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PART 10 
ELECTRON ORBITALS IN THE ATOM

I. GENERAL PRINCIPLES. QUANTUM NUMBERS

Electrons are travelling around the nucleus at speed of light. As their speed is so high, one cannot know the precise coordinates of a given electron at a given moment of time, but one can find out some definite volumes called orbitals in which they are travelling.

According to Pauli’s principle in each orbital there can be positioned up to 2 electrons, having opposite spins (spinning in opposite directions).

Electron orbitals, their energy, their distance from nucleus, their form and spa​tial orientation , are determined by 3 quantum numbers.

I.1. PRINCIPAL QUANTUM NUMBER

Starting closest to nucleus, the electron orbitals are defined, first, by the princi​pal quantum number, n.

From the value of principal quantum number one can learn the following information:

1) the greater is n, the greater is the energy of the electrons,

2) the greater is n, the greater is the distance of electrons from nucleus (the “radius” of orbital),

3) the value of n is equal to the number of the possible energetic sub-levels in the given energy level. Thus, if n = 1, only one sub-level is present, if n = 2, 2 sub-levels are present etc.

4) knowing the value of n, one can easily determine the maximal possible num​ber of electrons in the given energetic level : the number of electrons is equal to 2n2. For the first energetic level of electrons n = 1 and 2n2 = 2 electrons, for the second level n = 2, 2n2 = 8 and 8 electrons can be positioned at this level, in the third level n = 3 and 2n2 = 18, therefore up to 18 electrons can be present in the 3rd energetic level, etc.

I.2. AZIMUTHAL QUANTUM NUMBER

The next quantum number, l, the so-called azimuthal quantum number, can take values from 0 to n - 1. The value of the azimuthal quantum number, l, at the same time is the number of symmetry axes of the orbital, therefore the values of l de​termine the form of orbital, see below.

Besides the numerical values of l, a letter symbol is assigned to each value of l.

If l = 0, the letter symbol s is used, if l = 1, a letter symbol p is used, symbol d is used for l = 2, f for l = 3 etc.

Let us now see the possible values of l at different energetic levels (at different values of n).and the corresponding forms of electron orbitals.

The 1st electron level (n = 1).

As l can take values from 0 to n - 1, at the value of principal quantum number n = 1 only one value of azimuthal quantum number l = 0 is possible. If l = 0, the appropriate orbital has no symmetry axes i.e.its form is spheric. This kind of orbitals is called s‑orbital and the electrons, positioned on s‑orbitals are called s‑electrons.

the 2nd electron level (n = 2).

At the value of principal quantum number n = 1 azimuthal quantum number l can take two values : 0 and 1.

If l = 0 , we deal with the s‑electrons of the second electron layer. They occupy a spherical 2s orbital, the size of which is greater than the size of 1s orbital.
The other possible value of l at the 2nd electron layer is l = 1 and the appro​priate orbitals are called p‑orbitals. If the value of azimuthal quantum number is equal to 1, it means, that the appropriate orbital must have one symmetry axis, therefore a p‑orbital has a “dumb-bell” form, which is symmetric against one of the three possible (x, y  or z) spatial axis, see fig.10.1
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Fig.10.1.Form of a p‑orbital

Thus, at the second electron energetic level two different sub-levels 2s and 2p are possible.

the 2nd electron level (n= 2).

At the value of the principal quantum number n = 3 azimuthal quantum num​ber l can take values :

l = 0 , that corresponds to 3s‑orbitals - spheric orbitals of a greater size than the one of 1s and 2s ones.

l = 1 that corresponds to 3p‑orbitals, that are dumb-bell form orbitals of a greater size than 2p ones.

l = 2. The value 2 of azimuthal quantum number means, that the appropriate orbitals (called d‑orbitals) must have 2 symmetry axes, therefore  d‑orbitals have more complicated forms than p‑orbitals, see fig.10.3 below.

the 4th electron level (n = 4).

At n = 4  azimuthal quantum number l can take values :

l = 0 that corresponds to 4s‑orbitals

l = 1 that corresponds to 4p‑orbitals

l = 2 that corresponds to 4d‑orbitals

l = 3, that corresponds to 4f‑orbitals. As l = 3 for f‑orbitals, they have 3 symmetry axes and their spatial forms are very complicated.

I.3. MAGNETIC QUANTUM NUMBER

The third quantum number, the so-called magnetic quantum number, ml, shows the number of the possible spatial orientations of orbitals having equal values of azimuthal quantum number l.

ml, can take values from the interval  -l...0...+l.

For s‑orbitals,as l = 0, ml can take value ml = 0 only, therefore there is only one s‑orbital in a given electron energetic level.

For p‑orbitals l = 1, therefore ml, can take 3 different values -1, 0 and +1. As a result, there are 3 different p‑orbitals in a given electron energetic level, orientated along x, y and z spatial axes.
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Fig.10.2.Spatial orientations of p‑orbitals
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Fig.10.3.  Approximate forms and spatial orientations of d‑orbitals

For d‑orbitals l = 2 and now ml can take five different values: -2, -1, 0, 1, and 2, therefore 5 different d‑orbitals with 5 different spatial orientations are present in a given electron energetic level , see fig.10.3.

II. FILLING OF THE ORBITALS WITH ELECTRONS IN CONNECTION TO 
THE ROWS OF PERIODIC TABLE

II.1. FIRST ROW ELEMENTS

In the first row of periodic table the elements have only one electron energetic level with n = 1. As n = 1, l = 0 and, therefore, s‑electrons only can be pre​sent in the atoms of first-row elements. As ml = 0 for s‑electrons, only one s‑orbital can be present. As there can be positioned up to  two electrons in one orbital, just two elements are present in the first row - hydrogen, H, having one electron (electron configuration 1s1) and helium, He, having two electrons (electron configuration 1s2).

II.2. SECOND ROW ELEMENTS

At the second row of periodic table the second electron level (n = 2) is filled. At n = 2, l can take values 0 or 1, therefore s and p sub-levels are filled. There can be two electrons at s‑orbital. For p sub-level, at l = 1, ml can take values -1, 0 or 1, therefore 3 different p‑orbitals are present.

Thus, the maximal number of electrons at the 2nd level can be up to 8 - two of them on 2s sub-level and 6 on the three different orbitals of p sub-level. For this reason there are 8 elements in the second row:

1) Li,
having 1 electron at the 2nd level - electron configuration
1s22s1
2) Be
“
2 electrons
“



1s22s2
2s sub-level is now full and 2p sub-level starts filling up in the further 2nd row elements.

3) B
“
3 electrons
“



1s22s22p1
4) C
“
4 electrons
“



1s22s22p2
5) N
“
5 electrons
“



1s22s22p3
6) O
“
6 electrons
“



1s22s22p4
7) F
“
7 electrons
“



1s22s22p5
8) Ne
“
8 electrons
“



1s22s22p6
At Ne the 2nd electron level is completely filled, therefore with the next ele​ment, Na, the 3rd electron level starts to be filled.

II.3. THIRD ROW ELEMENTS

At the third row n = 3, the azimuthal quantum number l can take values 0, 1 and 2, therefore s, p and d sub-levels of electrons should be filled in the 3rd row elements. However, practically it is not quite so. If one looks at the diagram of electron energetic levels (see fig. 10.4., next page), one must note, that, due to existence of sub-levels, the 3rd and 4th electron levels overlap and practically 4s sub-level is situated at a lower energy, than 3d sub-level. As the orbitals are filled with electrons in the order of energy increase , 4s sub-level is filled before 3d sub-level, or, in other words, 3d sub-level is practically filled only at the 4th row of elements.

For this reason, there are 8 elements present in the third row instead of 18. In atoms of Na and Mg the 3s sub-level is filled and further, passing from Al through Si, P, S, and Cl to Ar the 3p sub-level is filled.

II.5. FOURTH ROW ELEMENTS

According to the scheme in fig. 10.4, one can see, that, after filling of the 4s sub-level, the 3d sub-level must be filled. Therefore, after Rb and Sr, in which the 4s orbital is filled, in 10 elements from scandium Sc to zinc Zn the 3d‑orbital is gradually filled and only after that the 4p orbital is filled in elements from Ga (gallium) to Kr (crypton).

At the fourth row, where n = 4 different sub-levels s, p, d and f electron sub-levels (according to l = 0, 1, 2, 3) should be present. The situation with the 4d sub-level is similar to the one with the 3d sub-level - the 4d sub-level is filled in the 5th row of elements.

A different situation is with the 4f sub-level. The energy of electrons at the 4f sub-level is so high, that  4f sub-level overlaps with 6th electron level, therefore 4f sub-level is filled only in the 6th row.

The chemical properties of a given atom depend on the the electron configuration of the outer electron level. When 4f sub-level is filled in the 6th row of periodic system, where 5th and 6th electron levels are already present, 4f electrons are placed very deep in the electron shell of the atom. For this reason, while the 4f sub-level is filled with electrons, the chemical properties of elements are not changed. Thus, all the elements from Ce to Yb (cerium to ytterbium) have chemical properties, similar to the ones of lantanum and are therefore called lantanoids.
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Fig. 10.4. Energetic diagram of the first 4 energetic levels of electrons.

As well, 5f sub-level is filled only in 7th row of elements and a special group of chemically similar elements actinoids  is therefore present in the 7th row of periodic system.

III. ENERGETIC CHARACTERISTICS OF AN ATOM

Some chemical elements easily loose electrons, forming positive ions, some - easily gain electrons, forming negative ions. One more group of exists, which tend to form covalent bonds (to share a common pair of electrons with another element). In order to find out, what kind of bond will be formed (ionic or covalent) between atoms of two given elements, one has to use the energetic characteristics of the atoms. There are three different energetic characteristics of an atom - the ionization energy, the electron affinity and the electronegativity of atom.

III.1. IONIZATION ENERGY

Ionization energy of a given sort of atoms is the amount of energy, that has to be supplied in order to subtract one  electron from an atom, thus forming a positive ion:
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E

ionization

 A+ + e-
The smaller is ionization energy, the easier the given sort of atoms looses electrons. Thus, if atoms of a given chemical element are characterized by a little value of ionization energy, tit means, that this element easily looses electrons and forms positive ions. For example, alkaline metals, such as Na, K, Li etc. have small ionization energies and typically form positive ions.

III.2. ELECTRON AFFINITY

The amount of energy, which is liberated, when a given atom gains electron and forms a negative ion, is called electron affinity:

A + e- => A- + Eelectron affinity
Thus, if an element has a great value of electron affinity, it means, that the atoms of this element have a great tendency to gain electrons and form negative ions. For example, halogens like F, Cl, Br etc. have great electron affinities and therefore easily gain electrons to form negative ions.

Both the ionization energy and the electron affinity have the same character of change in the rows and columns of periodic table. Both of them grow, when passing from the left to the right along the rows of periodic table. In other words, the less electrons an atom has in the outer energetic level, the more easily it looses electrons and forms a positive ion and the less eagerly it gains a new electron to form a negative ion.

Both of these characteristics decrease, when passing down along the columns of periodic table. It is also easy to understand - if one compares elements of the same group, one has to note, that the lower an element is situated in the periodic system, the more electron shells stand between the nucleus and the electrons of the outer shell. As a result, the electrons of the outer shell are shielded from the attraction force of nucleus - they can be lost more easily and, at the same time, less energy is liberated, if a new electron is added to the outer shell..

As about the ionization energy, for instance, an atom of Cs looses an electron more easily, than an atom of Li (both of them are elements of the 1st group and are alkaline metals), since in the atom of Cs the distance between the electron of the outer shell and the nucleus is much higher, than in the atom of Li and, besides, the electron of the outer shell is shielded from the attractive force of nucleus by the inner electron shells. The shielding is much more effective in the atom of Cs than in atom of Li, as there are more electron shells between the nucleus and the outer shell in the atom of Cs than in the atom of Li.

When speaking about electron affinity, let us compare the atoms of Cl and I. For the same reasons - greater radius and shielding of the attractive force by the intermediate levels of electrons, an atom of Cl gains electrons much more eagerly, than an atom of I.

III.3.electronegativity

As it is inconvenient to use 2 different energetic characteristics (the ionization energy and the electron affinity), the famous American chemist Lynus Pauling invented a new energetic characteristic of atoms, called electronegativity, which is defined as half‑sum of ionization energy and electron affinity

EN = 1/2 (Eionization + Eelectron affinity)

Pauling also proposed to characterize elements using their relative values of elec​tronegativity instead of the absolute ones. Relative electronegativity REN of an element is found as the ratio between the electronegativity of this particular ele​ment  and the electronegativity of calcium :
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where

REN
is the relative electronegativity of the element of interest,

ENx
is the electronegativity of the element of interest,

ENCa
is the electronegativity of calcium

In the table 10.1 the relative electronegativities of the 1st, 2nd and 3rd row elements and some elements of 4th row are given.

Table 10.1. The relative electronegativities of some elements
H

2.1
Li
Be
B
C
N
O
F

1.0
1.5
2.0
2.5
3.0
3.5
4.0
Na
Mg
Al
Si
P
S
Cl

0.9
1.2
1.5
1.8
2.1
2.5
3.5
K
Ca
Ga
Ge
As
Se
Br

0.8
1.0
1.8
1.7
2.0
2.4
2.8
If a chemical bond is established between atoms of two different elements, one can use the data given in table 10.1 to determine the location of the common elec​tron pair. The electron pair will always be shifted towards the atom of that element, which has greater electronegativity. Thus, for instance, if a chemical bond is formed between the atoms of aluminium Al and arsenic As, one finds the values of the electronegativity 1.5 for Al and 2.0 for As. This means, that As is the more electronegative element and the common electron pairs in the molecule of Al2S3 are shifted towards the atoms of As.

From the table 10.1 one can also learn, that the most electronegative element in all the periodic system is fluorine F. Thus, even in the compound OF2 the electrons are shifted towards F, therefore OF2 must be treated as oxygen fluoride and not as an oxide of fluorine.

At the same time, oxygen is the second most electronegative element  in the periodic system and therefore electron pairs are shifted towards oxygen atoms in all other oxygen-containing compounds except OF2.

From this table one can also see, that in metal hydrides like LiH or AlH3 the electron pairs are shifted towards hydrogen atoms (as hydrogen has a greater value of electronegativity than all of the metals) and therefore hydrogen in hydrides has a negative oxidation number.

As it was said above, the difference between the electronegativities of atoms shows, to which of the atoms electrons are shifted in molecules, formed of different elements. If the difference between the relative electronegativities is very great, ionic bond between atoms is formed. Ionic bond can be considered as an extreme case of polar covalent bond. A “purely” ionic bond can never be formed. In a compound, which we consider as an ionic one, some fraction of bond is always covalent.

Table 10.2 shows the fractions (in %) of ionic and covalent bonds in the molecules of compounds as a function of the difference between electronegativities of elements:

Table 10.2. The fraction (in %) of ionic and covalent bond as a function  



   of the difference between relative electronegativities.

∆REN = REN1 - REN2
0.0
0.5
1.0
2.0
3.0
% of ionic bond


0
6
22
63
89
% of covalent bond

100
94
78
37
11
In practice the compounds having ∆REN > 1.7 (fraction of ionic bond then exceeds 50%) are considered as ionic.
