
ELECTRONEGATIVITY 

 Pauling originally developed the concept from the fact 
that for ionic compounds the bond energies were 
much larger for e.g. HF, than expected from the 
average of the energies for the related homonuclear 
diatomics, in this case H2 and F2. The more the 
observed energy of bond formation exceeded the 
average of the energies of the two related homo-
nuclear diatomics, the greater the electronegativity.  
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Electronegativities Li to F 

 On the next slide we have a table of 
electronegativities for elements in the periodic table. 
One sees that F (EN = 4.0) is the most 
electronegative element while Cs is the least 
electronegative  (EN = 0.7) The electronegativites 
increase across the periodic table from Li (EN = 1.0) 
to Li by 0.5 per element, so that we have: 

   Li  Be  B  C  N  O  F 
      EN:  1.0  1.5  2.0  2.5  3.0  3.5  4.0



Electronegativities of the Elements 

F with EN = 4.0 is 
most electronegative 
element 

Cs (EN = 0.7) is least  
electronegative 
element 

Au is at the peak of 
an island of electronegativity, 
and is most electronegative metal 



Electronegativities of some main group 
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  3.0 
  K  Ca  Ga  Ge  As  Se  Br 
  0.8  1.0  1.6  1.8  2.0  2.4  2.8 
  Rb  Sr  In  Sn  Sb  Te  I 
  0.8  1.0  1.7  1.8  1.9  2.1  2.5   
   



Electronegativity and bonding: 
 Electronegativity tells us what kind of bonding we have, i.e. whether 
it is ionic or covalent. The greater the difference in EN between the 
two elements forming the bond, the more ionic is the bond. Typical 
ranges for EN differences are: 

 EN difference  bonding type  Example   EN difference 
      range 
 __________________________________________________________________________________ 

 > 2.0   Ionic   LiF   4.0-1.0 = 3.0 
 0.5-2.0   polar covalent  HF   4.0-2.1 = 1.9 
  <0.5   covalent  F-F   4.0-4.0 = 0.0 
    covalent  C-H   2.5-2.1 = 0.4 
    covalent  Li-Li   1.0-1.0 = 0.0 
    covalent  Au-C   2.5-2.4 = 0.1 

_________________________________________________________________________________
_ 





7 



8 



9 



10 



11 



12 



13 



14 



15 

Free Electron Model for Metals 

  Metals are very good at conducting both heat and electricity. 
  Metals can be described as behaving like a set of nuclei forming 

a lattice with a “sea of electrons” shared between all nuclei 
(moving freely between them) 
 This is referred to as the free electron model for metals. 

  This model explains many of the properties of metals: 
  Electrical Conductivity:  The mobile electrons carry current. 
  Thermal Conductivity: The mobile electrons can also carry heat. 
  Malleability and Ductility: Deforming the metal still leaves each 

cation surrounded by a “sea of electrons”, so little energy is 
required to either stretch or flatten the metal. 

  Opacity and Reflectance (Shininess): The electrons will have a wide 
range of energies, so can absorb and re-emit many different 
wavelengths of light. 
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Band Theory for Metals (and Other Solids) 

  Thus far, whenever we’ve seen electrons, they’ve been in orbitals 
(atomic orbitals for atoms, molecular orbitals for molecules).  
What about the electrons in a metal? 

  These solids can be treated in a way similar to molecular orbital 
theory; however, instead of MOs, we will produce states.  
Consider that, in a metal, there are no distinct molecules.  You 
could almost say that an entire piece of metal is a molecule.  
That’s how we’ll be treating them: 
  We combine atomic orbitals from every atom in the sample to make 

states which look rather like very large molecular orbitals.   
  As in LCAO-MO theory, the number of states produced must equal 

the number of atomic orbitals combined.   
  The Pauli exclusion principle still applies, so each state can only hold 

two electrons. 
  For a metal to conduct electricity, its electrons must be able to gain 

enough extra energy to be excited into higher energy states. 
  The highest energy state when no such excitation has occurred (i.e. 

in the ground state metal) is called the Fermi level. 
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Band Theory for Metals (and Other Solids) 

Image adapted from “Chemical Structure and Bonding” by R. L. DeKock and H. B. Gray 

  So, how do states get formed, and 
what do they look like?   

  Consider lithium.  The figure at the 
right shows the MOs produced by 
linear combination of the 2s 
orbitals in Li2, Li3 and Li4.   

  Note that, for every atom added: 
  An additional MO is formed 
  The energies of the MOs get closer 

together 
  When a sample contains a very 

large number of Li atoms (e.g. 
6.022×1023 atoms in 6.941 g), the 
MOs (now called states) produced 
will be so close in energy that they 
form a band of energy levels. 

  A band is named for the AOs from 
which it was made (e.g. 2s band) 
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Band Theory for Metals (and Other Solids) 

  In an alkali metal, the valence s band is only half full.   
 e.g. sodium (band structure shown at right) 

  If there are N atoms of sodium in a sample, there 
 will be N electrons in 3s orbitals. 

  There will be N states made from 3s orbitals, each 
 able to hold two electrons.   

  As such, N /2 states in the 3s band will be full  
 and N /2 states will be empty (in ground state Na). 

  Like all other alkali metals, sodium conducts 
 electricity well because the valence band is  
 only half full.  It is therefore easy for electrons 
 in the valence band to be excited into empty  
 higher energy states. 

  Since these empty higher energy states are in the 
 same band, we can say that the valence band for 
 sodium is also the conduction band. 
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Band Theory for Metals (and Other Solids) 

  In an alkaline earth metal, the valence s band is full.   
 e.g. beryllium (band structure shown at right) 

  If there are N atoms of beryllium in a sample, there 
 will be 2N electrons in 2s orbitals. 

  There will be N states made from 2s orbitals, each 
 able to hold two electrons.   

  As such, all states in the 2s band will be full and 
 none will be empty (in ground state Be). 

  So, why are alkaline earth metals conductors? 
  While the 2s band in beryllium is full, it overlaps  

 with the 2p band. (Recall the energy level diagram 
 on p.9 of Homonuclear Diatomics notes showed 

    that valence s and p AOs of metals were close.) 
  As such, some electrons in the valence band  

 can easily be excited into the conduction band. 
  In beryllium, the conduction band (band containing  

 the lowest energy empty states) is the 2p band. 
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Band Theory for Metals (and Other Solids) 

  What do the bands look like for something that doesn’t 
conduct electricity?  i.e. for an insulator 
 e.g. diamond (band structure shown at right) 

  If there are N atoms of carbon in a sample, 
 there will be 4N valence electrons. 

  The valence orbitals of the carbon atoms  
 will combine to make two bands, each 
 containing 2N states. 

  The lower energy band will therefore be 
 the valence band, containing 4N electrons 
 (in ground state diamond).   

  The higher energy band will be the  
 conduction band, containing no electrons 
 (in ground state diamond).   

  The energy gap between the valence band 
 and the conduction band is big enough that 
 it would be difficult for an electron in the 
 valence band to absorb enough energy to  
 be excited into the conduction band. 
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Band Theory for Metals (and Other Solids) 

  So, how big does a band gap have to be for a material to be 
an insulator? 
  Our measuring stick is the temperature-dependent kB·T  

  kB is the Boltzmann constant: 1.38065 × 10-23 J/K 
  T is the temperature in Kelvin 

  kB·T is a measure of the average thermal energy of particles in a 
sample 

  As a rule of thumb: 
  If the size of the band gap is much larger than kB·T, you 

have an insulator.  e.g. diamond: ~200×kB·T 
  If the size of the band gap is smaller than (or close to) kB·T, 

you have a conductor.  e.g. sodium: 0×kB·T, tin: 3×kB·T  
  If the size of the band gap is about ten times larger than 

kB·T, you have a semiconductor.  e.g. silicon: ~50×kB·T  

  Band gaps can be measured by absorption spectroscopy.  
The lowest energy light to be absorbed corresponds to the 
band gap. 
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Band Theory for Metals (and Other Solids) 

  There are two broad categories of semiconductors: 
  Intrinsic Semiconductors  

  Naturally have a moderate band gap.  A small fraction of the 
electrons in the valence band can be excited into the 
conduction band.  They can carry current.   

  The “holes” these electrons leave in the valence band can 
also carry current as other electrons in the valence band can 
be excited into them. 

  Extrinsic Semiconductors 
  Have had impurities added in order to increase the amount 

of current they can conduct.  (impurities called dopants; 
process called doping) 

  The dopants can *either* provide extra electrons *or* 
provide extra holes: 

  A semiconductor doped to have extra electrons is an   
n-type semiconductor (‘n’ is for ‘negative’)  

  A semiconductor doped to have extra holes is a                 
p-type semiconductor (‘p’ is for ‘positive’) 
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Il livello di Fermi 

  A T superiore a 0 K la popolazione P degli orbitali assume la 
distribuzione di Fermi-Dirac, una versione della distribuzione di 
Boltzmann che tiene conto del principio di esclusione di 

    Pauli: 
    P = 1/[e(E-EF)/kT + 1] 
   EF è l'energia di Fermi, quella per  
   la quale P = 1/2. 
   L'energia di Fermi dipende 
   dalla temperatura, e a T = 0 K  
   e’ uguale all'energia del livello 
   di Fermi. 
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L'intervallo di banda (band gap) di un semiconduttore 
intrinseco è piccolo. La distribuzione di Fermi prevede 
che alcuni elettroni possano popolare la banda vuota 
superiore. 
Vengono introdotti vettori (carrier) negativi nella 
banda superiore e lacune positive nella banda 
inferiore: il solido risulta conduttore. La banda 
superiore è più ampia di quella inferiore (che invece 
risulta più localizzata). A T ambiente, un 
semiconduttore è generalmente assai meno efficiente 
di un metallo, perchè sono attivi come vettori solo gli 
elettroni e le lacune situati nella coda della 
distribuzione di Fermi. 

Semiconduttori 
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Band Theory for Metals (and Other Solids) 

  How does an n-type semiconductor work? 
 e.g. silicon ([Ne]3s 23p 2) is doped with phosphorus ([Ne]3s 23p 3) 

  In silicon, the valence band is completely full and the conduction 
band is completely empty. 

  The phosphorus provides an additional band full of electrons that is 
higher in energy than the valence band of silicon.  Electrons in this 
donor band are more easily excited into the conduction band 
(compared to electrons in the valence band of silicon). 
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Band Theory for Metals (and Other Solids) 

  How does a p-type semiconductor work? 
 e.g. silicon ([Ne]3s 23p 2) is doped with aluminium ([Ne]3s 23p 1)  

  In silicon, the valence band is completely full and the conduction 
band is completely empty. 

  The aluminium provides an additional empty band that is lower in 
energy than the conduction band of silicon.  Electrons in the valence 
band of silicon are more easily excited into this acceptor band 
(compared to the conduction band of silicon). 
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Band Theory for Metals (and Other Solids) 

  Through careful choice of both dopant and concentration, the 
conductivity of a semiconductor can be fine-tuned.  There are 
many applications of semiconductors and doping in electronics. 

  e.g. Diodes 
  An n-type and a p-type semiconductor are connected. 
  The acceptor band in the p-type semiconductor gets filled with the 

extra electrons from the n-type semiconductor.  The extra holes from 
the p-type semiconductor thus “move” to the n-type semiconductor. 

  With negative charge moving one way and positive charge the other, 
charge separation builds up and stops both electrons and holes 

 from moving *unless* the diode is connected  
 to a circuit: 

  If a diode is connected such that the  
 electrons flow into the n-type  
 semiconductor, that replenishes the  
 electrons there and current can flow. 

  If a diode is connected such that the  
 electrons flow into the p-type  
 semiconductor, electrons will pile up  
 there and the current will stop. 
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Band Theory for Metals (and Other Solids) 

  In a photodiode, the p-type semiconductor is exposed to light.  This 
can excite electrons from the former acceptor band into the 
conduction band.  They are then attracted to the neighbouring       n-
type semiconductor (which has built up a slight positive charge).  
This causes current to flow, and is how many solar cells work. 



Funzionamento della cella fotovoltaica 
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X-ray diffractometer: 

Monochromatic X-ray source,                                      
e.g. Cu Kα X-rays 



X-ray diffraction pattern: 
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Le disposizioni termodinamicamente più stabili degli atomi e delle 
molecole sono quelle che corrispondono alla minima energia libera 
di Gibbs, alla temperatura e alla pressione date. 

ΔG = ΔH -TΔS 

Le forze che concorrono a favorire una struttura rispetto alle altre 
sono spesso bilanciate, col risultato è che molti solidi cristallini 
hanno carattere polimorfo (hanno diverse forme cristalline) e 
subiscono transizioni di fase verso strutture differenti al variare della 
temperatura e della pressione. 

Le transizioni possono essere da solido a solido o da solido ad altro 
stato di aggregazione (si osservano con tecniche di analisi termica). 
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Stabilità termodinamica 
Criteri: 
1- Al crescere di T sono favorite le strutture a basso grado di ordine. La loro 
formazione comporta un valore positivo di ΔS e il ΔG è dominato dal 
termine TΔS. 
Es. degli esa-alogenuri tipo MoF6 esistono due modificazioni allo stato 
solido:  
I)  con tutte le molecole orientate in modo regolare e  
II) con le molecole ottaedriche ruotate in varie direzioni attorno al centro 
metallico. II) mostra un maggior disordine ed è la forma termodinamicamente 
stabile a temperatura più alta. Poichè in genere il disordine cresce: 

Solido -> liquido ->gas 

aumentando la temperatura si hanno in successione le relative trasformazioni. 

All’aumento di P vengono favorite le strutture che occupano un 
volume minore (cioè che hanno maggiore densità). 
Es. il diamante (d = 3.51 g cm-3) è più stabile della grafite (d = 2.26 g cm-3) a 
pressioni molto elevate. 
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Stabilità cinetica 

Una struttura instabile termodinamicamente può esistere se la velocità di 
trasformazione è estremamente lenta. Parliamo allora di struttura 
metastabile, stabile cineticamente. Poichè la costante di velocità k ha la 
forma (eq. di Arrhenius, Ea = Energia di attivazione) 

k = k0 e - Ea/RT 

si ha stabilità cinetica quando k è estremamente piccola in conseguenza di 
un grande valore del rapporto Ea/RT. Se T è assai piccola molte strutture 
possono essere stabilizzate. 
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