
Atomic orbitals 
• we are familiar with the shapes of atomic orbitals from inorganic, and organic chemistry 

(Figure 1), each of these is also associated with a wavefunction, which is a mathematical 
function.  In this section we explore the link between the pictures we draw of atomic orbitals, s, 
p and d, and the equations that they are derived from. 
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Figure 2 Equation for the 1s atomic orbital 

 

 
Figure 3 radial 1s, 2s and 3s wavefunctions 

• There is a great web-site "The Orbitron" which 
displays atomic orbitals and their equations (ever 
wondered what a 4f AO looks like?) 

• AOs are based on the only system we can solve exactly 
the H atom, this is where the equations of s, p and d AOs 
come from 

• when we draw a circle for an s atomic orbital, or a figure 
eight for a p atomic orbital and so on, we are 
representing the real three dimensional volume of the 
orbital by a "cartoon" on our page. 

Orbital Equations 
• you are (or will soon be) familiar with the equations for 

atomic orbitals from your foundation course last year 
your additional maths lecutres and your physical 
chemistry courses this year 

• as an example I have given the equation for the 1s 
orbital to the left, Figure 2.  The wavefunction for each 
orbital is composed of a radial (R) and angular 
component (Y) 

• the radial component indicates the magnitude (or size / 
amplitude) and its sign (or phase) of the function as we 
move away from the nucleus in any direction (ie the 
radial component is spherically symmetric) 

• I have plotted using a scientific graphing program the 1s, 
2s and 3s wavefunctions (Figure 3) and the equations 
for these same orbitals are given below. 

• The x-axis is a parameter called rho (ρ) and has the 
effect of allowing us to highlight the nodal structure of 
the AOs, in reality the regions where the sign changes 
are very close to the nucleus! 
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Figure 4 the 1s, 2s and 3s wavefunctions details 
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Figure 6 y = cx2 + bx + c  a polynomial 
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Figure 7 1s, 2s and 3s radial distribution 

functions 

 

• I have also plotted them individually to show the radial 
parts in more detail, Figure 4.  Take careful note of the 
axes when you see these functions in books, the axes are 
often of different scales for different orbitals!! 

• now look at the equations for the orbitals again (1s, 2s 
and 3s given above), the angular part (Y) remains the 
same as these are all s atomic orbitals: 

Y00 = (1 4π )
1 2  

The Radial Part of the AO Wavefunction 
• the radial part of these wavefunctions has two 

contributions 

o one an exponential Z 3 2e−ρ 2  
o and one is a polynomial in r 

• what do we know about these types of functions, 
exponentials and polynomials? 

• you already know the general form of an exponential, it 
has a rapid decay away from zero the physical 
interpretation of this is that the wavefunction decays 
away from the atom center (ie the nucleus), Figure 5 

• polynomials of degree n have n roots (or cross the x-axis 
n times, Figure 6) the physical interpretation of this is 
that the phase (ie the positive or negative magnitude) of 
the wavefunction changes as we increase the principle 
atomic number 

• thus the “shaded” part of an orbital cartoon is a 
representation of where the function becomes negative 

• the nodal structure can be more easily seen in the radial 
distribution functions which show the multiple points 
where the electron density falls to zero, Figure 7 

• from the radial distribution functions we also see that the 
position of maximum electron density progressing 
outward the physical interpretation of this is our concept 
of the increasing size of atoms as we move down the 
periodic table; the valence electrons are moving further 
away from the nucleus  

• the maximum of the 1s radial distribution function is the 
Bohr radius a0 
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Figure 8 Different ways of representing an s 

atomic orbital 

 
R3s = 1 9 3( ) × 6 − 6ρ + ρ2( ) × Z 3 2e−ρ 2

R3 p = 1 9 6( ) × 4ρ − ρ2( ) × Z 3 2e−ρ 2

R3d = 1 9 30( ) × ρ2 × Z 3 2e−ρ 2

 

Radial components for the 3s, 3p and 3d 
atomic orbitals 
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Figure 9 Angular part of the wavefunction 

 

• because each orbital contains exactly 2 electrons, as it 
extends further out from the nucleus the two electrons 
are spread over more and more space, we say the 
electron density becomes more diffuse the physical 
interpretation of this is our idea of the heaver atoms of 
each group becoming "softer". 

• when we draw a circle for an s atomic orbital, we are 
representing a three dimensional, volume by a "cartoon" 
on our page, Figure 8, this is a qualitative representation 
often taken to represent the point of maximum electron 
density, or at other times the contour which encloses 
95% of the electron density 

• in more modern textbooks you may also see a three 
dimensional shell giving a better idea of the "volume" of 
the atomic orbitals 

• when drawing such cartoons we only represent the 
valence orbitals and we don’t worry about the fact that 
the orbitals get more diffuse, have a larger radial extent, 
and multiple changes of phase as the principle quantum 
number increases.  But it is implicitly assumed you are 
aware of this! 

 

The Angular Part of the AO Wavefunction 
• all orbitals (and not just s orbitals) have radial and 

angular components.  The radial components are all 
fairly similar, a polynomial multiplied by an 
exponential, see the equations for the 3s, 3p and 3d to 
the left, thus when we draw orbitals (s,p or d) we are 
actually focusing on representing the angular 
component of the orbital, Figure 9 

• this makes sense as you should already know that the 
angular quantum numbers define the s or p or d or f 
notation for the orbitals 
o s l=0 (s=sharp) 
o p l=1 (p=principle) 
o d l=2 (d=diffuse) 
o f l=3 (f=fundamental) 

• the names are originally from the spectroscopic lines 
identified for each orbital  

• the functions associated with the angular component 
are called spherical harmonics (just like polynomials 
are called polynomials), this term defines a set of 
functions which have certain characteristics in common 
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Figure 11 "triangles" 

 
 
 
 
 
 
 
 
 

Spherical Coordinates (For interest only!!) 
• when dealing with spherical harmonics it is easier to 

work in a different coordinate system 
• x,y and z are the coordinates in the Cartesian coordinate 

system 
• r, θ and ϕ are the coordinates in the spherical polar 

coordinate system 
• the conversion between these two systems is simple, 

take a point in space, it's position can be described using 
both methods (x,y and z)  and (r, θ and ϕ),  Figure 10 

•  triangle 1 (Δ1) and triangle two (Δ2) are formed (Figure 
11) 

from Δ2 a = r sinϕ
from Δ1 y = asinθ = (r sinϕ )sinθ
from Δ1 x = acosθ = (r sinϕ )cosθ
from Δ2 z = r cosϕ

 

• thus the conversion is: 
(x, y, z)→ (r sinϕ cosθ,r sinϕ sinθ,r cosϕ )  

• for example the angular part of p atomic orbitals are 
described below 

Ypz = 3 4π cosϕ → 3 4π z
r

Ypx = 3 4π r sinϕ cosθ → 3 4π x
r

Ypy = 3 4π r sinϕ sinθ → 3 4π y
r

 

• similar but more complex equations are found for the d 
and f atomic orbitals, for example: 

Y (d
z2
) = 5 16π 3cos2θ −1( )→ 5 16π 3z2 − r2( )r−2  
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Figure 12 phase of p atomic orbitals 
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Figure 13 positive and negative px orbitals 
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Figure 14 Figure 14in-phase and out-of-

phase pz orbitals 

 
a b

ψσ = sa + sb

ψσ = (px )a − (px )b

x

 
Figure 15 bonding orbitals 

 
z

x

y

z

x

y

z

x

y
dxz dyz dxy  

 
z

x

y
dx2-y2

z

x

y
dz2  

Figure 16 the correct phase of dAOs 

What is Phase? 
• phase is a very important part of describing an orbital 
• it is also something that textbooks treat very poorly 

and the phase of the d atomic orbitals in particular is 
often incorrectly represented. 

• when drawing p (Figure 12) and d atomic orbitals we 
shade particular lobes to indicate a negative phase, this 
just means that the value of the wavefunction at that 
point is negative. 

• which part is negative depends on the axial system, so 
you should always indicate the axes when drawing 
atomic orbitals 

• later we are going to work with equations and pictures 
that represent a negative orbital, for example a  –px 
orbital (Figure 13), and to ensure we end up with the 
right picture we must have the correct phase. 

• consider the π MO of a diatomic it is an in-phase 
(positive) combination of pz atomic orbitals.  The π* 
orbital is the out-of-phase (negative) combination of pz 
atomic orbitals, Figure 14 

• actually most of the time it is the phase of the orbitals 
relative to each other that matters, and so as long as a 
pair of orbitals is in-phase or out-of-phase we treat them 
as equivalent. 

• not all "bonding" orbitals are "in-phase" (Figure 15) for 
example the sigma bonding MO for two s orbitals one on 
atom a and the other on atom b is ψσ = sa + sb  a positive 
combination, while the sigma bonding MO for two px 
orbitals is ψσ = (px )a − (px )b  a negative combination. 

• now consider the dAOs, how do we know which way to 
draw them?  The positive phase is always in the quadrant 
defined in the orbital name (making it easy to 
remember), Figure 16 
o for example the dxz has its positive phase in the xz 

quadrant 
o the dx2-y2 is just that positive in x and negative in the y 

direction 
o the dz2 is positive along the z-axis 
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equation for ψσ molecular orbital 

 

 

 
Figure 17 computed ψσ and ψσ *  molecular 

orbitals 
 

loss of electron density

gain of electron density

 
Figure 18 cut through the electron density of 

bonding and antibonding orbitals 

 

Basic Molecular Orbital Diagrams 

Bonding and Antibonding 
• atomic orbitals are associated with a single atom, while 

fragment orbitals and molecular orbitals are associated 
with a number of atoms in a molecule 

• two atomic orbitals always combine to form two 
molecular orbitals, a bonding and antibonding pair 

• the molecular orbitals we draw are like the atomic 
orbitals cartoons of the real orbitals, and like the atomic 
orbitals there are equations that they represent: 
o symbols ψσ  
o equations (see to the left) 
o plots (Figure 17) 
o graphs (Figure 2) 

   
Figure 19 Electron density around a bonding and antibonding MO 

Fig 14.16 and Fig14.21 from Peter Atkins and Julio de Paula Atkins' Physical Chemistry 
7th Edition 

 
• bonding orbitals show a build up of electrondensity in 

the internuclear region, while antibonding orbitals show 
a decrease of electron density in the internuclear region 

• where the electron density drops to zero, ie where the 
phase changes in an antibonding orbital is called a node. 

• the more nodes an orbital has the higher in energy it is 
and the more antibonding character it has 

• in our pictures we have represented the molecular 
orbitals as a sum of atomic orbitals, this is a very good 
approximation and is used extensively 
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Figure 20 absolute magnitude is unimportant 
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Figure 21 Orbitals for HF 

 
 

ψσ = N c1ψ H (1s ) + c2ψ F (2 p)( ) c1 << c2  

bonding orbital 
 

 

ψσ * = N c1ψ H (1s ) + c2ψ F (2 p)( ) c1 >> c2  

antibonding orbital 
Figure 22 coefficient size is related to orbital 

size 

Forming Molecular Orbitals 
• formally we say we have taken a linear combination of 

atomic orbitals (LCAO) which is just a rather formal 
way of saying we have a sum (ie orbitals added 
together).  The "linear" means that no powers above 1 
are used ie x1 and not x2 or x3 or … 

• the coefficients c in the LCAO equation are important, 
and our cartoon molecular orbitals should reflect the 
relative contribution of each atomic orbital to a 
particular molecular orbital 
o for example in H2 the 1s orbital on Ha (ψ 1sa

) 
contributes exactly the same amount as the 1s orbital 
on Hb (ψ 1sb

)  

• the relative size of the orbitals is important, but not the 
absolute magnitude, after all these are only rough 
representations of the real thing, Figure 20.  However 
the "overlap" or interaction of the orbitals is assumed 
weather it is drawn or not 

• the relative position of atomic orbitals in a MO diagram 
in general depends on the relative electronegativity of 
the atoms involved, Figure 21. 

• the more electronegative an atom the deeper (ie the more 
negative) its energy levels will be 
o thus O < N < C < H  
o oxygen levels are deeper than N energy levels which 

are deeper than C which are deeper than H energy 
levels. 

• the deeper energy levels are the more stable the system, 
and the harder the electrons are to remove, thus more 
electronegative atoms hold onto their electrons because 
they are in more stable orbitals 

• for example in forming HF, Figure 21, F is more 
electronegative than H so its orbitals lie much deeper in 
energy, in fact the 2s orbital is so deep it no-longer 
interacts with the H1s AO, rather the F pAOs are of the 
correct energy to interact with the H 1sAO 

• when drawing molecular orbitals the atomic orbital with 
an energy level closest to the molecular orbital always 
makes a larger contribution to that molecular orbital, this 
represents the difference in magnitude of the 
wavefunction coefficients in the equation for the 
molecular orbital, Figure 22 
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Figure 23 Bonding and antibonding MOs 
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Figure 24 cut through the electron density of 

bonding and antibonding orbitals 
 

H 1s AO

H H2 H3 H4  
Figure 25 Relative energy levels of fragment 

orbitals 

• be careful when combining AOs, the MO wave equation 
is not always positive for bonding MOs, and not always 
negative for antibonding MOs, Figure 23 

• bonding interactions have SAME or in-phase overlap, 
antibonding interactions have OPPOSITE phase or out-
of-phase overlap, Figure 23 

 
 
 
 
 
 
 
• a node occurs where the phase changes, this is where 

the wave function goes to zero. 
o nodeless interactions represent a build up of electron 

density and are bonding, nodes indicate a depletion of 
electron density and are antibonding, Figure 24 

 
 
 
 
 
 
 
 

• the energy of common arrangements for 2, 3 and 4 H 
AOs have been given in Figure 25.  We will be deriving 
these fragments in later lectures, however given the 
orbitals we could deduce their position without any 
further information 
o for example the degenerate orbitals of H4, each have 

two bonding interactions and two antibonding 
interactions, these will "cancel" leaving the orbitals as 
"non-bonding" ie without any stabilisation or 
destabilisation 

 

 


