecule AB)
3040
2029
|Z AT XB | E s
%1+ TA
H—l

is related to the - electric dipole moment
- ionic character of the bond, given in %

- ionic-covalent resonance energy

When a molecule is formed, the electrons flow towards the atoms of high electronegativity,
the electronegativities of the atoms tend to equalize and acquire the same, uniform value

|ZA+ZB|
%—J

is related to the type of primary
bond formed between A and B

Electronegativity

|ZA _ ZB| ionic E

metallic covalent

|ZA+ZB|

Secondary (week) chemical bonds (binding energy less than 50 kJ/mol few 0.1 eV/bond)

a./the H—-bond (~20kJ/mol, 0.3 eV/bond) (water, HF)

¢
Yl
?d ©

b./ electrostatic interaction

ion — dipole (few kJ/mol, 0.05 eV/bond)
polar covalent bond

[ -

dipole — dipole (~ 2 kJ/mol, 0.02 eV/bond)
i dipole — dipole interaction

hydrophobic (~2 kJ/mol, 0,02 eV/bond) ( ; a)
‘o polar covalent bond

van der Waals (dispersion) (~ 0.1 kJ/mol, 0. 001 eV/bond)
(Noble gases, F,, H,, Cl, molecules)

type of bonds —— structure —— properties

Ceramic J

Classes of materials 8 ,‘ ‘f'

Metals

Composites

Polymers




The broad states of matter: gas
liquid
(liquid — crystal)
solid

General phase transitions

phase: physically and chemically homogeneuos part of the material

A
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General properties of different phases:

gas: no definite volume and shape (there is no (or very week) interaction

between the particles), isotropic

liquid: the volume is definite, the shape is changing, short range order
(secondary interactions between the molecules), isotropic

liquid — crystal: special shape of individual molecules, relatively long

range of order, anisotropy (intermediate phase between

liquids and crystals)

solid: definite shape and volume (strong (primer) bonds between the

particles)
macroscopic range order (crystals)

periodic crystal structure, symmetry, frequent anisotropy

low degree of translational motion

Strength of bond energy = Effect of temperature

T (~Eyy)
O
Z 1

volume + + -
shape + _ -

Y y I 1

‘ crystalline ‘ ‘ amorphous ‘“'"“'"" e e e
¥ 3
S

ﬁ

long range order disorder

short range order

crystal ,lattice”

density (o, kg/m3)
< ]

Density of materials used in Dentistry

material p (g/cm3)
dental enamel 2,2
dentine 1,9
water 1
amalgam =12
1k_g:&: ‘2393 -10° %  |gou 19,3
o fio7fem 10%m o gold-alloys 12-17
Pd-Ag alloys 10-12
Co-Cr alloys 8-9
Ni-Cr alloys =8
Broad scale of materials — broad scale of glass 2,2-2,7
structures and properties ceramic 1639
porcelain 2,2-2,4
gypsum (Caso,x2H,0) | 2,31-2,76
PMMA =12
poly(methylmethacrylate)
silicon =14

poly(dimethylsiloxane)




Liquid crystals: a mesomorphous state of matter
Thermotropic - liotropic

General properties
- elongated shape of molecules

- relativly long range order stabilized by
secondary bonds

- fluidity, deformability
- anisotropy in fluid state

Cholesteninbenzoat

0

O

smectic
l nematic
cholesteric

Use of thermotropic liquid crystals

layer to orient the ™
liquid crystal

voltage
signal

liquid crystal :
layer to orient the
¢ liquid crystal

" polariser

transmission of 1O transmission
plarized light of plarized light

. . . . “Water-
Liotropic liquid crystals soluble +water
O1l- =
Like
Phospholipid
Molecule

Cellular bi-layer membranes

Phospholipid
Bilayer

A typical phase diagram
phase diagram: graphical presentation of stable phases as a function of different
parameters
(physical conditions when the
g phase boundary ceases to exist)
a
a .
& solid phase

compressible

sypercritical fluid
liquid

crtical pressure [ ./
P{'I

liquid critical point

phase

Po triple point } gaseous phase

vapour
critical
temperature
Tip Ter
4 Temperature simultaneous transition of Ar
(the three phases coexist

from solid to liquid and to gas
in equlibrium)




Classes of materials

Gas phase (ideal gas)

characteristics
¢ filling the container — no volume in itself ® L ®
® disorder ®
® composed of independent particles e e °©
® isotropy

Macroscopic properties/parameters

p,V,v, T

R - universal gas constant
R=8.314 J/mol*K

pV =vRT
f

mole number

Equation of state

Gas phase (ideal gas)

without force field

Microscopic description

L]
Uni‘)rm density
L ™ L]

Maxwell-Boltzmann
0°C (distribution

yiv)

7

Macroscopic frequeney of 300°C
properties/parameters occurrance

0 500 1000 v(m/s)

% mv’ = %kT
__ R _ 23 J
—~— k= N, 1.38+10 K individual velocities of O,
average kinetic energy T A

molecules are distributed in a

broad range
Boltzmann consta;

Gas phase (ideal gas)

in a force field — gravitation

Example: density (p) of air changes

P in function of the potential energy —T(—QT’h
P =py€
p =const*p
_mgh
— kT
'y p p - pO €

thermal equilibrium !
air - Barometric Formula

5,8 11,5 km h
less and less particles are found (in the same volume) at the levels
of higher potential energy ( at higher altitudes )

The Barometric formula is a special case of a general law
Boltzmann distribution

Distribution of particles on the levels of potential energy &

n1 & _5i|;r80
}Ag B -1, e
Ny 20
_lfi _§ _4E AE =Ag-N,
n=n,-e KT =ny-e KT =n,.e RT R=k-N,

- the number of particles is smaller at the levels of higher energy
- on the same level, the number is smaller at higher temperatures
- the lowest energy level has the highest number of population




Wide range of applications

barometric formula
[ ]

thermal emission of metals
¢ Nernst equation

\

- -% _ equilibrium_and rate of chemical reactions _ _ __
‘e
\

concentration of thermal defects in ordered,
\ structured systems
\

\® conductivity of semiconductors...

‘\

\

' Example:

e _ Evarrier €A

k — kT .
B kpg = const.-e | Arrhenius plot
=
Sharrier
_fa~¢8
€, K = ﬂ g K
&y nB energy of
activation
reaction coordinate




