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We discuss i n  a simple, qual i t a t i v e  way, the p r o p e r t  i e s  o f  

atoms, t h e  i n t e r a c t i o n  between atoms and the p r o p e r t i e s  o f  the s imp les t  

compound systems. We concentrate on four  fundamental problems: why do 

s t a b l e  atoms e x i s t ?  Why do p a r t i c u l a r  combinat ions o f  atoms form mole- 

cu les  and o t h e r s  n o t ?  Why a r e  the  s i z e s  o f  atoms and s imple molecules 

o f  the  order o f  1 O- '  cm? 

Discutimos, de uma forma simples e q u a l i t a t i v a , a s  propriedades 

dos átomos, de suas in terações,  dos sistemas compostos ma i s simples. 

Concentramo-nos em quatro problemas fundamentais: Por que existem á t o-  

mos es táve is?  Por que c e r t a s  combinações de átomos formam moléculas e 

ou t ras  não? Por que as dimensões de átomos e moléculas simples são da 

ordem de 1 O- '  cm? 

1. INTRODUCTION 

Diir ing the 19th century,  i t  was es tab l i shed  t h a t  mat te r  i s  

made o f  atoms. The atomic s i z e  was known t o  be o f  the o rder  o f  1 O - ~ C ~ ,  

and the atomic mass o f  the o rder  o f  10-22 gm. It was assumed t h a t  the re  

were n e a r l y  180 k inds  o f  atoms, each k i n d  corresponding t o  a p a r t i c u l a r  

chemical elenient. There was no understanding o f  what kept  a l l  atoms o f  

an element sci una1 t e r a b l  y a1 i k e  o r  what made the atoms o f  d , i f fe ren t  e l e -  

ments so un l  i ke .  Such ignorance cou ld  be t o l e r a t e d  prov ided atoms a re  

assumed t o  be the elementary, i n d i v i s i b l e  c o n s t i t u e n t s  o f  mat ter ,but  a t  

the end o f  the 19th century i t  became c l e a r  t h a t  atoms a r e  no t  i n d i v i -  

s i b l e .  I n  p a r t i c u l a r  the d iscovery o f  r a d i a c t i v e  elements and the d i s -  



covery o f  the e l e c t r o n ,  a  p a r t i c l e  which i s  considerably  less  massive 

than al i  atom, i r id icated t h a t  atoms a re  composite s t r u c t u r e s .  Thus the 

outs tanding problem c o n f r o n t i n g  phys ics a t  the t u r n  o f  the century was 

t o  e x p l a i n  the p r o p e r t i e s  o f  atoms i n  terms o f  t h e i r  ocn more fundamen- 

t a l  c o n s t i t u e n t s .  

We begin t h i s  a r t i c l e  by d e s c r i b i n g  how atomic and quantum 

physics developed i n  the years 1900 t o  1330. Dur inç t h i s  p e r i o d  i t  be- 

came poss ib le ,  i n  p r i n c i p i e  i f  no t  i n  p r a c t i c e ,  t o  c a l c u l a t e  alrnosteve- 

r y  chemical and phys ica l  p roper ty  o f  mat te r .  I n  p a r t i c u l a r  i t  l e d  t o  a  

s o l u t i o n  o f  such quest ion as: 

Why do s tab le  atoms e x i s t ?  

Uhy do p a r t i c u l a r  cornbinations o f  atoms form molecules and 

o thers  n o t ?  ( t h a  r u l e s  o f  va lence) .  

Why are the s i t e s  o f  atoms o f  the o rder  o f  \ O - *  cm? 

How much energy i s  needed t o  d i s r u p t  atoms and molecules? 

The aim o f  t h i s  a r t i c l e  i s  t o  answer these quest ions 

2. THE DEVELOPMENT OF ATOMIC PHYSIICS 1900 TO 1930 

The i n i t i a l  problem was t o  descr ibe the d i s t r i b u t i o n  w i t h i n  

the atom o f  the l i g h t  n e g a t i v e l y  charged e lec t rons .  Severa1 models were 

proposed, a l !  sens ib ly  const ructed so as t o  a l l o w  f o r  a  s t a b l e  con f igu -  

r a t i o n  o f  the negat ive and p o s i t i v e  charges. The most favoured was the 

model, proposed by J.J. Thomson, i n  which the e l e c t r o n s  were embedded 

i n  a  sphere o f  un i fo rm p o s i t i v e  charoe having the dirnensionsof theatom. 

On the bas is  o f  these models i t  was expected t h a t  a  f a s t  and massive 

p r o j e c t i l e ,  such as an a - p a r t i c l e  hou ld  be o n l y  s l i g h t l y  d e f l e c t e d  as 

i t  passes through small q u a n t i t i e s  o f  mat te r .  However, on per forming a  

se r ies  c f  experiments i n  which a - p a r t i c l e s  were f í r e d  a t  a  ve ry  t h i n  me- 

t a l l i c  f o i l ,  Ruther ford and h i s  c o l l a b o r a t o r s  were amazed t o  f i n d  t h a t ,  

w h i l e  c o s t  o f  them d i d  j u s t  t h i s ,  a  few were d e f l e c t e d  through v e r y l a r -  

ge angles indeed (e.g. about 1 i n  l u 4  through a n  a n g l e  g r e a t e r  than 

90'). I t was :o quote Ruther ford "alrnos: as i n c r e d i  b l e  as i f  you f i r e d  

a  15 inch s h e l l  a t  a  p iece o f  t i s s u e  paper and i t  carne back a f i d h i t y o u ' !  



To account f o r  the phenomenon Ruther ford proposed a  newmodel f o r  the  atom. 

He proposeci t h a t  most o f  the mass o f  the atom i s  concentrated i n  a t i n y ,  

p o s i t i v e l y  charged nucleus o f  rad ius  about 10- l2  cm and t h a t  the l i g h t  

nega t i ve ly  charged e l e c t r o n s  move i n  the e l e c t r o s t a t i c  f i e l d  o f  t h i s  

nucleus i n  o r b i t s  extending o u t  t o  a  d is tance  comparable w i t h  the a to -  

n i c  s i z e .  

Th is  model i s  simple, b u t  very puzz l ing ,  s ince  accord ing t o  

c l a s s i c a l  phys ics i t  i s  unstable:  the moving e l e c t r o n s  w o u l d  r a d i a t e  

e lect romagnet ic  waves, lose  energy and f a l l  i n t o  the  nucleus. The ear -  

l i e r  atomic models, such as the one proposed by J.J.Thomson, were d e l i -  

b e r a t e l y  const ructed so as t o  a l l o w  f o r  a  s t a b l e  c o n f i g u r a t i o n  o f  the  

e lec t rons ,  but  they were a t  var iance w i t h  the a - p a r t i c l e  s c a t t e r i n g  ex- 

perirnents. I n  c o n t r a s t ,  i f  the Ruther ford model i s  adopted, one can 

accourit f o r  these experiments, bu t  o n l y  a t  the e x p e n s e  o f  r e j e c t  i n g  

c l a s s i c a l  phys ics.  

The s t r u c t u r e  o f  the atom was n o t  the o n l y  case where c l a s -  

s i c a l  phys ics was i n  c o n f l  i c t  w i t h  experiment. Ear l  i e r  i t  had become 

apparent t h a t  i t  p red ic ted  t h a t  a  body a t  a  p a r t i c u l a r  temperature ra- 

d i a t e s  an i n f i n i t e  amount o f  energy. To get  a  more reasonable r e s u l t ,  

Planck had assumed t h a t  r a d i a t i o n  was emi t ted o r  absorbed i n  d i s c r e t e  

lumps, o r  quanta, the energy o f  each quantum being r e l a t e d  t o  the f r e -  

quency o f  the r a d i a t i o n  by the  equat ion 

The idea t h a t  the energy o f  the r a d i a t i o n  i s  r e l a t e d  t o  i t s  frequency 

i s  f o r e i g n  t o  c l a s s i c a l  phys ics.  The number, E ,  which r e l a t e s  the ener- 

gy and frequency, i s  c a l l e d  P lanck 's  constant .  I t  i s  a  un ive rsa l  cons- 

t a n t  which when expressed i n  the u n i t s  o f  macroscopic phys ics i s  e x t r e -  

mely small 

h = 1 .O5 x 1 ergs sec (2.2) 

Thus when we a r e  concerned w i t h  l a r g e  arnounts o f  r a d i a n t  energy we can 

u s u a l l y  ignore Planck 's  q u a n t i s a t i o n  o f  the r a d i a t i o n .  

N i e l s  Bohr acknowledged the  f a i l u r e  o f  c l a s s i c a l  phys ics and 

attempted t83 incorporate P lanck 's  ideas i n t o  Ru ther fo rd ' s  p i c t u r e  o f  the 



atom. I n  a  c l a s s i c  paper publ ished i n  1913 Bohr wrote "whatever t h e a l -  

t e r a t i o n  i n  the laws o f  mot ion o f  the e l e c t r o n s  may be, i t  seems neces- 

sary t o  in t roduce i n t o  the laws i n  ques t ion  a  q u a n t i t y  f o r e i g n  t o  the 

c l a s s i c a l  electrodynamics, i . e .  P lanck 's  constant .  By the i n t r o d u c t i o n  

o f  t h i s  q u a n t i t y  the quest ion o f  the s t a b l e  c o n f i g u r a t i o n  o f  the e l e c -  

t r o n  i n  the atom i s  e s s e n t i a l l y  changed". By i n t r o d u c i n g  P lanck 's  cons- 

t a n t  Bohr was ab le  t o  incorporate fea tu res  which were beyond thed scope 

of c l a s s i c a l  phys ics.  I n  p a r t i c u l a r ,  he in t roduced the concept o f  the 

quantum s t a t e  whicb r e s t r i c t e d  the  e l e c t r o n  t o  c e r t a i n  we l l  de f ined  mo- 

des o r  con f igu ra t ions  around the nucleus; the quantum s ta tes  were d e f i -  

ned as s t a t e s  w i t h  o r b i t a l  angular  momenta which were m u l t i p l e s  o f  6 . 
This  m ix tu re  o f  P lanck 's  ideas w i t h  c l a s s i c a l  phys ics prov ided an i n t u i -  

t i v e  bu t  powerful  way o f  understanding the s t r u c t u r e  o f  the hydrogen 

atom. However, the Bohr model, a l though a  v e r y  important step forward, 

i s  a  h y b r i d  o f  i ncons is ten t  ideas; i t  o f f e r s  no r e a l  understanding o f  

the "quantum state" .  

The f i r s t  c l u e  t o  the s i g n i f i c a n c e  o f  t h i s  concept emerged 

when i t  became c l e a r  t h a t  i t  was i n t i m a t e l y  connected w i t h  the e x p e r i -  

mental f a c t  t h a t  e lec t rons ,  i n  a d d i t i o n  t o  a c t i n g  l i k e  p a r t i c l e s , c a n  i n  

o ther  circumstances appear t o  a c t  l i k e  waves. The reasons f o r  the e x i s -  

tente o f  both wave and p a r t i c l e  s ta tes  o f  mot ion were o n l y  understood 

when the ideas o f  quantum mechanics, and i n  p a r t i c u l a r  the Heisenberg 

u n c e r t a i n t y  p r i n c i p l e ,  were developed between 1922 and 1930. 

3. SOME CONCEPTS OF QUANTUM PHYSICS 

We s h a l l  now discuss those concepts o f  quantum physics which 

a re  bas ic  t o  the study o f  atoms and molecules. The most important o f  

these i s  the u n c e r t a i n t y  p r i n c i p l e  which imp l ies  t h a t  the re  i s  a  l i m i t  

beyond which i t  becomes a poor approx imat ion t o  descr ibe a  system i n  

terms o f  the concepts o f  c l a s s i c a l  phys ics.  The c l a s s i c a l  s t a t e  o f  rno- 

t i o n  o f  a  p a r t i c l e  a t  a  g iven moment i n  t ime i s  determined by s t a t i n g  

the p o s i t i o n  and momentum o f  t h a t  p a r t i c l e ,  both o f  which can, i n  p r i n -  

c i p l e ,  be s p e c i f i e d  s imul taneously  and w i t h  abso lu te  p r e c i s i o n .  Accor- 

d ing  t o  quantum mechanics a  s t a t e  w i t h  these p r e c i s e i y  known p r o p e r t i e s  



cannot e x i s t .  There i s  a  fundamental minimal u n c e r t a i n t y  i n  the s imul-  

taneous values o f  the momentum and the p o s i t i o n  o f  a  p a r t i c l e ;  i f  the 

u n c e r t a i n t y  i n  the momentum,is Ap and the u n c e r t a i n t y  i n  i t s  p o s i t i o n  

i s  Ax, then 

h A p 5 z  (3.1) 

Thus the magnitudes o f  the u n c e r t a i n t i e s  and, hence, the l i m i t s  o f  the 

a p p l i c a b i l i t y  o f  c l a s s i c a l  phys ics,  a r e  determined by P lanck 's  constant. 

Since P lanck 's  constant  i s  small the u n c e r t a i n t y  p r i n c i p i e  

may be s a f e l y  ignored i f  we a r e  d e a l i n g  w i t h  l a r g e  o b j e c t s ;  the rnotion 

o f  a  basebal l  presents no problems t o  a  c l a s s i c a l  p h y s i c i s t .  I n  con- 

t r a s t  the  u n c e r t a i n t y  p r i n c i p l e  and the magnitude o f  f i  imply t h a t  the  

mot ion o f  íIn e l e c t r o n  i n  an atom o r  molecule i s  beyond the scope of clas- 

s i c a l  phys ics.  For example, i f  we make a  measurement o f  the d is tance  r 

o f  the  e l e c t r o n  from the  nucleus we cannot say i n  advance what the r e -  

u l t  w i l l  be. However, i f  we make the  same measurement on a  ve ry  l a r g e  

number o f  i d e n t i c a l  atoms, we w i l l  o b t a i n  a  cont inuous d i s t r i b u t i o n  o f  

va lues centred about some r - v a l u e  and w i t h  a  spread o f  the  o rder  o f  Ar. 

I n  atomic and molecular  systems the spread, o r  the u n c e r t a i n t y ,  i n  the  

rad ius i s  c:omparable w i t h  the ac tua l  rad ius ;  t h a t  i s  

Thus there  i s  no way o f  knowing where the e l e c t r o n  i s  w i t h i n  the atom; 

however the re  i s  a  d e f i n i t e  p r o b a b i l i t y  o f  f i n d i n g  the e l e c t r o n  a t  any 

p a r t i c u l a r  p o i n t .  Because o f  t h i s  i t  i s  sometimes use fu l  t o  t h í n k  o f  

the e lect rc ,n i n  an atom as a  d i f f u s e  c loud  o f  nega t i ve  charge d i s t r i b u -  

ted over a  reg ion having the dimensions o f  the atom. Th is  c loud  repre-  

sents the poss ib le  p o s i t i o n s  o f  the e l e c t r o n  a t  any i n s t a n t .  

C l e a r l y  the c l a s s i c a l  d e s c r i p t i o n  o f  a  rnoving e l e c t r o n  as a  

p rec ise  t r a j e c t o r y  i s  inappropr ia te  i n  atomic o r  molecular  systems. I n  

f a c t  the v a r i a t i o n  w i t h  t ims o f  the  cont inuous d i s t r i b u t i o n  o f  the pos- 

s i b l e  e l o - r r o n  p o s i t i o n s  i s  conven ien t l y  represented by a  wave motion - 
the fornl =í niotion appropr ia te  t o  any cont inuous d i s t r i b u t i o n .  Th is  i s  

the o r i g i n  o i  the wave l i k e  p r o p e r t i e s  o f  e l e c t r o n s  mentioned e a r l i e r .  

Fur ther  i n  the case o f  atoms and molecules we a r e  dea l ing  w i t h  wave mo- 



t i o n  i n  a  space l i m i t e d  by the s i z e  o f  the atom. Accord ing ly  we expect 

c e r t a i n  d i s c r e t e  rnodes o f  v i b r ã t i o n .  Th is  i s  the o r i g i n  o f  the d i s c r e -  

t e  quantum s t a t e s  in t roduced by Bohr: they a re  the v i b r a t i o n a l  modesof 

e i e c t r o n  waves con f ined  i n  the r e g i o n  around the nucleus, j u s t  l i k e  mo- 

des o f  v i b r a t i o n  o f  a i r  conf ined i n  an oi-gan p ipe.  However i f  the d i f -  

f e r e n t  quantum s ta tes  have d i f f e r e n t  energ ies and angular momenta, and 

i f  we consider  a  sequence o f  these s t a t e s  w i t h  inc reas ing  energy andan- 

gu ia r  momentum, the u n c e r t a i n t y  demanded by the  u n c e r t a i n t y  p r  i n c i p i e  

bocomes less  s i y n i f i c a n t ;  and f o r  s ta tes  o f  angular momentum much grea- 

t e r  than Planck 's  constant ,  the  u n c e r t a i n t y  becomes n e g l i ç i b l e  and the  

c l a s s i c a l  p i c t u r e  o f  a  p rec ise  t r a j e c t o r y  becomes appropr ia te .  

A 5  we s h a l l  see the u n c e r t a i n t y  p r i n c i p l e  ieads t o  an expla-  

n a t i o n  of the existente o f  s t a b l e  atoms and the  s t r u c t u r e  o f  the sim- 

p l e s t  o f  them. However i t  cannot account f o r  the  v a r i a t i o n s  i n  the de- 

gree o f  s t a b i l i t y  o f  the d i f f e r e n t  elements. To do t h i s  we w i l l  have 

t o  use a  f u r t h e r  fundamental p r i n c i p l e  o f  quantum physics, the  Pau l i  

p r i n c i p l e ,  which can be important when there  a r e  severa1 e l e c t r o n s  pre-  

sent,  and i s  c l o s e l y  connectrd w i t h  the f a c t  t h a t  a l l  e l e c t r o n s  a r e  e- 

x a c t l y  a l i k e .  l n  those cases wnere the  ideas o f  c l a s s i c a l  phys ics a r e  

a  good approximation - when the u n c e r t a i n t i e s  i n  the electron.co-ordina- 

tes  a re  n e g l i g i b l y  small compared t o  t h e i r  separat ions, so t h a t  t h e i r  

motions l i e  on t r a j e c t o r i e s  which can be con t inuous ly  fo l l owed and used 

t o  i d e n t i f y  the var iou5 e l e c t r o n s  - the e f f e c t s  o f  t h i s  a r e  unimportant. 

However i f  the separat ion between the  t r a j e c t o r i e s  i s  c o m p a r a b l e  w i t h  

the u n c e r t a i n t i e s  i n  t h e i r  l oca t ions ,  the poss ib le  p o s i t i o n s  o f  an elec- 

t r o n  i n  the o ther  s t a t e .  I n  t h i s  s i t u a t i o n  the e l e c t r o n s  a r e  no longer 

d i s t i n c t ;  t h e i r  i d e n t i t y  can have importante consequences. The Pau l i  

p r i n c i p l e  s p e c i f i e s  the way i n  which these must be taken i n t o  a c c o u n t .  

I n  f a c t  f o r  the purposes o f  t h i s  d iscuss ion  we need concern o u r s e l v e s  

w i t h  o n l y  one consequence o f  the exc lus ion  p r i n c i p l e  which we w i l l  re -  

gard f o r  the r e s t  o f  t h i s  a r t i c l e  as a  statement o f  the p r i n c i p l e .  I t  

i 3  t h a t  no more than two e l e c t r o n s  rnay bz associated w i t h  a  quantum sta-  

t e  o f  s p e c i f i c  energy and o r b i t a l  angular momentum*. 

* That two a re  al lowed, r a t h e r  than one, i s  a  consequence o f  the  e x i s -  

tente o f  the e l e c t r o n  sp in.  



4. THE SCALE OF ATOMIC PROPERTIES 

Before going on t o  apply  these ideas t o  atomic p r o p e r t i e s  i n  

d e t a i l ,  we w i i l  f i r s t  show how the scales o f  atomic s i zes  and energ ies 

a re  set  by th ree  basic  constants .  

The mass o f  an atom i s  almost e n t i r e l y  concentrated i n  i t s  

c e n t r a l  core.  Th is  c e n t r a l  core,  o r  nucleus, c a r r i e s  a p o s i t i v e  charge 

o f  magnitucle Ze. Here e i s  the magnitude o f  the  charge o f  t h e e l e c t r o n ,  

and Z i s  the Atomic Number oP the atom; emp i l - i ca l l y ,  the more massive 

the atom then .the l a r g e r  the  va lue o f  2 .  The dhole atom i s  rendered 

e l e c t r i c a l l y  neutra1 by Z e l e c t r o n s  o f  charge -e which surround the 

nucleus and i n t e r a c t  w i t h  i t  v i a  the Coulomb fo rce .  Now the e l e c t r o n s  

and the  nucleus a re  subjected t o  forces of s i m i l a r  magnitude, bu t  the 

nucleus i s  much 

tand the  atom we 

around a charged 

th ree  fundamenta 

ess mobi le  because o f  i t s  l a r g e  inass. Thus t o  unders- 

have t o  consider  the  problem o f  the mot ion o f e l e c t r o n s  

nucleus which i s  almost s t a t i o n a r y .  Thus we expect 

constants  t o  determine t h i s  mot ion o f  the e l e c t r o n s  

and hence the p r o p e r t i e s  o f  the atom. 

(a) P lanck 's  constant ,  

= 1.05 x erg.  sec 

en te rs  because o f  the r o l e  n f  quantum mechanics i n  determin ing the mo- 

t i o n .  The n o t i o n  o f  each e l e c t r o n  i s  no t  the p r e c i s e l y  de f ined  t r a j e c -  

t o r y  o f  c l a s s i c a l  physics, but  r a t h e r  a form o f  mot ion i n  which the i n s -  

tantaneous p o s i t i o n  and momentum a r e  uncer ta in .  Th is  u n c e r t a i n t y  has a 

magnitude which i s  charac te r i zed  by E .  

(b) The magnitude o f  the e l e c t r o n  charge, 

e = 4.80 x esu (4.2) 

i s  impor tant  s ince i t  determines the s t r e n g t h  o f  the f o r c e  Detween the 

c o n s t i t u e n t s  o f  the atom; t h i s  i s  the Coulomb o r  e l e c t r o s t a t  i c  f o r c e  

between charged p a r t  i c l e s .  



( c )  The mass o f  the e lec t ron ,  

c l e a r l y  p lays  a  c e n t r a l  r o l e  i n  determin ing the e l e c t r o n  motion. 

Because o f  the r o l e  played by h, e and nj i n  determin ing the 

p roper t ies  o f  atoms, the s i z e  o f  the atom i s  expected t o  be comparable 

w i t h  a  leng th  const ructed d i r e c t l y  from h, e  and m. Such a  lenght  i s t h e  

Bohr rad ius,  

S i m i l a r l y  we can cons t ruc t  an energy, c a l l e d  theRydberg energy, from h, 

e and m; 

Rm = e2/2a0 = e4a/2h2 = 2.18 x 1 0 - l 1  ergs (4.5) 

The Rydberg i s  expected t o  be a  usefu l  measure f o r  atomic b ind ing  ener-  

g ies* .  This  i s  more apparent when we note t h a t  the Rydberg i s  the ener-  

gy o f  an e l e c t r o n  i n  the e l e c t r i c  p o t e n t i a l  g iven by a  charge e  a t  u 

dis tance 2a0 I n  equations (3.4) and (3.5) we have expressed a o  and Rm 
i n  c .g.s .  u n i t s .  A s  these a r e  c l e a r l y  inappropr ia te  f o r  atomic phys ics,  

we shal l o f  ten express atomic d is tances i n  8(ngst roms),  

and atomic energies i n ,  eV, e l e c t r o n s  v o l t s  ( the  energy o f  an e l e c t r o n  

i n  an e l e c t r i c  p o t e n t i a l  o f  one v o l t ) .  

1 eV = 1.6 x ] O - ' *  e rg .  

I n  these u n i t s  ao  = 0.53 8 and R =  13.6 eV. Even though an eV i s  a  

very small amount of energy the b ind ing  energy s to red  i n  everyday quan- 

t i t i e s  o f  mat ter  i s  la rge .  For example chemists deal w i t h  substances 

i n  terms of gram moles (e.g. 18 grams o f  water) which con ta in  No= 6.025 

x 1023 molecules. Thus i f  i n  some r e a c t i o n  each molecule loses 1 eV, 

* The f a c t o r  o f  2 i s  complete ly  i n s i g n i f i c a n t  a t  the present  l e v e 1  o f  

d iscuss ion.  I t  i s  merely inser ted  f o r  l a t e r  convenience. 



i t  i s  easy t o  c a l c u l a t e  t h a t  the t o t a l  energy re lease i s  23.06 k i l o c a l  

per gram mole. I t  i s  no acc iden t  t h a t  t h i s  i s  t y p i c a l  o f  the o rder  o f  

magnitude o f  the energ ies absorbed o r  released i n  chemical reac t ions .  

The reader may wonder why we have no t  used the v e l o c i t y  o f  

l i g h t ,  c, t o  cons t ruc t  lengths and energ ies which may be r e l e v a n t  t o  

atomic phys ics.  I n  f a c t  the e l e c t r o n s  i n  an atom move w i t h  v e l o c i t i e s  

which a r e  small compared w i t h  the v e l o c i t y  o f  l i g h t ,  and the e f f e c t s  o f  

specia l  r e l a t i v i t y ,  and hence e, a r e  unimportant.  To see t h i s  we a n t i -  

c i p a t e  the f o l l o w i n g  sec t ions  and assume t h a t  e l e c t r o n  energ ies inatoms 

a re  indeed o f  the o rder  o f  R-. The r a t i o  o f  the Rydberg energy t o  the 

e l e c t r o n  r e s t  energy i s  

Since the  dimensionless number 

i s  smal l ,  the k i n e t i c  and p o t e n t i a l  energ ies o f  e l e c t r o n s  i n  atoms a r e  

a  small f r ,ac t ion  o f  the e l e c t r o n  r e s t  energy. Thus e l e c t r o n s  i n  atoms 

a re  n o n - r e l a t i v i s t i c ;  the r e l a t i v i s t i c  c o r r e c t i o n s  a r e  f i n e  s t r u c t u r e  

e f f e c t s .  Th is  i s  an important general p roper ty ,  t r u e  f o r  a l l  the l i g h -  

t e r  atoms, and i n  a d d i t i o n ,  f o r  the  molecules they form. I t  i s  n o t  

t r u e  f o r  some o f  the inner  e l e c t r o n s  (e lec t rons  c lose  t o  the nuc leus)of  

the atoms o f  heavy elements, such as lead. However, we s h a l l  see t h a t  

the chemical p r o p e r t i e s  a r e  c o n t r o l l e d  by the o u t e r  e l e c t r o n s  and these 

are always n o n - r e l a t i v i s t i c ,  

5. THE HYIDROGEN ATOM 

To see how the ideas o f  sec t ion  3 work i n  p r a c t i c e ,  we s h a l l  

consider  i n  d e t a i l  the p r o p e r t i e s  o f  a few simple atoms. The s implest  

i s  the hydrogen atom. Th is  has atomic number Z=l, and hence has j u s t  

one e l e c t r o n .  F i r s t  l e t  us consider  a  c l a s s i c a l  s t a t e  o f  the e l e c t r o n  

and nucleu!;. To t h i s  end we assume t h a t  the separat ion,  r ,  between the  

e l e c t r o n  and the nucleus i s  l a r g e  enough so t h a t  the e f f e c t s  of the un- 

c e r t a i n t y  principie can be neglected and c l a s s i c a l  phys ics can be used. 



Since the e l e c t r o n  and nucleus have oppos i te  charges they a re  a t t r a c t e d  

t o  each o ther  by a fo rce  o f  magnitude e 2 / r 2 .  Therefore t h e  p o t e n t  i a 1 

energy can be taken as 

The k i n e t i c  energy i s  

-f 
where p i s  the e l e c t r o n  momentum, p i s  i t s  r a d i a l  component and L~ i s  

r 
the square o f  the e l e c t r o n  angular  momentum. For a c i r c u l a r  o r b i t ,  

pr = O and the  e l e c t r o s t a t i c  f o r c e  i s  balanced by the c e n t r i f u g a l  f o r c e  

when 

r =  me^ (5 .3 )  

At t h i s  rad ius the t o t a l  energy o f  the system has the minimum value 

The magnitude o f  E ,  ~ e ~ / 2 1 ; ~ ,  represents the binding energy of  the  sys- 

tem, the energy needed t o  remove the e l e c t r o n  from the  o r b i t  o f  r a d i u s  

r t o  a p o i n t  a t  i n f i n i t y .  Th is  s i t u a t i o n  would be s tab le ,  j u s t  as a 

p lane ta ry  o r b i t  i s  s tab le ,  i f  i t  were no t  f o r  the e lect romagnet ic  ener- 

gy rad ia ted  by the a c c e l e r a t i n g  e l e c t r o n .  As a r e s u l t  o f  t h i s ,  the sys- 

tem loses bo th  energy and angular  momentum, and the e l e c t r o n  s p i r a l s  i n  

towards the nucleus. Under the  laws o f  c l a s s i c a l  phys ics t h i s  s p i r a l i n g  

would con t inue  u n t i l  the e l e c t r o n  came t o  r e s t  w i t h  zero momentum a t  

r=O. We know from the d iscuss ion  i n  Sect ion 3 t h a t  a p r e c i s e  p o s i t i o n  

(r=O) and momentum (p=O) would v i o l a t e  the u n c e r t a i n t y  p r i n c i p l e .  Thus 

the e l e c t r o n  cannot s p i r a l  i n t o  the nucleus; bu t  reaches a staDlel 'quãn- 

tum" s t a t e  i n  which the average d is tance  from the nucleus i s  F i n i t e .  

This  corresponds t o  the lowest energy o r  ground s t a t e  o f  the hydrogen 

atom. 

I t  i s  a s imple mat te r  t o  use the u n c e r t a i n t y  p r i n c i p l e  t o e s -  

t ima te  the s i z e  and energy o f  the ground s t a t e  o f  the hydrogen atom. As 

we have seen, the e l e c t r o n  cannot be d e f i n i t e l y  l o c a l i s e d  a t  =O, but  



w i l l  be d i s t r i b u t e d  about t h i s  p o i n t  w i t h  a p o s i t i o n a l  u n c e r t a i n t y  Ar . 
Th is  u n c e r t a i n t y  i s  o f  the o rder  o f  the s i z e  o f  the atom. S i m i l a r l y  i t s  

r a d i a l  mornentum i s  d i s t r i b u t e d  about zero w i t h  a mean square va lue go- 

verned by the u n c e r t a i n t y  p r i n c i p l e .  I f  we represent  the s i z e  o f  the 

s i z e  o f  the atom by ro, 

Thus the niinimal energy o f  the  e l e c t r o n  moving i n  the e l e c t r o s t a t i c  po- 

t e n t i a l  o f  the nucleus, w i t h  o r b i t a l  momentum L, and l o c a l i s e d  i n  a 

reg ion o f  dimension ro, i s  

Hence we c,ee t h a t  i n  quantum mechanics the re  a r e  two e f f e c t s  which work 

aga ins t  the e l e c t r o s t a t i c  a t t r a c t i o n  and thereby prevent  the e l e c t r o n  

from f a l l i n g  towards the nucleus; the o r b i t a l  angular  momentum, L, g i -  

ves r i s e  t o  a c e n t r i f u g a l  p o t e n t i a l  ~ ~ / 2 r n r i  as i n  c l a s s i c a l  mechanics, 

and the u n c e r t a i n t y  p r i n c i p l e  y i ves  r i s e  t o  an a d d i t i o n a l  e f f e c t i v ~  re-  

p u l s i o n  whose minimum value i s  approx imate ly  k2/2mr2 . C l e a r l y  the s ta-  o 
t e  o f  lowest energy has zero o r b i t a l  angular  momentum = 0, w i t h  o n l y  

the d e l o c a l i s i n g  e f f e c t  o f  the u n c e r t a i n t y  p r i n c i p l e  balanc ing the elec- 

t r o s t a t i c  a t t r a c t i o n .  The energy i s  g iven by the minimum va lue  o f  

This  mininium i s  equal t o  rninus the  Rydberg energy and occurs when r. 
i s  equal t o  the Sohr rad ius;  i . e .  

As expected the  atomic i i z e  

O f  course t h i s  c a l c u l a t i o n  

as estimaces. I n  t h i s  case 

exact  c a l c u l a t i o n .  

/me2 and E = - R  = -e4m/2E2 (5.8)  

i s  g iven by a o  and the  b ind ing  energy by R& 

s crude, and the  resu ! ts  rnust be considered 

they happen t o  agree w i t h  the r e s u l t s  o f t h e  

We have p r e v i o u s l y  discussed the c l a s s i c a l  s t a t e s  o f  the e- 

l e c t r o n  and nucleus. These a r e  e x c i t e d  s t a t e s  of thehydrogenatorn,  w i t h  



wel 1 de f  ined r-ad i i :.ihich a r e  much l a r g e r  than the  average r a d i u s  o f  t he  

quantum ground s t a t e .  

r = ~ * / r n e ~  >> a o  (5 .9 )  

Betb~een the  c l a s s i c a l  s t a t e s  and the  ground s t a t e  i s  a  sequence o f  s ta -  

t e s  w i t h  d i s c r e t e  va lues  o f  energy and angu la r  momentum. 

i t  can be shown t h a t  t he  ene rg ies  o f  a11 t h e  hydrogen atom 

n n e , e  ,, = 1 , 2 , 3  . . . e t c .  The s t a t e  w i t h  n = 1 i s  t he  ground s t a t e .  As 

increaces tne b i n d l n y  energy decreases and the  r a d i u s  increases - f o r  

4=2 t he  b i n d i n g  evergy i s  f o u r  t imes s m a l l e r  and the  average r a d i u s  i s  

t y p i c a l l y  f o u r  t lmes g r e a t e r  than i n  t h e  gi-ound s t a t e .  I n  a d d i t i o n ,  i f  

r i s  g r e a t z r  cban onc the  o r b i t a l  a n g u l a r  rnomentum can take on va lues 

o t h e r  than ze ro .  i n  f a c t ,  

= ~ ( 2  + 1) h2 (5.11) 

where P. can equal O ,  1 ,  L ,  . . . e t c .  up t o  ( n - i ) .  We n o t e  t h a t  f o r  smal l  

valcies o f  r ? ,  t h e r e  i s  a  rnarked d i f f e r e n c e  i n  energy between a d  j a c e n t  

s t a t e s ;  f o r  example, t he  ene rg ies  o f  t h e  ground s t a t e  (n=l.) and t h e  

f i r s t  e x c i t e d  (n=2) s t a t e s  a r e  -R_ and -R,/4. However as  n increases the  

l e v e l s  y e t  c l o s e r  t oge the r  u n t i l  f o r  l a r g e  n they can e f f e c t i v e : ~  be 

regai-ded as a  continucim. F u r t h e r ,  i f  n + i s  l a r g e  t h e  maximum angu la r  mo- 

men l ui!i i s 

L *  - n ( n  - 1) E2 s n2E2 

so ~ h a t  r h e  energy (5 .10 )  approaches the  exp ress ion  (5 .4 ) ,  i .e .  

Thiis rhe  s t a t e s  w i r h  l a r g e  n and the  maximum angu la r  momentum correspond 

t o  t h e  c l a s s i c a l  c i r c u l a r  o r b i t s  cons ide red  p r e v i o u s l y .  

l h i s  d i s c u s s i o n  o f  t he  s t a t e s  o f  t he  hydrogen atom e x t e n t s  

a l ç o  t h e  s o- c a i l e d  hyd rogen- l i ke  i ons ,  wh ich  have a s t r u c t u r e  s i m i l a r  

t o  t h a t  o f  the hydrogen atom. An i o n  i s  t he  e l e c t r i c a l l y  charged e n t i -  



t y  obta ined by removing o r  adding e l e c t r o n s  t o  a neutra1 atom. Forexam- 

p l e  i f  the re  i s  one e l e c t r o n  moving around a nucleus w i t h  c h a r g e  2e 

then we have a s i n g l y  charged he l  ium ion,  ( ~ e + ) .  I n  general,  a  hydro- 

gen- l i ke  ion  has one e l e c t r o n  and a nucleus o f  charge Ze. The p o t e n t i a l  

energy i s  now 

v = - ze2/ro (5.12) 

and i f  we use t h i s  i n  equat ion (5.61, e tc . ,  we f i n d  f o r  the energ ies 

and r a d i i  o f  the ground s ta tes ,  

E = -Z2< and r. = ao/Z 
1 (5.13) 

+ 
Thus the lowest energy o f  the s i n g l y  charged hel ium i o n  i s  E1(He )=14R, 

and the dcubly charged L i t h i u m  i o n  has a energy o f  E l  ( ~ i + ' )  = -9Rm. 

These numbers w i l l  come i n  use fu l  l a t e r .  F i n a l l y  the energy o f  the ex- 

c i t e d  s t a t e s  o f  hydrogen- l ike ions a re  g iven by a t r i v i a l  genera l i za-  

t i o n  o f  (5.10) , 

En = - z ~ R ~ / ~ ~  

6. ATOMS AND IONS WITH MORE THAN ONE ELECTRON 

F i r s t  we consider  systems w i t h  two e lec t rons .  The most impor- 

t a n t  ones are the hel ium ( ~ e )  atom which has two e l e c t r o n s  bound t o  a 

nucleus w i t h  Z=2, the H- ion,  which has two e l e c t r o n s  surrounding a hy- 
+ 

drogen nucleus (Z=I), and the l i t h i u r n  ion  L i  which has two e l e c t r o n s  

bound t o  the nucleus o f  l i t h i u m  w i t h  2=3. We can est imate the b i n d i n g  

energ ies f o r  these systerns by us ing  the u n c e r t a i n t y  principie. I f  both 

e l e c t r o n s  are l o c a l i z e d  w i t h i n  a d is tance  r from the nucleus, the mi-  
o 

nimum k i n e t i c  energy i s  

and the p c t e n t i a l  energy i s  approx imate ly  

Here r12 i s  the average d is tance  between the e l e c t r o n s .  To represent 



the tendency o f  the e l e c t r o n s  t o  s tay  a p a r t  from one another, we make 

the rough approximation 

r Q 2 r  
12 o 

The t o t a l  energy o f  the system i s  then 

42 - 1 
E = ??/vr2 - (T) e 2 / r 0  

o 

M in im is ing  we f i n d  

4 2 - 1 2  4 
E = - (-1 R.., and r. = ao (6.4) 

Thus f o r  the  neutra1 he l ium atom w i t h  2=2, we f i n d  a  b i n d i n g  energy o f  

A c t u a l l y  as we s h a l l  see, the t o t a l  b i n d i n g  ene 

gy requ i red  t o  remove a11 the  e l e c t r o n s  r o  i n f i n i t y  i s  n o t  

t e r e s t i n g  q u a n t i t y  t o  consider .  We s h a l l  be i n t e r e s t e d  i n  

t l o n  energy, which i s  tho energy requ i red  t o  remove one e  

an atom (or iun)  t o  i n f i n i t y .  For hydrogen, t h i s  i s  j u s t  

energy o f  1  Rm. For hel ium, i t  i s  the d i f f e r e n c e  between 

gy, theener -  

the  most i n -  

the ion iza -  

ect.ron from 

the b ind ing  

he b i n d i n g  
9 

energy o f  he l ium i t s e l f  and t h a t  o f  He . From (5.13) and (6.4) we ob- 

t a i n  an i o n i z a t i o n  energy f o r  he l ium o f  about !7R,/8 o r  28.9 eV. Thus 

the e l e c t r o n s  a re  much more t i g h t l y  bound i n  he l ium than i n  hydrogen, a  

f a c t  which w i l l  become more s i g n i f i c a n t  l a t e r .  

The term "the e l e c t r o n  a f f  

t l y  r e l a t e d  t o  an i o n i z a t i o n  energy. 

atom o r  i o n  sometimes r e s u l t s  i n  t h e  

t i o n a l  e l e c t r o n  i s  bound and i t s  b ind  

a f f i n i t y " .  C l e a r l y  i f  the i o n i z a t i o n  

n i t y "  o f  an atom o r  i o n  i s  d i r e c -  

Adding an e x t r a  e l e c t r o n  t o  the 

owering o f  t h e  energy; the  addi -  

rrg energy i s  c a l  l e d  the " e lec t ron  

energy o f  the he l  iurn atom i s  28.9 
+ 

eV, the e l e c t r o n  a f f i n i t y  o f  He i s  28.9 eV. As another example we can 

use (6.4) t o  c a l c u l a t e  the t o t a l  energy o f  the H- ion,  and hence we can 

f i n d  the i o n i z a t i o n  energy o f  H- o r  e q u i v a l e n t l y  the e l e c t r o n  a f f i n i t y  

o f  the hydrogen atom. The resu lc  i s  1.7 eV, i n d i c a t i n g  t h a t  the second 

e l e c t r o n s  i n  H- i s  j u s t  bound. 

To consider  atoms w i t h  more than two e l e c t r o n s  we must r e -  

member a f u r t h e r  fundamental principie o f  quantum physics,  the  Pau l i  



exc lus ion  p r i n c i p l e .  I n  the two e l e c t r o n  systems each e l e c t r o n  was as- 

sumed t o  have the sane minimal k i n e t i c  energy 

wheri l o c a l  ized i n  a  reg ion  o f  dirnension ro. When a  s i m i l a r  assumption i s  

made f o r  each o f  the  e l e c t r o n s  i11 a  many e l e c t r o n  system we o b t a i n  non- 

sense. For example, t h e  1  i t h i u m  atom, which has Z=3 and th ree  elec~ror;s, 

i s  p r e d i c t e d  t o  have a  h igher  i o r i i z a t i o n  energy than hel ium, j u s t  ashe-  

l i u m  has a  h igher  i o n i z a t i o n  enei-gy than hydrogen. Moreover, i t  i s  pre-  

d i c t e d  t h a t  t h i s  sequence o f  i nc reas ing  s t a b i l  i t y  w i t h  inc reas ing  Z con- 

t i n u e s  through the whole s e r i e s  of elements. T h i s  p r e d i c t  i o n  i s  i n  

gross c o n t r a d i c t i o n  w i t h  known experimental f a c t s ;  l i t h i u m ,  forexample,  

i t  i s  known t o  have a  small i o n i z a t i o n  energy, be ing l o o s e l y  bound. 

The key t o  understanding L i t h i u m  and o t h e r  more complexatoms 

i s  the Pau l i  exc lus ion  p r i n c i p l e , ,  which l i m i t s  the  number o f  e l e c t r o n s  

i n  any o r b i t a l  s t a t e  t o  two. As a r e s u l t ,  i n  L i t h i u m  o n l y  two o f  the 

e l e c t r o n s  can e x i s t  i n  a  s t a t e  o f  minimal k i n e t i c  energy, corresponding 

roughly  t o  the n=l ,  ground s t a t e  o f  a  hydrogen- l ike one e l e c t r o n  system. 

The t h i r d  niust go i n t o  an n=2 s t í i t e  w i t h  lower b i n d i n g  energy 2nd l a r -  

ger rad ius.  I n  f a c t  t h i s  e l e c t r o n  has a  rad ius  which i s  s u f f i c i e n t l y  

l a r g e  f o r  the  two inner  e l e c t r o n ~ ,  t o  be regarded as l y i n g  completely i n -  

s ide  it, g i v i n g  an e f f e c t i v e  charge o f  (Z-2)e = +e. The energyandave-  

rage radiur; o f  t h i s  t h i r d  e l e c t r c ~ n  w i l l  be roughly  l i k e  those o f  the 

one e l e c t r o n  s t a t e  w i t h  n=2, Z=1, i .e .  the n=2 s t a t e  o f  hydrogen. Thus 

us ing  the values o f  these from (5.14), f o r  the i o n i z a t i o n  energy and ra -  

d ius  o f  L i t h i u m  we o b t a i n  

and 

These numbers a re  o f  course rough est imates:  the accurate 

values a re  5.4 eV and 1.5 8.  

Table I l i s t s  our  r e s u l t s  i n  the one, two and th ree- e lec t ron  

systems. The c a l c u l a t e d  i o n i z a t i o n  energ ies a r e  obta ined us ing  equa- 



t i o n s  (5.131, (6.4) and (6.7).  We see t h a t  our  simple e s t i m a t e s  a r e  

q u i t e  successful i n  reproducing the main fea tu res  o f  the e x p e r i m e n t a l  

resul  t s  

We see from Table I t h a t  the two-elect ron atom o r  ion  i s  the 

most s tab le ;  f o r  example, i t  i s  harder t o  remove an e l e c t r o n  from a  he- 

l i um atom than i t  i s  from an atom o f  hydrogen o r  l i t h i u m .  The s t a b i l i t y  

o f  the two-elect ron system occurs because the exc lus ion  p r i n c i p l e a l l o w s  

two e l e c t r o n s  t o  be i n  s ta tes  o f  low energy; i f  a  t h i r d  e l e c t r o n  i s  ad- 

ded i t  can o n l y  occupy a  s t a t e  o f  h igher  energy. Thus the hel ium atom 

cannot r e a d i l y  lose  o r  ga in  e lec t rons ,  and as a r e s u l t  i t  does n o t r e a c t  

w i t h  i t s e l f  o r  w i t h  o t h e r  atoms t o  form coriipounds.Lithium,on the o ther  

hand, can r e a d i l y  lose one e l e c t r o n ;  o n l y  5.4 eV a r e  needed t o  remove 

the ou te r  e l e c t r o n .  However, a  second e l e c t r o n  cannot e a s i l y  be removed 
+ 

s ince L i  has a  s t a b l e  two-elect ron s t r u c t u r e  w i t h  an i o n i z a t i o n  energy 

o f  75.6 eV. As a  r e s u l t  l i t h i u m  can r e a c t  w i t h  o t h e r  atoms b u t  w i t h  an 

i n t e r a c t i o n  which i s  mediated by j u s t  one e l e c t r o n .  L i t h i u m  i s  sa id  t o  

be mono-valent. By app ly ing  s i m i l a r  arguments t o  the next  atom Bery l -  

l iurn (Be) w i t h  2=4, the reader should be a b l e  t o  convince h imse l f  t h a t  

two e l e c t r o n s  a r e  comparat ive ly  l o o s e i y  bound. B e r y l l i u m  i s  sa id  t o  be 

d i - v a l e n t .  

Table I 

l o n i z a t i o n  Energy i n  eV 
Atom No. o f  E lect rons 

'i Calculated 
i----' 
I 

1 H  1 13.6 eV 

He 2 I 

Experimenta 1  



I n  t h i s  b r i e f  account o f  the s t r u c t u r e  o f  the s implest  atoms 

and ions we have introduced a l l  the bas ic  ideas t h a t  a r e  necessary t o  

understand a l l  the elements o f  the p e r i o d i c  t a b l e .  We s h a l l  m e r e l y d i s -  

cuss the v a r i a t i o n  i n  the i o n i z a t i o n  energies and e l e c t r o n  a f f i n i t i e s  

o f  the d i f f e r e n t  elements, and show how t h i s  v a r i a t i o n  can be used t o  

group the elements i n t o  c lasses having d i s t i n c t  chemical p r o p e r t i e s .  

We have seen t h a t  l i t h i u m  has two e l e c t r o n s  t i g h t l y  bound t o  

the nucleus and a  t h i r d  which i s  loose ly  bound. I f  there  was no repu l -  

s ion  between the e lec t rons ,  the t i g h t l y  bound e l e c t r o n s  would b e i n  s ta -  

tes  i d e n t i c a l  t o  the n=l ground s t a t e  o f  the one e l e c t r o n  i o n  discussed 

i n  sec t ion  5 .  The l o o s e l y  bound e l e c t r o n  would be i n  an n=2 s t a t e .  I n  

a d d i t i o n  the average d is tance  o f  an n=2 e l e c t r o n  from the nucleus i s  

much g rea te r  than t h a t  o f  the n=l e l e c t r o n s .  Thus the e l e c t r o n s  o f  l i -  

thium occupy two " shel ls" ;  the n= l  shel l has two e l e c t r o n s  and the n= 2 

s h e l l  one. 

I n  t h i s  case the n=l s h e l l  i s  'complete'  ( i t  has the maximum 

number o f  e l e c t r o n s  a l lowed by the exc lus ion  p r i n c i p l e ) .  To decide how 

many e l e c t r o n s  are requ i red  t o  complete the n=2 s h e l l  we must know how 

many s ta tes  i t  conta ins - there  w i l l  be more than one s ince we now have 

the p o s s i b i l i t y  o f  non-zero angular momentum as po in ted  ou t  i n  sec t ion  

5 .  When the i m p l i c a t i o n s  o f  t h i s  a r e  worked o u t  i n  d e t a i l  i t  i s  found 

t h a t  the re  a re  f o u r  s ta tes  i n  the n=l  s h e l l ,  so t h a t  accord ing t o  the 

exc lus ion  p r i n c i p l e  i t  may con ta in  up t o  e i g h t  e lec t rons .  I t  i s  comple- 

t e  i n  the element neon, which has ten  e lec t rons ,  two i n  the c losed n = l  

s h e l l  and e i g h t  i n  the c losed n = 2 s h e l l .  There i s  l i t t l e  tendency f o r  

neon t o  acqu i re  an e x t r a  e l e c t r o n .  Such an e l e c t r o n  w i l l  have t o  g o i n t o  

a  s t a t e  corresponding t o  n=3; i t wi 1 l be more d i s t a n t  from the nucleus 

than the e l e c t r o n s  i n  the n=I and n=2 s h e l l s ,  and w i l l  t o  a  l a r g e  ex- 

t e n t  be sh ie lded from the nuclear  charge by a l l  ten e lec t rons .  On the 

o t h e r  hand i t  i s  d i f f i c u l t  t o  remove an e l e c t r o n  from neon, s ince  t h i s  

would have t o  come from the n=2 s h e l l ,  and so i s  s t r o n g l y  bound t o  the 

nucleus. Hence neon, l i k e  hel ium, n a s  a  small e l e c t r o n  a f f i n i t y  and a  

h igh  i o n i z a t i o n  eneryy. 

On the o ther  hand sodium, wtiich has eleven e l e c t r o n s ,  i s  s i -  

m i l a r  t o  l i t h i u m .  The f i r s t  ten e lec t rons  occupy the n-l and 2 s h e l l s ,  



and the e ieven th  i s  i n  a loose ly  bound s t a t e  which corresponds t o n =  3 .  

Thus the energy needed t o  form a ~ a +  ion  i s  smal I. Furthermore, o n l y  
+ one e l e c t r o n  can e a s i l y  be removed from sodium s ince Na has a s t a b l e  

c losed- .shel l  s t r u c t u r e  s i m i l a r  t o  t h a t  o f  the neon atom. Therefore,so- 

dium i s  a mono-valent element t i k e  l i t h i u m .  The ac tua l  e l e c t r o n  d i s t r i -  
+ + b u t i o n  o f  these ions L i  , Na i s  shown i n  f i g u r e  1 ,  together  w i t h  the 

+ 
analogous K ion, which as we l l  as complete n=? ,  2 s h e l l s  has e i g n t  e- 

l e c t r o n s  i n  the n=3 s h e l l .  The f i r s t  th ree  s h e l l s  on which we have been 

basing our  d iscuss ion can be c l e a r l y  seen, a l though they over lap  s o t h a t  

i t  i s  o n l y  an approximation t o  regard them as d i s t i n c t .  The averagedis-  

tance from the nucleus i s  seen t o  increase w i t h  n and decrease w i t h  Z 

as expected. 

V a r i a t i o n s  i n  s t a b i l i t y  s i m i l a r  t o  those whose o r i g i n s  w h a -  

ve j u s t  discussed occur throughout the  p e r i o d i c  t a b l e .  Th is  i s  i l l u s -  

t r a t e d  i n  f i g u r e  2 which g ives the i o n i z a t i o n  energ ies f o r  a11 the e l e -  

ments up t o  baríum. The peaks correspond t o  the  most s t a b l e  elements, 

the noble gases: helium, neon, argon, k ryp ton  and xenon. We note t h a t  

xenon i s  the l e a s t  s tab le  and, hence the l e a s t  i n e r t ,  o f  the noble gs- 

Fig.1 - The e i e c t r o n  dens i t y  d i s t r i b u t i o n  as a f unc t i on  o f  the d i s t a n ~ e  

r from the nucleus for s i n g l y  io l i i sed l i t h i i i m  (Li, 7 = 3 ) ,  sodium (Na, 

Z = l l )  and potassium (K, Z = l 9 )  ions.  
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Fig.2  - lonizat ion energies o f  the elements. 



ses. The elernents immedia te ly  a f t e r  t h e  nob le  gases a r e  t h e  mono-valent 

me ta l s ,  l i t h i u m ,  sodium, potassium, r i b i d i u m  and ceasium; they a r e  che- 

m i c a l l y  a c t i v e  because o f  t h e i r  low i o n i z a t i o n  ene rg ies .  The elements 

immedia te ly  p recea ing  each nob le  gas a r e  t h e  halogens: f l u o r i n e ,  c h l o -  

r i n e ,  bromine, and i o d i n e .  These have i a r g e  i o n i z a t i o n  e n e r g i e s  b u t  

neve r the less  a r e  c t i em ica l l y  a c t i v e .  T h i s  i s  because they  have l a r g e  e -  

l e c t r o n  a f f i n i t i e s ,  and r e a d i l y  a c q u i r e  an e x t r a  e l e c t r o n  t o  form nega- 

t i v e  i ons  which have t h e  s t a b l e  c l o s e d  s h e l l  s t r u c t u r e  o i  a  n o h l e  gas; 
+ 

f o r  example, t he  F- inn ,  I i k e  t h e  Na ion ,  has the  same e l e c t r o n  s t r u c -  

t u r e  as  the Ne atom. 

T h i s  co! i ip letes o u r  d i s c u s s i o n  o f  atoms and t h e  v a r i a t i o r i s  i n  

t h e i r  s t a b i l i t y  w i t h  rega rd  t o  the  g a i n  o r  l o s s  o f  e l e c t r o n s .  T h i s  i s  

c l o s e l y  r e l a t e d  t o  the  v a r i a t i o n s  i n  t h e i r  chemical  a c t i v i t y  - t h e i r  

a b i  I i t y  t o  form s t a b i e  molecu les .  We go on t o  d i scuss  how (and when ) 
t h i s  occcirs, arid o t i i e r  f e a t u r e s  o f  t h e  i n t e r a c t i o n s  between a t o m s  i n  

terms o f  the same bas i c  ideas,  i n  r h e  f o l l o w i n g  s e c t i o n .  

7. FORCES BETIMEEN ATOMS AND THE FORMATION 
OF MOLECULES 

li.) t h i s  sec t i o r i  we considei-  how atonis i n t e r a c t  w i t h  each 

o t h e r .  Tbe o r i g i r i  of the  i n t e r a ç t i c n  i' t h e  e l e c t r o s t a t i c  f o r c e  between 

the chzrged c o n r t i t u e n t s  o f  t h e  atoms. We have a  comp l i ca ted  system o f  

riioving e l e c t r o n s  and n u c l e i  . But s i n c e  t h e  n u c l e i  and t l i e  e l e c t r o n s  

a r e  subjectecl  t o  f o rces  o f  s i m i l a r  magnitude, t h e  e l e c t r o n s ,  be ing  t h e  

l e s s  n:assive, a r e  much more m o b i l e  and p l a y  the  ma jo r  r o l e  i n  de te rm i -  

n i n g  t h e  i n t e r a c t i o n .  We s h a l l  see how t h e  e x c l u s i o n  p r i n c i p l e  d e t e r -  

mines whether t l i e  i n t e t - a c t i o n  i s  a t t r a c t i v e  o r  r e p u l s i v e .  We s h a l l  a l -  

so see hou t h e  cheni ical  a c t i v i t y  o f  an  atom i s  measured by t h e  e a s e w i t h  

which i t  can l o s e  o r  g a i n  an e l e c t r o n .  

L e t  us f i r s t  cons ide r  t h e  s h o r t  range r e p u l s i o n  between atoms 

which u l t i m a t e l y  i s  r e s p o n s i b l e  f o r  t he  r i g i d i t y  o f  ma t te r .As  two atoms 

g e t  c l o s e r ,  t h e  m o b i l e  e l e c t r o n s  move so as  t o  m in im ize  t h e  energy o f  

t he  system. I n  p a r t i c u l a r ,  a t  sho r t  d i s t a n c e s ,  t h e  e l e c t r o n s  tend  t o  

screen t h e  two n u c l e i  f rom each o t h e r ,  t he reby  reduc ing  the  e l e c t r o s t a -  



t i c  p o t e n t i a l  energy. Thus the e l e c t r o n s  tend t o  be l o c a l i z e d  i n  the 

small reg ion  between the n u c l e i .  The u n c e r t a i n t y  p r i n c i p l e  impl ies t h a t  

t h i s  l o c a l i z a t i o n  i s  o n l y  poss ib le  a t  the expense o f  i nc reas ing  the e-  

l e c t r o n  k i n e t i c  energy. I f  R i s  the d is tance  between the two nucle i ,an 

e i e c t r o n  l o c a l i z e d  over t h i s  reg ion  has õ minimum k i n e t i c  energy o f  the 

o rder  o f  

T r z2/2m.e2 

Moreover the exc lus ion  p r i n c i p l e  imposes a  l i m i t  on the number o f  e l e c -  

t rons  t h a t  can have t h i s  minimum k i n e t i c  energy. I n  f a c t ,  a  maximum o f  

two e l e c t r o n s  can have t h i s  energy, and the k i n e t i c  energy o f  a  t h i r d  

e l e c t r o n  must be a t  l e a s t  o f  the order  o f  

T 4 ( F i 2 / 2 ~ ~ 2 )  

U l e a r l y  when the d is tance  between the atoms, R ,  becomes s u f f i c i e n t l y  

small ,  the k i n e t i c  energy o f  the e l e c t r o n s  becomes g rea te r  than the k i -  

n e t i c  energy i n  the i s o l a t e d  atoms. Eventual ly ,  the decrease i n t h e  po- 

t e n t i a l  energy caused by the screening o f  the n u c l e i ,  must be accompa- 

n ied  by a  l a r g e r  increase i n  the k i n e t i c  energy, the t o t a !  e n e r g y o f t h e  

system increases, and there  i s  a  tendency f o r  the two atoms t o  repel  

each o t h e r .  Since the e l e c t r o n  k i n e t i c  energy i n  an i s o l a t e d  atom i s  

comparable wi t h  

!i' - Ti2/2mr2 

where r i s  a  measure o f  the  atornic s i ze ,  the  r e p u l s i o n  becomes e f f e c t i -  

ve when the separat ion R becomes comparable wi t h  r. 

I n  general the re  i s  a  tendency f o r  two atoms t o  repel  each 

o t h e r  when t h e i r  e l e c t r o n  clouds apprec iab ly  over lap .  However, i n  many 

cases when the atoms f i r s t  begin t o  over lap,  the o u t e r  e l e c t r o n  o r e l e c -  

t rons  can be arranged so as t o  g i v e  an a t t r a c t i o n ,  i .e. form a  chemical 

bond. Provided there  i s  s u f f i c i e n t  a t t r a c t i o n ,  the atoms form a  bound 

s r a t e  c a l l e d  a  molecule. The basic  c o n d i t i o n  f o r  atoms t o  form a  s ta -  

b l e  molecule i s  t h a t  the t o t a l  energy o f  the atoms, when they a r e  sepa- 

r a t e d  by a  d is tance  o f  the order  o f  one o r  two atomic r a d i i ,  i s  smal ler  

than the energy o f  the i s o i a t e d  acoms. This  i s  poss ib le  i f  the o u t e r  

e l e c t r o n s  ciin form a  c o n f i g u r a t i o n  which screens the  nuc le i  and thereby 

reduce the p o t e n t i a l  energy; bu t  a t  the  same t ime the  k i n e t i c  energy o f  



the e l e c t r o n s  must not  be apprec iab ly  greater  than t h e i r  k i n e t i c  energy 

i n  the  i s o l a t e d  atoms. The c o n d i t i o n  f o r  the ex is tence  o f  a s t a b l e  mo- 

l e c u l e  i s  determined by the exc lus ion  principie and i s  t h a t  the atansha- 

ve incomplete ou te r  s h e l l s .  I f  one o r  more o f  the atoms has a complete 

ou te r  s h e l l  the mechanism described above f o r  the shor t  range r e p u l s i o n  

becomes e f f e c t i v e  as soon as the atoms touch. Thus hydrogen and l i t h i u r n  

bu t  not  hel ium can fcrm molecules. 

The nature o f  the chemical bond i s  determined by the compl i -  

cated d i s t r i b u t i o n  o f  the e lec t rons  i n  the molecule. I t  i s  use fu l  t o  

conceive o f  two types o f  bond, c a l l e d  i o n i c  and co-valent,each o f  which 

corresponds t o  a simple e l e c t r o n  d i s t r i b u t i o n .  I n  some m o l e c u l e s  the 

chemical bond i s  c l e a r l y  i o n i c  o r  co- va len t .  But i n  o thers  the bond i s  

more complicated, and l i e s  between these two extrernes. 

The i o n i c  bond i 5  f a i r l y  simple t o  understand. Here t t ie e- 

l e c t r o n s  are arranged so t h a t  the molecule can be viewed as negativeand 

p o s i t i v e  ions, he ld together by e l e c t r o s t a t i c  a t t r a c t i o n .  C l e a r l y  the 

key t o  understanding i o n i c  b ind ing  l i e s  i n  the i o n i z a t i o n  energ ies and 

e l e c t r o n  a f f i n i t i e s  o f  the atoms involved.  

The i o n i z a t i o n  energ ies f o r  some simple elements a re  l i s t e d  

i n  Table I .  Let  us use these r e s u l t s  t o  exp lo re  the energy changes in -  

vo lved i n  forming the l i t h i u m  hydr i ce  molecule by i o n i c  bonding. To r e -  
+ 

move an e l e c t r o n  from a l i t h i u m  atom t o  form a L i  i o n  requ i res  the ex- 

pend i tu re  o f  energy equal t o  the i o n i z a t i o n  energy o f  l i t h i u m .  When an 

e l e c t r o n  i s  added t o  hydrogen t o  form a H- ion, energy equal t o  the e- 

l e c t r o n  a f f i n i t y  o f  hydrogen i s  gained. ( ~ e  remind the reader t h a t  the 

e l e c t r o n  a f f  i n i t y  o f  hydrogen equals the  i o n i z a t i o n  energy o f  H- ) .  Thus 

i f  an e l e c t r o n  i s  removed from a l i t h i u m  atom and added t o  a hydrogen 

atom, the energy o f  the system changes. I f  the atoms a re  separated by 

an i n f i n i t e  d is tance,  the energy increase i s  the d i f f e r e n c e  o f  the i o n i -  

z a t i o n  energy o f  l i t h i u m  and the e l e c t r o n  a f f i n i t y  o f  hydrogen, i .e .  5 
+ 

eV o r  so. Now l e t  us assume t h a t  the L i  and H- ions a r e  separated by 

a f i n i t e  d is tance  R. The r e s u l t a n t  e l e c t r o s t a t i c  a t t r a c t i o n  between the 

ions lowers the energy o f  the system by e2/I?. I f R i s l e s s  t h a n  

2.8 x 1 cm, the energy i s lowered by more than 5 eV and hence can 

compensate f o r  the energy expended i n  forming the ions.  Thus the ener- 



gy o f  ~ i +  H- system can be less  than the energy o f  the i s o l a t e d  L i  and 

H atoms, and a  molecule can e x i s t .  C l e a r l y  there i s  a  l i m i t  t o  the de- 

crease i n  the p o t e n t i a l  energy. I f  the separat ion between the ions be- 

comes too  small ,  the motion o f  the inner  e l e c t r o n s  i s  d i s t u r b e d  and the 

shor t  rangme repu ls ion  mentioned e a r l i e r  becomes e f f e c t i v e .  

I n  p r a c t i c e  t h i s  p i c t u r e  o f  l i t h i u m  hydr ide  as an ion icmo le -  

c u l e  i s  extremely crude; the ou te r  e l e c t r o n  from the l i t h i u m  atom can- 

no t  be d e f i n i t e l y  associated w i t h  a  hydrogen íon. Sodium chlor ide (com- 

mon s a l t )  prov ides a  b e t t e r  example o f  i o n i c  bonding. The energy r i s e  

when an e l e c t r o n  i s  t r a n s f e r r e d  from a  sodium t o  a  c h l o r i n e  atan i s o n l y  

1.3 eV. The f a l l  i n  the  p o t e n t i a l  energy can compensate f o r  t h i s  i f  the 
+ 

separat ion o f  the Na anc C I -  ions i s  less than 1 1  8.  This  d is tance  i s  

la rge  comp3red w i t h  the d is tance  a t  which the ions begin t o  over lap  and 

thereby repel  each o t h e r .  

An important fea tu re  o f  i o n i c  bonding i s  t h a t  i t  i s  unsatu- 

ra ted.  I n  sodium c h l o r i d e  many ~ 1 -  ions can be a t t r a c t e d  by a  s i n g l e  

~ a +  ion  and r e p e l l e d  by a  s i n g l e  ~ 1 -  ion.  Hence the b ind ing  energy per 

ion  can be increased by an arrangement i n  which each p o s i t i v e  i o n  i s  

surrounded by a  number o f  negat ive ions and v i c e  versa. I n  the case o f  
+ - Na C1 t h i s  i s  achieved by the arrangement shown i n  f i g u r e  3. Thus i o -  

n i c  b ind ing  g ives  r i s e  t o  c r y s t a l l i n e  s o l i d s ;  the whole crysta,l i s  

a  s i n g l e  s t r u c t u r e  w i t h  each i o n  t i g h t l y  bound t o  a l l  i t s  neighbours. 

F i g . 3  - A ' u n i t  c e i i '  o f  the  c r y s t a i  s t r u c t u r e  o f  sodium c h l o r i d e .  The 

O (Na) and o  (a) symbols a r e  used t o  i n d i c a t e  the  l o c a t i o n  o f  t h e n u c l e i  

o f  the  atoms o n l y  - the  s i z e  o f  the  0,o d r a r n  i s  o f  no s ign i f icance.The 

p a t t e r n  shown repeats  i t s e l f  v e r y  many t imes over  the  e n t i r e  space oc- 

cupied by the  c r y s t a l .  



Th is  i c n i c  c r y s t a l l i n e  s t r u c t u r e  i s  the normal f o n o f  common 

s a l t  a t  roorn temperature: the re  a re  no d i s c r e t e  Na C 1  molecules. Howe- 

ver i f  s u f f i c i e n t  heat i s  a p p l i e d  the extended s t r u c t u r e  breaks down t o  

some e x t e n t  - s a l t  me l ts  a t  8 0 4 ' ~  - and e v e n t u a l l y  d i s c r e t e  d ia tomic Na 

C 1  molecules can be found i n  the vapour phase. I n  these molecules the 

in te rnuc lear  d is tance  i s  s l i g h t l y  srnaller than i n  the c r y s t a l l i n e  case 

- 2.5 8 as opposed t o  2.8 8 - a  f i r s t  c l u e  t h a t  the na tu re  o f  the b in -  

d ing  has changed. I n  f a c t  i f  we assume t h a t  we a r e  s t i l l  dea l ing  w i t h  

spher ica l  ions the e l e c t r o s t a t i c  p o t e n t i a l  energy between them a t  t h i s  

d is tance i s  e a s i l y  c a l r u l a t e d  t o  be 

Rernernbering t h a t  1.3  eU are  requ i red  t o  remove an e l e c t r o n  from ãn Na 

atom t o  a  C1 atom a t  i n f i n i t y ,  the b i n d i n g  energy o f  an Na CI molecule 

i s  c a l c u l a t e d  t o  be 2.9 eV. Th is  i s  a  t y p i c a l  va lue - a  f r a c t i o n  o f  a  

Rydberg - f o r  the b i n d i n g  energy o f  a  diatornic molecule. However the 

experinientai va lue i s  3.6 eV, i n d i c a t i n g  t h a t  w h i l e  the assumption o f  

i o n i c  b ind iny  i s  roughly  c o r r e c t ,  i t  i s  n o t  p rec ise .  The o u t e r e l e c t r o n  

from the  sodiurn atom 1s o n l y  p a r t i a l l y  t r a n s f e r r e d  t o  the  ch lor ineatom. 

Moreover the inner e l e c t r o n s  o f  each atom a r e  a f f e c t e d  by the presence 

o f  the o ther  atorn. 

We now cons ide i  a  second type o f  chemical bond, the cova len t  

bond. The molecules H2 and C12 a re  due t o  covaient  bonds. HCI i s  a l s o  

covalent  b u t  i n  a d d i t i o n  e x h i b i t s  c e r t a i n  i o n i c  c h a r a c t e r i s t i c s .  I n  cn- 

v a l e n t  and i n  i o n i c  bonds the p o t e n t i a l  energy i s  reduced by a  p a r t i c u -  

l a r  arrangernent o f  the ou te r  e l e c t r o n s  o f  the atoms. I n  an i o n i c  bond 

t h i s  i s  achieved by forrning a  systern o f  p o s i t i v e  and nega t i ve  ipns. I n  

a  covalent  bond the p o t e n t i a l  energy i s  reduced by a r rang ing  the e lec -  

t rons  i n  the space between a  p a i r  o f  atoms; i .e .  the  e l e c t r o n s  a r e  sha- 

red.  I n  general any s t a b l e  arrangement which lowers the p o t e n t i a l  ener- 

gy o f  a  systern o f  atoms a!so increases the k i n e t i c  energy.To , s c e r t a i n  

whether a bond i s  poss ib ie  one has t o  check t h a t  :he increase i n  k ine -  

t i c  energy i s  l e s s  than the decreùse i n  p o t e n t i a l  energy. T h i s  task  i s  

more d i f f  i c u l t  f o r  a  covalent  than f o r  an i o n i c  bond. A c c o r d  i n g l  y  we 

s h a l l  have t o  be content  w i t h  arguments which merely show t h a t  cova len t  

bonds a r e  more l i k e l y  i n  some cases than i n  o thers .  As an exarnp le le tus  



consider the  ex is tence o f  the hydrogen molecule, H2, and the non- e x i s-  

tente o f  the "hel ium molecule", He2. 

L e t  us assume t h a t ,  as two hydrogen o r  two 'elium atoms ap- 

proach each o ther ,  the mobi le  e l e c t r o n s  arrange themselves predominan- 

t l y  i n  t'ie reg ion  between the n u c l e i  so as t o  reduce the p o t e n t i a l  ener-  

gy; f o r  j i m p l i c i t y  we assume t h a t  the e l e c t r o n s  a r e  l o c a l i z e d  i n  a r e -  

g ion  of dimension R ,  where R i s  the d is tance  between the n u c l e i a n d o f  

the o rder  o f  one t o  two atomic r a d i i  so t h a t  the atoms a r e  s t a r t i n g  t o  

over lap.  This  rearrangement o f  the e l e c t r o n s  can be equal l y  e f f e c t  i v e  

i n  reducing the p o t e n t i a l  energy o f  the two hydrogen o r  the two hel ium 

atoms. tlowever, by v i r t l i e  o f  tne exc lus ion  p r i n c i p l e  the accompanying 

change i r i  the k i n e t i c  energ ies i n  the two cases a r e  s i g n i f i c a n t l y  d i f -  

f e r e n t .  l h e  average k i n e t i c  energy o f  each e l e c t r o n  i n  the two hydrogen 

atom case i s  o f  the order  ti2/2mF?, l n  the  case o f  the  two hel ium atoms 

on l  y two e l e c t r o n s  can have k i n e t i c  energies o f  magni tude t i 2 / 2 d 2 ;  the - 

exc lus ion  p r i n c i p l e  requ i res  the o ther  two e l e c t r o n s  t o  be i n  d i f f e r ê n t  

5tate; each w i t h  a h igher  k i n e t i c  energy o f  the o rder  4(E2/2mR2). The 

non-existence o f  the hel ium molecule i s  a consequence o f  t h i s  l a r g e  k i -  

n e t i c  energy. I n  c o n t r d s t  the decrease i n  the p o t e n t i a l  energy can and 

does coinpensate f o r  the small change i r i  the k i n e t i c  energy when two hy- 

drogen atoms approach one another, and leads t o  the format ion o f  the 

hydrogen rnolecule. Given the ex is tence o f  such a molecule i t s  in te rnu-  

c l e a r  separat ion i s  comparable w i t h  r = a o ,  the Bohr rad ius ,  and i t s  

b ind ing  energy i s  c l e a r l y  some f r a c t i o n  of z2/2mai o r  the Ridberg ener-  

Of course i f  i n  the  above d iscuss ion  we make R smal ler  than 

the atomic s i z e  r ( R  < r )  we a r r i v e  a t  the  shor t  rançe r e p u l s i o n  d iscus-  

sed e a r l i e r ,  even f o r  hydrogen, because o f  the  r a p i d  growth i n  the  k i -  

n e t i c  energy terms h2/2mR2. The behaviour o f  the energy as a f u n c t i o n  

o f  R i s  shown i n  f i q u r e  l i ,  s t a r t i n g  w i t h  the shor t  range r e p u l s i o n  f o r  

R <  ;nq the a t t r a c t i v e  (A) (o r  repu ls i ve  (8)) i n t e r a c t i o n  i n  the i n t e r -  

mediate range r <  R <  2 r ,  which decreases g radua l l y  f o r  l a r g e r  R u n t i l  

a t  i n f i n i t e  R we have two r ieu t ra l ,  i s o l a t e d  atoms*. The eriergy shown i s  

* For very l a r g e  R>>r, the i n t e r a c t i o n  f o r  both cases A ,  B always beco- 
mes weakly a t t r a c t i v e  and goes t o  zero 1 i k e  R-' ( the Van der Waals f o r -  
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Fig.4  - Typ ica l  energy curves f o r  a d ia tomic  system as a f u n c t i o n  o f  the 

i n te rnuc lea r  separat ion P. The u n i t  r i s  the atomic r ad ius  (o r  average 

rad ius  if the atoms are d i f f e r e n t ) .  Curve B correspondj  t o  a repu l  s i ve  

case (e.g. 2 he l ium atoms). curve A t o  a case i n  which a molecule occurs 

a t  i n t e rnuc lea r  d is tance R = R w i t h  b i nd ing  energy EB ( i gno r i ng  nuc lear  

mot ion) .  For H* f o r  example, EB ?. 4.5 eV ?. 0.33 R_ and Re s 1 .39,= 1 .39 

ao s 0.74 8 .  

the d i f f e r e n c e  between the t o t a l  energy E and R = R w i t h  b i d i n g e n e r -  e' 
gy EB, which i s  the s i t u a t i o r i  i n  the yround s t a t e  o f  the molecule, ne- 

t 
g l e c t i n g  the nuc lear  motion . 

The b ind ing  t h a t  occurs i n  the reg ion  R % R  does so because e 
the e l e c t r o n s  a r e  a b l e  t o  arrange themselves around the two nuc le i  so 

t h a t  the t o t a l  energy i s  lower than i t  would be i n  two i s o l a t e d  atoms. 

We have discussed two poss ib le  arrangements t h a t  can l e a d  t o  s u c h  an 

e f f e c t .  I n  an i o n i c  bond an e l e c t r o n  i s  t r a n s f e r r e d  from one atom t o  

t h r  o ther  t o  g ive  r i s e  t o  two ions, which a t t r a c t  each o t h e r  e l e c t r o s -  

ce ) .  Th is  i s  important f o r  some cons idera t ions ,  f o r  example the dev i -  
a t i o n s  o f  the  behaviour o f  r e a l  gases from the idea l  gas laws P V = R T ,  
but  i s  unirhportant f o r  the t o p i c s  discussed here. 

t I n  f a c t  t h i s  i s  no t  complete ly  n e g l i g i b l e ,  and the  n u c l e i  w i l l  v i b r a-  
t e  s l i g h t l y  about t h i s  e q u i l i b r i u m  p o s i t i o n  and the b ind iny  energy 
w i l l  no t  q u i t e  equate EB. However these e f f e c t s  though present ,  a r e  
o n l y  small c o r r e c t i o n s .  



t a t i c a l l y .  Th is  w i l l  lead t o  a  d i p o l e  moment o f  the moiecule. I f  we 

assume the ions a r e  spher i ca l ,  then we e f f e c t i v e l y  have two charges +e 

a t  a d ls tance  R e ,  so t h a t  the d i p o l e  moment i s  

D =  e R (a 4.8  x 10-'1° esu i f  % % i. 1 ) 

I n  a  cova len t  bond the e l e c t r o n s  a r e  shared equa l l y ,  the re  is no d i p o l e  

rnoment, i? = O .  Thiis i f  we def ine a  parameter 

then f o r  a  cova len t  bond x = 0,  f o r  an i o n i c  x = 1 .  I n  na tu re  the elec- 

t rons  carinot o n l y  arrange thernselves i n  these two simple d i s t r i b u t i o n s  

but  alsci i n  in termediate d i s t r i b u t i o n s ,  the p a r t i c u l a r  d  i s t r  i b u t  i o n  

being such as t o  g ive  the lowest energy i n  each case. Th is  i s  brought 

ou t  c l e a r l y  by examining the x values, which do not  f s l l  n e a t l y  in to two  

groups x = 0,  1 bu t  range themselves i n  the reg ion spanning these two 

extremes. The measured va l i ies f o r  some examples a re  x = O (H%), .O5 (H1 , 
hydrogen iod ide)  , .35 !NQit, sodiumiodide), .43  (HF, hydrogen f l u o r i d e ) ,  

.60 (KF, potassium f l u o r i d e )  and .77 (KBr, potassium bromide). The pu- 

r e l y  ion i is  extreme i 5  most c l o s e l y  approached, n o t  i n  the case o f  d i a -  

tomic rnolscules when i t  would g i v e  x = 1 ,  but  i n  the c r y s t a l l i n e  s o l i d  

cases l i k e  sodium c h l o r i d e .  I n  f a c t  a t  room temperature Nal,  KF and 

KBr a l i  f o r n  c r y s t a l l i n e  s o l i d s  o f  the sodium c h l o r i d e  s t r u c t u r e  i n  which 

the i o n i c  na tu re  o f  the b ind iny  i s  g r e a t l y  enhanced over t h a t  f o r  the 

vapour phese, d ia tomic molecules whose x values a re  g iven above. ( H q ,  tiF 

and HI a re  gases a t  room ternperature and pressures.) Thus i o n i c a n d c o -  

v a l e n t  bonding a re  no t  magic mechanisms, bu t  i d e a l i s e d  cases o f  a  whole 

range o f  b ind ing  types, which a r i s e  from the arrsngement o f  the e l e c-  

t rons  around the nuc le i  so as t o  achieve the  lowest energy. 

8. CLOSIAIG REMARKS 

We have discussed the p r o p e r t i e s  o f  atoms, the i n t e r a c t i o n  

between atoms, and the p r o p e r t i e s  o f  the s imp les t  compound sys tems- the  

d iatomic molecules and i o n i c  c r y s t a l s .  We have d i s c u s s e d  how t h e s e  



phenomena can be understood i n  terms o f  the d i s t r i b u t i o n  o f  e lec t ronç  

moving i n  the e l e c t r i c  f l e l d s  o f  atomic n u c i e i .  The mot ion i s  governed 

by the laws o f  n o n - r e l a t i v i s t i c  quantum physics and the simple use o f  

j u s t  two quantum physics concepts, the u n c e r t a i n t y  p r i n c i p ! e  and the 

exc l t i s ion  principie, has been s u f f i c i e n t  t o  i l l u s t r a t e  many o f t h e c o n -  

sequences o f  t h i s  motion. I n  p a r t i c u l a r  i t  has i e d  t o  an undeis tandino 

o f  the fou r  fundamental pi-oblems posed i n  the i n t r o d u c t i o n ,  i . e .  

Why do s tab le  atoms e x i s t ?  

Why do p a r t i c u l a r  combinations o f  atoms form molecules and 

o thers  n o t ?  

Why a r e  the s izes o f  atoms and simple molecules o f  the order 

o f  1 O-' cm? 

and 

How much energy i s  needed t o  d i s r u p t  atoms and molecules? 


