
The structure of the atom



1.Rutherford’s model of the atom

2. Quantum-mechanics model of the atom

• The wave nature of microparticles motion

• The electron cloud

• The quantum numbers



1. Rutherford’s model  of the atom

n The atom is a complicated microsystem 
consisting of the moving elementary 
particles 



Rutherford’s experiment (1911) showed that the 
nucleus of the atom contains the protons and the 

neutrons

and is very small compared to the atom itself

The positive charge of the  nucleus is completely 
neutralized by electrons



•The number of protons (Z) in the nucleus 
identifies the charge of the nucleus and its 

belonging to
a given chemical element

• Another important characteristic of   the nucleus is 
the mass  number (A)

of the atom which is equal  to the total number of
protons  (Z) and  neutrons (N) in it as:

A = Z + N 

•Atoms with the same number of protons and with the 
different mass number are called isotopes

1H      2H     3H



2.Quantum-mechanics model of the atom

n Quantum mechanics or wave mechanics
studies motion laws that govern the behavior 

of small particles



The wave nature of microparticles motion

• In 1924, Louis de Broglie proposed that an 
electron and other particles of comparable mass 
could  be described by the physics of waves

• The motion of any microparticle (electrons, 
protons) is regarded as a wave process



Properties of a wave:
wavelength (λ) , frequency (ν), velocity of a wave (v)

The distance between the corresponding points in the 
wave - the wavelength



n The waves can be described by the 
amount of time that passes between successive 
waves - the frequency, ν , of the waves and has 
the units of 1/time or, in SI units, 1/s

velocity of a wave: v = νλ



De Broglie equation

λ= h / m v

Where    m – a  mass of a particle, 
v - a velocity, 
λ - a wavelength, 
h is the Planck’s constant (6,626∙10-34 J∙s)

• According to the equation a particle of mass 
(m) moving at a velocity (v) has a certain 

wavelength (λ) 



n According to the de Broglie equation  the motion of 
an electron with the mass equal to 9.1x10-31 kg

and the velocity equal to 108 m/s is associated with 
a wavelength  equal to 10-10 meters

n The wavelength approximately equals to the atom’s 
size

n De Broglie’s hypothesis was proved experimentally 
by the discovery of diffraction and interference 

effects in a stream of electrons



The uncertainty principle

n In 1927, Werner Heisenberg 

n It is impossible to determine accurately  both the 
position (or coordinates) and the velocity of 
motion of a microparticle simultaneously



Werner Heisenberg 
(1901—1976)
earned a PhD in 
theoretical physics at the 
University of Munich 
(Germany). He received 
the Nobel Prize in 
physics in 1932



n Thus the state of an electron in an atom cannot 
be represented as   the motion of a material 

particle along the orbit 

n Quantum mechanics uses the idea of                 
a statistical probability of  finding the 

electron at a definite point in space around the 
nucleus



The electron cloud

n The model of an electron in an atom accepted in 
quantum mechanics is the idea of 

the electron cloud
Let us assume that we have photographed the position of 

an electron at some moment of time in the three-
dimensional space around the nucleus
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The position of an electron is shown on 
the photographs as a dot 



n If we repeat the 
experience thousands 
of times, the new 
photos taken at short 
intervals, will discover 
the electron in new 
positions

n When all the photos 
are superimposed on 
one   another, we will 
get a picture 
resembling a cloud

nThe space around the 
nucleus in which the 

probability of finding the 
electron is the highest is 

called the orbital



The shapes of atomic orbitals

s - orbital
- the surface of the sphere 
within which the electron 
is found 90% of the time

p - orbital



d - orbital d - orbital



The quantum numbers
n In a three-dimensional world, three parameters are 

required to describe the location of an object in 
space 

n The position of a point P in space can be specified 
by giving the x, y, and z coordinates



For the atomic electron, this requirement leads to 
the existence of three quantum numbers: 

n, ℓ, and mℓ ,
which define an orbital by giving the electron shell,

the subshell, 
and the orbital within that subshell



n The principal quantum number n can have any 
integer value from 1 to infinity: 

n = 1, 2, 3... 

n It is the most important quantum number because its 
value determines the total energy of the electron

n The value of n also gives a measure of the most 
probable distance of the electron from the nucleus: 

the greater the value of n,  than the electron is 
found further from the nucleus 



The angular momentum quantum number ℓ

• ℓ is related to the shape of electron orbitals, and 

• the number of values of ℓ states how many different orbital 
types or electron subshells there are in a particular 

electron shell
ℓ, the angular momentum quantum number = 0,1,2...(n – 1)

If n is 1, then there is only one ℓ value possible; ℓ can 
only be 0, and there can only be one type of the orbital 
or subshell in the n = 1 electron shell



n The values of the ℓ quantum number are usually 
coded by a letter:

Value of ℓ Corresponding orbital label
0 s
1                                             p
2                                             d
3                                              f

For example, a subshell with a label of ℓ = 1 is called a 
“p subshell,” and an orbital found in that subshell is called 
a “p orbital”



Es <  Ep <  Ed <  Ef …

The 
shapes of 

atomic 
orbitals

gfdpsorbital 
label
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Magnetic quantum number, mℓ

n The number of mℓ values = the number of orbitals in a 
subshell

n mℓ  values  can range from + ℓ  to – ℓ  with 0 included: 
mℓ = 0, ± 1, ±2, ±3, ...± ℓ

For example, when ℓ = 2,  mℓ has the five values
+2,+1,0,-1,-2

n mℓ is related to the spatial orientation of an orbital in a 
given subshell
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Electron spin

n Experiments show that electrons behave like 
magnets, as a result of a property called spin

n This spin is much like that of the earth spinning 
on its axis



Since the electron is 
electrically charged, the 
spinning charge generates 
a magnetic field with north 
and south magnetic poles 



n There are only two possible orientations of an 
electron in a magnetic field, one associated with
a spin quantum number, ms, of +1/2 and the 
other with an ms value of -1/2



ms –

to spin

ms = +1/2 ms = – 1/2

+ –



Electron Configurations of   Elements

n The four quantum numbers lead to a complete 
description of an electron 



n If we consider the 1s orbital of the H atom, 
this orbital is defined by the set of quantum 
numbers:

n = 1,  ℓ  = 0  and mℓ = 0



n If this orbital has an electron, the electron spin 
direction must also be specified 

n The orbital is shown as a "box," and the electron 
spin  is depicted by an arrow:

 

n = 1, ℓ = 0, mℓ = 0, ms =  +1/2  

Electron in 1s orbital  
 

Quantum Number Set 
 



n Two electrons in the 1s orbital of  He atom: 

this electron has n = 1,  ℓ = 0, mℓ = 0, ms = -1/2 
this electron has n = 1,  ℓ = 0, mℓ = 0, ms = +1/2 
 

 

 

 



n There are rules to help determine which 
values of the quantum numbers represent 
the most stable arrangement of electrons in 
an atom: 

¨The Pauli exclusion principle 

¨The principle of the minimum of an orbital 
energy

¨ The Klechkovski’s rule

¨The Hund's rule



The Pauli exclusion principle

n Wolfgang Pauli, in 1925  

n Principle: 
No two electrons in an atom can have the same 

set of four quantum numbers (n, ℓ , mℓ and ms)

n This principle leads to yet another important 
conclusion, that no atomic orbital can be assigned to 
(or "contain") more than two electrons

n The Pauli exclusion principle limits the number of 
electrons in an orbital



The principle of the minimum of an orbital energy

n Principle:
Each successive electron is placed in the most stable 

orbital

n Principle determines the order in which the electrons 
are “added” to the orbitals in determining the ground 
state configuration

n
Electrons are usually assigned in order of increasing 
orbital energy



The Klechkovski’s rule
n Orbital energies of many-electron atoms 

depend on both n and ℓ

n The (n+ℓ) rule:
Electrons are assigned first to orbital of  

lower  (n + ℓ), for two orbitals of the same 
(n+ℓ), electrons are assigned first to orbital 
of  lower n

3d:  (n+ℓ)= 3+2 = 5
4s:  (n+ℓ)= 4+0 = 4



orbitals n ℓ n+ℓ 

1s 1 0 1
2s 2 0 2
2p 2 1 3
3s 3 0 3
3p 3 1 4
3d 3 2 5
4s 4 0 4
4p 4 1 5
4d 4 2 6
4f 4 3 7
5s 5 0 5



n The following diagram is helpful in determining 
the order of filling orbitals (their relative energy)

1s-2s-2p-3s-3p-4s-3d-4p-5s-4d-5p-6s-4f-5d-6p



The Hund's rule
n The most stable arrangement of electrons is 

that with the maximum number of unpaired 
electrons, all with the same spin direction

n When electrons are assigned to p, d, or f 
orbitals, each electron is assigned a different 
orbital of the subshell

n This proceeds until the subshell is half full, 
after which pairs of electrons must be 
assigned a common orbital



px py pz px py pz

# # # $ $ $

+1/2+1/2 +1/2 -1/2 -1/2 -1/2

Σspin = 3/2 Σspin = 3/2

possible



px py pz px py pz

$ # $ E #

-1/2+1/2 -1/2 -1/2 +1/2+1/2

Σspin = 1/2 Σspin = 1/2

impossible



Electron configurations of the main 
group elements

n The order of assignment  electrons to 
orbitals:

1s 2s 2p 3s 3p 4s 3d 4p 5s 4d 5p 6s 4f 5d 
6p



•The first two electrons must be assigned to 
the 1s orbital – H, He

H 1s1 

He 1s2 

ℓ 
mℓ 
 

1s 
0 
0 

 



•The third electron must use the n = 2 shell

•According to the order of assignment , that electron 
must be assigned to the 2s orbital - Li





n The position of an atom in the periodic table tells 
you its configuration immediately

n All the elements of Group 1A ( H, Li, Na, K, Rb, Cs, 
Fr) have one electron assigned to an s orbital of the
nth shell, where n is the number of the period in 
which the element is found



n The configuration of Be 1s2 2s2

n All elements of Group 2A (Be, Mg, Ca, Sr, Ba, Ra)
have electron configurations:

preceding rare gas + ns2, 
where n is the period in which the element is found in 

the periodic table

Li 1s22s1 

Be 1s22s2 

1s          2s               2p





n Boron (Group ЗА) is the first  element in the p block of 
elements on the right side of the periodic table

n The fifth electron must be assigned to a 2p orbital
(since the 1s and 2s orbitals are filled in a boron atom)



n Carbon (Group 4A) is the second element 
in the p block, so there is a second 
electron assigned to the 2p orbitals

n The configuration of 6C: 1s2 2s2 2p2



All the elements 
from Group ЗА

through Group 8A 
are characterized 

by electrons 
assigned to
p- orbitals

These elements are  called the p- block elements,
all have the general configuration

preceding rare gas + ns2npx

where x = group number 



n The periodic table indicates that the next 
element is potassium 11Na 1s2 2s2 2p23s1

n The 3s and 3p subshells are filled at argon - 18Ar



Electron configurations of the transition 
elements

n Potassium 19K is the first element of the fourth 
period, so potassium has the electron configuration 
of the element preceding it in the table (Ar) plus a 
final electron assigned to the 4s orbital:

[Ar] 4s1 or  1s2 2s2 2p6 3s2 3p6 4s1

n Calcium 20Ca [Ar] 4s2

3d- orbitals are free in K and Ca



n After 4s orbital , the 3d orbitals are  filled 
3d:  (n+ℓ)= 3+2 = 5
4s:  (n+ℓ)= 4+0 = 4

n Scandium 21Sc has the configuration  
[Ar] 4s23d1

n Titanium 22Ti follows with [Ar] 4s23d2 

n and vanadium 23V with [Ar] 4s23d3



Orbital Box Diagrams for the Transition Elements Sc - Zn

3d                       4s

•Chromium 24Cr
has an anomaly in 
the order of orbital 
assignment 

•24Cr has one 
electron assigned 
to each of the six 
available 4s and 3d 
orbitals

•The minimization 
of electron-electron 

repulsions



ns2       (n-1)d4 ns1 (n-1)d5

ns2 (n-1)d9 ns1 (n-1)d10

Excited state of the atom                Stable state of the atom 



Excited state 
of the atom

Cr 4s23d4 4s13d5

Mo 5s24d4 5s14d5

Cu 4s23d9 4s13d10

Ag 5s2 4d9 5s14d10

Au 6s2 5d9 6s15d10

Stable state 
of the atom



The Periodic Table
Atomic Properties and Periodic Trends



n Elements with similar chemical properties are 
arranged vertically in columns

n The electron configuration of the non-closed 
shell (highest-energy) electrons is the same in 
each column 



n Sodium, lithium, potassium and 
the other alkali metals all share the 
ns1 electron configuration above 
the closed shell configuration 

n These electrons are the highest in 
energy and the furthest away from 
the nucleus and are the electrons 
that participate in the formation of 
bonds with other atoms

n These electrons are called 
valence electrons



n The similar electron configuration is the  
reason of similar chemical properties 



•The number of valence electrons increases in each row



n Moving from left to right across a row in the 
periodic table, n remains constant, but Z 
increases

n The valence electrons feel a stronger attraction 
to the nucleus



Atomic size

n Atomic size is determined by the volume 
occupied by the electrons, which in turn is 
determined by the sizes of the orbitals

n A  measure of atomic size is the atomic radius
which is defined as one half the distance 
between the nuclei in a substance containing 
identical atoms



n For the main group elements, atomic radii 
increase going down a group in the 
periodic table and decrease going across 
a period 



n Moving left to right in a row (n is constant, 
increasing number of valence electrons): 

Orbitals become smaller  
and more stable



n As we move down a column in the periodic 
table, both Z and n increase

n Moving down a group (increasing n, same 
number of valence electrons): 

Orbitals become larger and less stable



n The atomic radius changes as predicted 
by the trends in orbital size: 

Moving down a group, atoms become larger 
Moving left to right in a row, atoms become smaller





Ionization energy

n The ionization energy of an atom is the energy 
required to remove electron from an atom or ion in the 
gas phase:

Atom  + energy → K + + e- ,  
∆E = ionization energy (IE)

n The process is endothermic



n Each atom can have a series of ionization energies, 
since more than one electron can  be removed (except 
for H)

n For example, the first three ionization energies of Mg 
are:         
Mg   → Mg + + e- IE(1) = 738 kJ/mol
Mg+ → Mg 2+ + e- IE(2) = 1450 kJ/mol
Mg2+ → Mg 3+ + e- IE(3) = 7734 kJ/mol



n The first ionization energy: 

• increases from left to right across a row 

• decreases from top to bottom down a column 







n The reason for this trend is the same as 
for the trends observed in atomic radius: 

they reflect the increasing stability from left to right 
and decreasing stability going down a column of 

atomic orbitals 



Electron affinity

n A measure of the electron affinity of an element is the 
energy involved when an electron is brought from an 
infinite distance away up to an  atom and absorbed by it 
to form an  ion

Atom + e- → A– + energy 
∆E = electron affinity (ЕA)

n The process is exothermic



n The electron affinity: 

• increases from left to right across a row 

• decreases from top to bottom down a column 





IE, EA

IE
, E

A


