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An electron from one hydrogen atom 
just tunnels back and forth to the other 
hydrogen atom, the result is a H2

molecule, there is a higher probability 
density of the electron being between 
the two protons, that corresponds to 
an electrostatic attraction which 
balances the electrostatic repulsion of 
the two protons
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Chemical Bonds

• Electron sharing lowers kinetic energy (covalent 

bond).

• For atoms with very different electron affinities, 

electrons can transfer (almost completely in an 

ionic bond).

• Coulomb interactions (+ and -) and the exclusion 

principle contribute.

• Even for rare gas elements at 0ºK quantum 

fluctuations contribute to attractive forces
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Chemical Bonds

Covalent extreme Ionic extreme
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Simplest Example H2
+ ion
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• Evaluate E from

• Best linear combination of unperturbed 

wave functions (minimum E) comes from 

solving the Schrödinger equation for the 

coefficients
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So back to the H2
+ ion

Let’s combine the two 1s states with unknown coefficients a and b:

21 ψψ ba +

There is only really one unknown here (a/b) as the other comes from 

normalization.

[ ] )()(ˆ
21210 ψψψψ baEbaHH +=+′+

Using                                    and                    (not really true – there 

is some overlap as there is a non-orthogonal basis, but approximately 
OK)
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Perturbation Theory for the H2
+ ion

Multiplying form the left by          or           we get two versions of the SE*1ψ *2ψ

( ) 0ˆˆ
21110 =′+′+− ψψψψ HbHaEEa

( ) 0ˆˆ
22120 =′+′+− ψψψψ HbHaEEb

with ∆≡′=′
2112

ˆˆ ψψψψ HH

δψψψψ ≡′=′
2211

ˆˆ HH
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We get two equations with 2 unknowns (a/b, E)

( ) 00 =∆+−+ baEE δ

( ) 00 =−++∆ bEEa δ

The secular equation gives

( ) 022

0 =∆−−+ EE δ

Leading to ∆±+= δ0EE (note  ∆ <0)

Perturbation Theory for the H2
+ ion
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Perturbation Theory for the H2
+ ion

( )21
2

1
ψψψ +=B for ∆++= δ0EE (lower energy bonding 

state)

( )21
2

1
ψψψ −=A for ∆−+= δ0EE (higher energy, anti-bonding 

state)

δ is s shift 

from E0

and small 

compared 
to 

∆, which 

must be 

negative

We neglected 

coulomb repulsion 
between the two 

protons, taking it 

into account will 
give equilibrium 

bonding distance
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There are 
two ways, 
bonding and 
antibonding 
wave 
functions

Ψ(σ)
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Energetics determines 
what is going to happen, 
Pauli’s exclusion principle 
has to be obeyed

Covalent bonds are strong

H-H molecule
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If ψ1 and ψ2 are solutions to the Schrödinger equation, ψ3 = 
aψ1 ± bψ2 will also be a solution to this equation !



15

MO energy level 
diagram for N2

molecule

N atom

N2
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σ(1s)

σ*(1s)

N≡N molecule

The electronic 
configuration of  N2 is: 

(σ1s)2(σ*1s)2(σ2s)2

(σ*2s)2(π2p)4(σ2p)2 two 
times 7 electrons in total

This does not mean that there are actually 4 

electrons in this orbital !! Rather, there are two 

spatially distinct π(2px) and π(2py) orbitals with 

degenerate energy level
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Effective overlap between AOs

π bonds are 

considered 

secondary bonds 
since they are much 

weaker than covalent 

σ bonds

π
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CH4 molecule, perfect 

tetrahedron, partly 
due to the influence of 

the four bound 
protons at the apexes 

Also C in diamond (Si, 

Ge) is(are) bonded 

covalently (tetrahedral) 
on the basis  sp3 hybrid 

orbitals

Success of MO theory, quantum mechanical 
explanation of sp3 hybridization 
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sp2

p orbital, making for van der 

Waals interaction in graphite

Since all 4 outer electrons contribute 

to bonding, diamond is transparent 

and an electric insulator as there are 

no free electrons

For every C atom in graphite, 

there is an electron in a p-orbital, 

this electron is nearly free to 

move and gives graphite it luster, 

good electric ant thermal 

conductivity and non-transparency

Tendencies for hybridization can be explained from perturbation theory
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Polarity and 
Hydrogen 

Bonding

Intramolecular hydrogen bonding 

within one carboxylic molecule 

Hydrogen bonding between carbonyl 

and amide group

H–F····H–F    or  H–Cl····H–Cl

Hydrogen bonding between two 

carboxylic molecules

Simple hydrogen bonding between two 

diatomic molecules

Since the proton is very small but highly charged, it gives rise
to permanent electromagnetic dipole moments in many 
molecules, e.g. H2O, HCl, HF, … These dipoles in turn lead to 

weak hydrogen bonds (so called secondary bonds) between 
molecules



21

When water freezes, the 

molecules move slightly 
further away from their 
average position in the 

liquid state to each other, 
that reduces the density, 

ice floats on water for 
that reason
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H-bonding in Proteins

Beta-pleated sheets

Alpha-helices
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H-bonding in Deoxyribonucleic acid, DNA
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Concept of electro negativity
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Just as we had for two hydrogen atoms coming 

together an binding and an anti-binding solution to 

the Schrödinger equation …

when two, six and a very large number of Na atoms 
come together in a solid with a crystalline structure, 

we get two, six, or a very large number of orbitals 

with closely spaced energy levels, 

i.e. in effect we get an energy band for each of the 

atomic orbitals, shown here is only the 3s band 
where each Na atom contributes one electron, this 

will the outermost energy band, the conduction band 

From two atoms to solids

The 3s band is, 
therefore, half filled, it 

also overlaps with the 
empty 3p band in 

sodium
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Distinction between classes of solid (crystalline materials),  conduction and 

valence bands overlap in metals, there is “no bandgap” for metals as far as 
the temperature dependence of electric conductivity is concerned, not that 
semiconductors will have a different temperature dependence of electric 
conductivity than metals because the latter have a gap between the valence 
band and the conductions band



27

In an intrinsic semiconductor, electric conductivity, (electron mobility) 

increases with temperature, remember from earlier lecture that in metals 
electric conductivity falls more or less linearly with increasing temperature 
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A one-dimensional crystalline lattice, 
repeat distance a, can support long 
wavelength (low energy) electrons without 
scattering, i.e. they are quite free to move 
in a periodic potential of height V0 in the 
conduction band

for certain sets of angles of incidence and 
electron wavelengths, there will be Bragg 
reflection, either for a surface grating or a 
bulk crystal, electron’s of these 
wavelength are repeatedly scattered into 
different directions, so will not portage 
“unaffected” through the lattice  

For 2θ = 180º and 

an electron 

wavelength of 2a, 

there is an incoming 
wave and a reflected 

wave of the same 

wavelength in the 
opposite direction 
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There are two possible waves with a periodicity matching that of the lattice. One has 

its troughs and the other its crests at the position of the ions in the lattice. The ψ_ 

wave concentrates charge midway between the ions. The ψ+ wave concentrates 
charge at the position of the ions. The  ψ+ wave should, therefore, represent lower 

average potential energy. For a wave number k = 2π/λ, there must be two energy 

values in a plot E versus k - next slide - their energy separation corresponds to the 
width of the forbidden gap, 

very loosely speaking, because the valence and conduction bands overlap in 
metals, Bragg scattering inside the crystal does for this particular class of materials 
not result in a “band gap” as it does in semiconductors  
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The second derivate of E with respect to k 

gives the effective mass of the electron (and/or 
hole if semiconductor) in the lattice, the 

effective mass is actually a tensor, different in 

different crystallographic directions

These forbidden bands are not 
between the valence band and 
the conduction band, we were 
talking about metals !!

The widths of these bands are equivalent 
to the height of the periodic potential, 
tend to be smaller in metals, larger in 

semiconductors
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Direct (GaAs) and 
indirect (Si) 
semiconductors, only 
the direct ones are 
good for 
optoelectronic devices

Porous and defective Si 
can have direct bandgap

Band structure in 
semiconductors is 

often more 

complicated, also 
valence and 

conduction bands do 

not overlap so that 

there is a genuine 

band gap in the eV 
range that defines the 
electric conduction 
properties
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Dopands shift 

the Fermi 

level

In a chemical context, the Fermi level is referred to as 

electron chemical potential
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Free electron gas for 
reduced dimensionalities

n(E) dE = g(E) f(E) dE 
will be number of 
electrons as a function 

of energy

Changes in the density of 

(electronic) states g(E) will 
happen with changes in 

dimensionality, this will give 
different numbers of electrons 
with an energy E + dE

for 

infinitely 

deep  

cube well
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Spherical volume of radius R encompassing a 

number of possible states

Rayleigh scheme for 

counting: number of states 

is proportional to the 
volume in the “state-space”

Define a radius R
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n(E) dE = g(E) f(E) dE
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Represents the shaded area in 

graph below

In thermal equilibrium
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Density of states for 3D, 2D, 1D, and 0D structures

A set of 

Dirac 
delta 

functions

Effective mass changes in 
step like fashion
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1D electron transport is ballistic

σ0

quantum of electrical conductance/resistance-1

A
lR

1−= σ Classically the electric resistance does depend 
on the length of the wire l, Ohm’s law for a 3D 
structure, A cross section area of the wire

if

electron Fermi wavelength, 

that dominates electron 

transport
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σ0

When two carbon nanotubes make contact, the quantized conductance is 

twice as large, analogously for 3, …
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gate it connected to “metal disc” of less than 

20 nm radius with self capacitance C , e/2C is a 

voltage on the bottom gate, e times this 

voltage must be significantly larger than 25 
meV for the device to work at room 

temperature (so C as small as possible), 

without this voltage, electron cannot tunnel due 
to so called “Coulomb blockade”

effect of a 

very small 

voltage (V) 

on the gate, 
that allows 

one other 

electron to 

tunnel from 
the source 

all the way 

to the drain

eV =

Instead of metal disc, also single C60 molecules 

with tunnel contacts, molecular electronics

Tk
C

e
B<<

2

2
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Of course electrons 
are fermions, also 
the unoccupied 

energy levels for 

n+1 electrons are 
different to n 

electrons, so the 

voltage is to make 
the shift to fit the 
n+1 (unoccupied) 

electron levels for 

that electron to 

‘hop onto the 
island””


