
Energy	
  and	
  Ma+er	
  



	
  The	
  Assump3ons	
  of	
  Kine3c	
  theory	
  

Kine%c	
  theory	
  is	
  a	
  microscopic	
  model	
  of	
  gases	
  which	
  predicts	
  
macroscopic	
  quan%%es	
  such	
  as	
  pressure	
  and	
  heat	
  capacity.	
  	
  
It	
  is	
  based	
  on	
  six	
  assump%ons:	
  
	
  
1.	
  A	
  gas	
  is	
  composed	
  of	
  a	
  large	
  number	
  of	
  molecules.	
  
2.	
  The	
  molecules	
  are	
  small	
  compared	
  to	
  their	
  separa%on.	
  
3.	
  The	
  molecules	
  are	
  uniformly	
  distributed	
  and	
  move	
  randomly.	
  
4.	
  The	
  molecules	
  obey	
  Newton's	
  laws	
  of	
  mo%on.	
  
5.	
  The	
  molecules	
  feel	
  no	
  force	
  except	
  during	
  collisions	
  with	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  other	
  molecules	
  or	
  the	
  walls	
  of	
  the	
  container	
  (hard	
  spheres)	
  
6.	
  Molecules	
  collide	
  elas%cally,	
  and	
  the	
  walls	
  are	
  smooth.	
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1.	
  A	
  gas	
  is	
  composed	
  of	
  a	
  large	
  number	
  of	
  molecules.	
  
2.	
  The	
  molecules	
  are	
  small	
  compared	
  to	
  their	
  separa%on.	
  
3.	
  The	
  molecules	
  are	
  uniformly	
  distributed	
  and	
  move	
  randomly.	
  
4.	
  The	
  molecules	
  obey	
  Newton's	
  laws	
  of	
  mo%on.	
  
5.	
  The	
  molecules	
  feel	
  no	
  force	
  except	
  during	
  collisions	
  with	
  
other	
  molecules	
  or	
  the	
  walls	
  of	
  the	
  container	
  (hard	
  spheres)	
  
6.	
  Molecules	
  collide	
  elas%cally,	
  and	
  the	
  walls	
  are	
  smooth.	
  

ok	
  	
  	
  	
  	
  not	
  always	
  	
  	
  	
  	
  	
  wrong	
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Limita3ons	
  of	
  these	
  assump3ons:	
  



2.	
  The	
  molecules	
  are	
  small	
  compared	
  to	
  their	
  separa%on.	
  
	
  
5.	
  The	
  molecules	
  feel	
  no	
  force	
  except	
  during	
  collisions	
  with	
  
other	
  molecules	
  or	
  the	
  walls	
  of	
  the	
  container	
  
(hard	
  spheres)	
  

These	
  condi%ons	
  are	
  only	
  met	
  at	
  low	
  densi%es	
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4.	
  The	
  molecules	
  obey	
  Newton's	
  laws	
  of	
  mo%on.	
  

Quantum	
  mechanics	
  rules!	
  
	
  
quantum	
  predic%ons	
  tend	
  to	
  those	
  of	
  classical	
  physics	
  
if	
  the	
  de	
  Broglie	
  wavelength	
  of	
  the	
  molecules,	
  	
  
λ	
  =	
  h/mv,	
  is	
  much	
  less	
  than	
  their	
  mean	
  separa%on.	
  	
  
	
  
This	
  is	
  true	
  if	
  the	
  temperature	
  is	
  high	
  so	
  that	
  
the	
  speed	
  v	
  is	
  large	
  on	
  average,	
  and	
  	
  
at	
  low	
  density	
  when	
  the	
  mean	
  separa%on	
  is	
  large.	
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kine%c	
  theory	
  is	
  approximate	
  	
  
	
  

and	
  applies	
  best	
  to	
  gases	
  at	
  	
  
	
  

low	
  density	
  
and	
  	
  

high	
  temperature	
  

Main	
  message:	
  

6	
  



7	
  

	
  Ideal	
  Gases	
  

An	
  ideal	
  gas	
  obeys	
  the	
  assump%ons	
  
of	
  kine%c	
  theory	
  perfectly.	
  	
  

	
  
Real	
  gases	
  	
  
approximate	
  	
  
ideal	
  gases	
  	
  

in	
  the	
  limit	
  of	
  low	
  density.	
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is	
  an	
  equa%on	
  of	
  state	
  

one	
  has	
  only	
  two	
  degrees	
  of	
  freedom	
  in	
  fixing	
  the	
  state	
  of	
  a	
  gas.	
  
	
  	
  
One	
  can	
  fix	
  the	
  temperature	
  and	
  pressure,	
  	
  
but	
  not	
  also	
  the	
  volume	
  
	
  
One	
  can	
  set	
  the	
  temperature	
  and	
  volume,	
  
but	
  not	
  also	
  the	
  pressure	
  	
  
	
  
because	
  given	
  the	
  first	
  two,	
  the	
  third	
  is	
  fixed	
  by	
  the	
  equa%on	
  of	
  state.	
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  Temperature	
  and	
  average	
  kine3c	
  energy	
  

Combining	
  

and	
  

temperature	
  is	
  a	
  measure	
  of	
  the	
  average	
  molecular	
  
kine%c	
  energy	
  for	
  the	
  ideal	
  gas.	
  	
  
	
  
Boltzmann’s	
  constant	
  k	
  is	
  the	
  conversion	
  factor	
  
between	
  units	
  of	
  temperature	
  and	
  energy.	
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o  	
  Kine%c	
  theory	
  is	
  an	
  approximate	
  theory	
  which	
  can	
  be	
  
expected	
  to	
  apply	
  to	
  low	
  density	
  gases	
  

o  	
  Internal	
  energy	
  

o  	
  Equa%ons	
  of	
  state	
  

o  	
  Rela%on	
  between	
  pressure	
  and	
  kine%c	
  energy	
  



o  	
  Boltzmann	
  factor	
  
	
  

o  The	
  equipar%%on	
  theorem	
  states	
  that	
  	
  

This	
  means	
  that	
  the	
  internal	
  energy	
  is	
  	
  
U	
  =	
  3RT/2	
  per	
  mole	
  for	
  a	
  monatomic	
  gas	
  	
  
U	
  =	
  7RT/2	
  per	
  mole	
  for	
  a	
  diatomic	
  gas	
  	
  
U	
  =	
  13RT/2	
  per	
  mole	
  for	
  a	
  triatomic	
  gas	
  	
  
U	
  =	
  3RT	
  per	
  mole	
  for	
  solids	
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o  The	
  rate	
  of	
  increase	
  in	
  internal	
  energy	
  of	
  a	
  substance	
  with	
  increasing	
  
temperature	
  

	
  	
  	
  	
  	
  or	
  the	
  increase	
  in	
  internal	
  energy	
  per	
  unit	
  rise	
  in	
  temperature	
  
	
  	
  	
  	
  	
  is	
  called	
  its	
  heat	
  capacity	
  (SI	
  units	
  of	
  JK-­‐1).	
  
	
  

o  Equipar%%on	
  failure:	
  

In	
  a	
  classical	
  system	
  it	
  is	
  always	
  possible	
  for	
  some	
  atoms	
  to	
  be	
  excited	
  
above	
  the	
  lowest	
  energy	
  level.	
  
	
  
In	
  a	
  real	
  system,	
  if	
  kT	
  is	
  much	
  less	
  than	
  the	
  energy	
  needed	
  to	
  get	
  to	
  the	
  
first	
  excited	
  state,	
  there	
  can	
  be	
  no	
  excita%on	
  at	
  all,	
  and	
  no	
  contribu%on	
  
to	
  the	
  specific	
  heat.	
  	
  

Specific	
  heat	
  capacity	
  	
  
per	
  mole	
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The	
  paths	
  of	
  isolated	
  molecules	
  in	
  a	
  gas	
  paths	
  are	
  called	
  random	
  walks.	
  	
  
	
  
o  how	
  far	
  molecules	
  travel	
  on	
  average	
  over	
  given	
  intervals	
  of	
  %me?	
  	
  
o  how	
  far	
  do	
  they	
  travel	
  before	
  a	
  collision	
  occurs?	
  
	
  
Before	
  a	
  collision	
  we	
  can	
  describe	
  a	
  gas	
  as	
  if	
  composed	
  of	
  many	
  individual	
  
molecules.	
  	
  
When	
   collisions	
   occur,	
   we	
   need	
   to	
   consider	
   a	
   gas	
   as	
   composed	
   of	
  
interac%ng	
  molecules	
  (the	
  density	
  will	
  be	
  a	
  cri%cal	
  parameter).	
   13	
  

Random	
  walks	
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The	
  mean	
  free	
  path	
  is	
  the	
  speed	
  divided	
  by	
  the	
  collision	
  rate	
  

speed	
  =	
  v	
   collision	
  rate	
  =	
  	
  

mean	
  free	
  path	
  	
  

For	
  air	
  at	
  STP,	
  λ	
  ≈	
  10-­‐7	
  m	
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Seven	
  random	
  walks	
  of	
  a	
  par%cle.	
  	
  
Each	
   walk	
   comprises	
   100	
   steps	
  
with	
   steplengths	
   distributed	
  
according	
   to	
   the	
   exponen%al	
  
distribu%on	
  

The	
  distance	
  travelled	
  (displacement	
  from	
  the	
  star%ng	
  point)	
  	
  
and	
  the	
  path	
  length	
  	
  can	
  be	
  hugely	
  different,	
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Transport	
  coefficients	
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Limita3ons	
  of	
  kine3c	
  theory	
  

Kine%c	
  theory	
  is	
  successful	
  in	
  explaining,	
  for	
  instance,	
  the	
  pressure	
  
exerted	
  by	
  a	
  gas,	
  but	
  it	
  fails	
  to	
  describe:	
  

It	
   is	
   the	
   neglect	
   of	
   interatomic	
   forces	
   which	
   is	
   most	
   important	
  
(without	
  them	
  there	
  could	
  be	
  no	
  liquids).	
  

We	
  will	
  now	
  follow	
  a	
  more	
  u%litarian	
  approach	
  in	
  which	
  we	
  take	
  some	
  
measured	
   (macroscopic)	
   proper%es	
   and	
   try	
   to	
   extrapolate	
   physical	
  
(microscopic)	
  theories	
  from	
  these.	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  This	
  is	
  the	
  subject	
  of	
  classical	
  thermodynamics.	
  



Thermodynamics	
  deals	
  with	
  quan%%es	
  such	
  as	
  	
  
work,	
  heat	
  and	
  temperature.	
  	
  

It	
  is	
  concerned	
  with	
  macroscopic,	
  not	
  microscopic	
  physics.	
  

It	
  is	
  built	
  from	
  four	
  fundamental	
  laws	
  deduced	
  from	
  experiments:	
  
	
  
o  Zeroth	
  law:	
  defines	
  temperature.	
  

o  First	
   law:	
   defines	
   internal	
   energy	
   and	
   expresses	
   the	
  
conserva%on	
  of	
  energy.	
  

o  Second	
   Law:	
   defines	
   entropy	
   and	
   how	
   efficiently	
   one	
   can	
  
convert	
  heat	
  to	
  work.	
  

o  Third	
  Law:	
  establishes	
  the	
  unalainability	
  of	
  absolute	
  zero.	
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Thermodynamic	
  Defini3ons	
  	
  
In	
  thermodynamics,	
  we	
  are	
  omen	
  concerned	
  with	
  changes	
  of	
  a	
  system	
  but	
  
very	
  omen	
  these	
  must	
  be	
  considered	
  in	
  conjunc%on	
  with	
  changes	
  in	
  the	
  
surroundings.	
  	
  
The	
  two	
  are	
  linked	
  by	
  a	
  boundary	
  which	
  can	
  come	
  in	
  several	
  different	
  
varie%es.	
  



	
  
The	
  First	
  Law	
  is	
  nothing	
  more	
  than	
  	
  

the	
  conserva%on	
  of	
  energy.	
  
	
  

What	
   Joule	
   found	
   was	
   that	
   the	
   amount	
   of	
   work	
   required	
   to	
  
change	
  a	
  system,	
  when	
  no	
  heat	
   is	
  allowed	
  to	
  enter	
  or	
  escape,	
  
depends	
  only	
  upon	
  the	
  ini%al	
  and	
  final	
  states	
  of	
  the	
  system.	
  	
  

The	
   energy	
   represented	
   by	
   the	
   performance	
   of	
   the	
   same	
  
amount	
  of	
  work	
  causes	
  the	
  same	
  change	
  in	
  a	
  system.	
  	
  
	
  
This	
  leads	
  to	
  the	
  recogni%on	
  of	
  the	
  concept	
  of	
  internal	
  energy.	
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Examples	
  of	
  func%ons	
  of	
  state:	
  
o  pressure	
  and	
  volume	
  
	
  	
  	
  	
  	
  the	
  same	
  state	
  of	
  a	
  system	
  must	
  have	
  the	
  same	
  	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  	
  volume	
  by	
  defini%on	
  
o  internal	
  energy	
  

NOT	
  a	
  func%on	
  of	
  state:	
  
•  Distance	
  travelled	
  
•  Work	
  
•  Heat	
  

The	
  internal	
  energy,	
  U,	
  is	
  defined	
  as:	
  

The	
  work	
  done	
  on	
  the	
  system	
  W	
  changes	
  its	
  internal	
  energy	
  by	
  W.	
  
	
  	
  
Note	
  the	
  sign	
  conven%on:	
  work	
  done	
  on	
  the	
  system	
  is	
  posi%ve	
  

	
   	
   	
   	
   	
   	
  	
  	
  	
  	
  work	
  done	
  by	
  the	
  system	
  is	
  nega%ve	
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Heat	
  

we	
  can	
  define	
  the	
  heat	
  entering	
  a	
  system,	
  Q,	
  in	
  the	
  case	
  of	
  no	
  work,	
  
as:	
  

Heat	
  added	
  to	
  a	
  system	
  is	
  posi%ve.	
  
Heat	
  given	
  up	
  by	
  a	
  system	
  is	
  nega%ve.	
  

Joule	
  showed	
  that	
  heat	
  and	
  work	
  are	
  two	
  forms	
  of	
  the	
  same	
  thing,	
  
which	
  we	
  call	
  energy.	
  

the	
   amount	
   of	
   heat	
   needed	
   to	
  
raise	
   the	
   temperature	
   of	
   1	
   g	
   of	
  
water	
  by	
  1C.	
  

the	
   amount	
   of	
   heat	
   needed	
   to	
  
raise	
   the	
   temperature	
  of	
   1	
   kg	
  of	
  
water	
  by	
  1C.	
  



Mathema3cal	
  expression	
  of	
  the	
  First	
  Law	
  

If	
  heat	
  is	
  added	
  and	
  work	
  is	
  performed	
  on	
  a	
  system,	
  	
  
then	
  the	
  first	
  law	
  becomes:	
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Heat	
  capaci3es	
  

Let	
  us	
  consider	
  the	
  differen%al	
  form	
  of	
  the	
  first	
  law:	
  

And	
  let	
  us	
  consider	
  a	
  change	
  in	
  temperature	
  dT	
  

We	
  can	
  define	
  a	
  heat	
  capacity	
  as	
  	
  
the	
  heat	
  input	
  divided	
  by	
  the	
  change	
  in	
  temperature:	
  

Note	
  that	
  the	
  term	
  heat	
  capacity	
  is	
  inaccurate:	
  	
  
once	
   heat	
   enters	
   a	
   system,	
   it	
   loses	
   its	
   iden%ty	
   and	
   should	
   be	
  
thought	
  of	
  as	
  energy.	
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The	
  First	
  Law	
  is	
  nothing	
  more	
  than	
  	
  
the	
  conserva%on	
  of	
  energy.	
  

Heat	
  capacity:	
  



Reversible	
  changes	
  

A	
  process	
  is	
  reversible	
  if	
  the	
  	
  
system	
  and	
  surroundings	
  return	
  to	
  their	
  original	
  state	
  

when	
  the	
  process	
  is	
  reversed.	
  

A	
  reversible	
  change	
  can	
  be	
  carried	
  out	
  by	
  making	
  a	
  %ny	
  change,	
  
allowing	
   the	
   system	
   to	
   selle	
   to	
   equilibrium,	
  making	
   another	
  
%ny	
  change,	
  etc.	
  	
  
This	
  is	
  called	
  a	
  quasi-­‐sta%c	
  change.	
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Reversible	
  processes,	
  although	
  an	
  idealisa%on,	
  are	
  at	
  the	
  heart	
  of	
  
equilibrium	
   thermodynamics,	
   and	
   lead	
   to	
   the	
   evalua%on	
   of	
  
quan%%es	
  of	
  interest	
  such	
  as	
  work.	
  

For	
  gases,	
  we	
  have	
  shown	
  that:	
  	
  

For	
  ideal	
  gases	
  and	
  adiaba%c	
  changes:	
  

where	
  γ	
  is	
  the	
  ra%o	
  of	
  the	
  specific	
  heat	
  capacity	
  at	
  constant	
  pressure	
  	
  
to	
  the	
  specific	
  heat	
  capacity	
  at	
  constant	
  volume.	
  



Statements	
  of	
  the	
  Second	
  Law	
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Clausius	
  statement	
  (from	
  experimental	
  evidence):	
  

heat	
  cannot	
  of	
  itself	
  flow	
  from	
  a	
  colder	
  to	
  a	
  holer	
  body	
  

Kelvin-­‐Plank	
  statement:	
  

heat	
  cannot	
  be	
  completely	
  converted	
  into	
  work	
  without	
  other	
  effect	
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Carnot's	
  theorem	
  says	
  that	
  	
  
reversible	
  engines	
  are	
  the	
  most	
  efficient	
  of	
  all.	
  	
  

Let	
  us	
  consider	
  two	
  engines,	
  	
  
A	
  and	
  B.	
  

	
  
Engine	
  B	
  is	
  reversible	
  and	
  is	
  run	
  as	
  a	
  
heat	
   pump	
   using	
   the	
   power	
  
generated	
   by	
   engine	
   A,	
   which	
   may	
  
or	
  may	
  not	
  be	
  reversible.	
  	
  
	
  

Carnot's	
  theorem	
  states	
  that	
  	
  
ηB	
  >	
  ηA	
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o  Since	
  areas	
  in	
  indicator	
  diagrams	
  represent	
  work,	
  the	
  shaded	
  area	
  is	
  the	
  work	
  
extracted	
  from	
  one	
  cycle	
  of	
  the	
  Carnot	
  cycle.	
  	
  

o  The	
  two	
  lines	
  represen%ng	
  the	
  adiaba%c	
  changes,	
  PVγ	
  =	
  constant	
  
	
  	
  	
  	
  	
  	
  	
  rise	
  more	
  steeply	
  	
  than	
  those	
  represen%ng	
  the	
  isothermal	
  changes,	
  PV	
  =	
  constant	
  

o  	
  Isotherms	
  cross	
  the	
  adiaba%cs,	
  but	
  isotherms	
  do	
  not	
  cross	
  each	
  other,	
  	
  
	
  	
  	
  	
  	
  	
  nor	
  do	
  adiaba%cs.	
  	
  
	
  	
  	
  	
  	
  	
  This	
  should	
  be	
  obvious	
  for	
  isotherms	
  since	
  the	
  same	
  state	
  cannot	
  have	
  two	
  
	
  	
  	
  	
  	
  	
  different	
  temperatures.	
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o  We	
  need	
  more	
  than	
  just	
  the	
  First	
  Law	
  of	
  thermodynamics	
  to	
  describe	
  the	
  
thermal	
  behaviour	
  of	
  maler.	
  	
  

o  There	
   are	
   some	
   processes	
   possible	
   under	
   the	
   First	
   Law	
   which	
  
nevertheless	
  never	
  happen.	
  	
  

o  The	
  Second	
  Law	
  (in	
  the	
  form	
  proposed	
  by	
  Clausius)	
  is	
  a	
  statement	
  of	
  one	
  
such	
  impossible	
  process,	
  	
  

	
  	
  	
  	
  	
  	
  the	
  spontaneous	
  transfer	
  of	
  heat	
  from	
  a	
  cold	
  to	
  a	
  hot	
  body.	
  	
  

o  This	
  also	
  leads	
  to	
  an	
  equivalent	
  statement	
  to	
  the	
  effect	
  that	
  heat	
  cannot	
  
be	
  turned	
  completely	
  into	
  work.	
  	
  

	
  	
  	
  	
  	
  	
  The	
  equivalence	
  was	
  established	
  through	
  the	
  idea	
  of	
  a	
  heat	
  engine.	
  	
  

o  Further	
   the	
   second	
   law	
   applied	
   to	
   such	
   engines	
   was	
   used	
   to	
   establish	
  
that	
  thermodynamically	
  reversible	
  engines	
  are	
  the	
  most	
  efficient	
  

o  All	
   reversible	
   engines	
   running	
   between	
   the	
   same	
   reservoirs	
   have	
   the	
  
same	
  efficiency.	
  



The	
  second	
  law	
  of	
  thermodynamics	
  can	
  be	
  used	
  
to	
  prove	
  the	
  existence	
  of	
  	
  

a	
  new	
  func%on	
  of	
  state	
  known	
  as	
  entropy	
  	
  
which	
  allows	
  to	
  determine	
  quan%ta%vely	
  	
  

-­‐	
  whether	
  a	
  process	
  is	
  reversible	
  
-­‐	
  whether	
  it	
  can	
  occur	
  naturally	
  or	
  not	
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The	
  Zeroth	
  Law	
  and	
  Empirical	
  Temperature	
  
The	
  zeroth	
  law:	
  

Two	
  systems	
  are	
  in	
  thermal	
  equilibrium	
  if	
  	
  
no	
  heat	
  is	
  transferred	
  between	
  them	
  

when	
  they	
  are	
  placed	
  in	
  thermal	
  contact	
  

The	
  Zeroth	
  Law	
  means	
  that	
  we	
  can	
  assign	
  a	
   label	
  to	
  any	
  system,	
  the	
  
label	
   being	
   the	
   value	
   shown	
   on	
   a	
   thermometer	
   when	
   it	
   is	
   thermal	
  
equilibrium	
  with	
  the	
  system.	
  
	
  
We	
  call	
  the	
  label	
  temperature.	
  	
  
	
  
Temperature	
   is	
   a	
   func%on	
   of	
   state	
   which	
   determines	
   whether	
   one	
  
system	
  will	
  be	
  in	
  thermal	
  equilibrium	
  with	
  another.	
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The	
  Increase	
  of	
  Entropy	
  	
  
and	
  Heat	
  Death	
  of	
  the	
  Universe	
  

For	
  an	
  isolated	
  system	
  đQ	
  =	
  0,	
  so	
  Clausius'	
  inequality	
  becomes:	
  

the	
  entropy	
  of	
  an	
  isolated	
  system	
  can	
  never	
  decrease	
  

This	
  result	
  imposes	
  a	
  direc%on	
  in	
  which	
  processes	
  can	
  occur.	
  	
  
Applied	
  to	
  the	
  Universe	
  as	
  a	
  whole,	
  the	
  entropy	
  will	
  carry	
  on	
  increasing	
  
un%l	
   it	
   can	
   no	
   longer	
   do	
   so,	
   by	
  which	
   point	
   the	
   Universe	
  will	
   be	
   in	
   a	
  
state	
   of	
   equilibrium	
   and	
   it	
   will	
   no	
   longer	
   be	
   possible	
   to	
   extract	
   work	
  
from	
  any	
  process.	
  	
  
This	
  is	
  the	
  so-­‐called	
  heat	
  death	
  of	
  the	
  Universe.	
  
	
  
The	
   increase	
   of	
   entropy	
   gives	
   us	
   another	
   way	
   to	
   decide	
   whether	
   a	
  
process	
  is	
  reversible	
  or	
  not:	
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Heat	
  engines	
  
In	
  a	
  heat	
  engine,	
  the	
  hot	
  reservoir	
  has	
  heat	
  Q1	
  removed	
  so:	
  

Similarly:	
  

So	
  the	
  total	
  entropy	
  change	
  amer	
  a	
  cycle	
  is:	
  

If	
  the	
  engine	
  is	
  reversible:	
  

If	
  the	
  engine	
  is	
  irreversible,	
  then	
  it	
  is	
  less	
  efficient,	
  
or,	
  equivalently,	
  Q2	
  is	
  larger	
  for	
  a	
  given	
  Q1	
  	
  
than	
  in	
  the	
  case	
  of	
  a	
  reversible	
  engine	
  

ΔS	
  >	
  0	
   Irreversible	
  engines	
  are	
  therefore	
  entropy	
  sources	
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entropy	
   as	
   a	
  measure	
   of	
   the	
   number	
  
of	
   microscopic	
   arrangements	
   or	
  
microstates	
  of	
  a	
  system	
  W	
  

S	
  =	
  k	
  lnW	
  
Boltzmann	
  rela%on	
  

The	
  Universe	
  is	
  always	
  changing	
  to	
  a	
  more	
  probable	
  configura%on,	
  
in	
  the	
  sense	
  of	
  more	
  available	
  microstates.	
  	
  
The	
  new	
  configura%ons	
  are	
  so	
  much	
  more	
  probable	
  that	
  the	
  change	
  is	
  
irreversible.	
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o  In	
   the	
   hands	
   of	
   Clausius	
   and	
   Kelvin,	
   Carnot's	
   theorem	
   led	
   to	
   the	
  
defini%on	
   of	
   an	
   absolute,	
   as	
   opposed	
   to	
   empirical,	
   temperature	
  
scale.	
  	
  

o  A	
  new	
  func%on	
  of	
  state	
  was	
  recognised,	
  called	
  entropy.	
  	
  
	
  	
  	
  	
  	
  The	
  entropy	
  change	
  of	
  a	
  system	
  absorbing	
  heat	
  đQ,	
  with	
  the	
  heat	
  	
  	
  
	
  	
  	
  	
  	
  transfer	
  occurring	
  at	
  temperature	
  T,	
  is	
  Clausius'	
  inequality	
  in	
  the	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  	
  form	
  dS	
  ≥	
  đQ/T.	
  	
  

o  When	
  the	
  change	
  is	
  reversible,	
  this	
  reduces	
  to	
  dS	
  =	
  đQR/T	
  where	
  T	
  is	
  
the	
  temperature	
  of	
  the	
  system.	
  

o  The	
   important	
   consequence	
   of	
   Clausius'	
   inequality	
   is	
   that	
   the	
  
entropy	
  of	
  an	
  isolated	
  system	
  always	
  increases.	
  	
  

o  Following	
   Boltzmann:	
   a	
   system	
   always	
   tends	
   towards	
   states	
   of	
  
greater	
  mul%plicity	
  given	
  external	
  constraints.	
  



The	
  Central	
  Equa3on	
  of	
  Thermodynamics	
  
The	
  First	
  Law	
  of	
  Thermodynamics	
  can	
  be	
  wrilen	
  as:	
  

and	
  that	
  for	
  reversible	
  pressure	
  work	
  we	
  can	
  write:	
  

We	
  have	
  seen	
  that	
  we	
  can	
  write:	
  

This	
   is	
   the	
   central	
   equa%on:	
   although	
   derived	
   for	
   reversible	
   changes	
  
only,	
  it	
  applies	
  generally,	
  because	
  all	
  variables	
  are	
  func%ons	
  of	
  state,	
  so	
  
the	
  method	
  of	
  change	
  is	
  not	
  important.	
  	
  
However,	
  it	
  is	
  essen%al	
  that	
  the	
  system	
  starts	
  and	
  ends	
  in	
  equilibrium	
  so	
  
that	
  it	
  is	
  meaningful	
  to	
  talk	
  about	
  pressure,	
  temperature	
  and	
  entropy.	
  38	
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Entropy	
  of	
  an	
  ideal	
  gas	
  
For	
  a	
  mole	
  of	
  ideal	
  gas	
  we	
  have	
  P	
  =	
  RT/V	
  	
  
and	
   dU	
   =	
   CV	
   dT	
   (internal	
   energy	
   a	
   func%on	
   of	
   temperature	
   only).	
  
Therefore	
  we	
  can	
  write:	
  

integra%ng	
  

where	
  S0	
   is	
  a	
  constant	
  of	
   integra%on	
  (note	
  that	
  this	
  constant	
   is	
  not	
  
determined	
   in	
   classical	
   thermodynamics	
   but	
   is	
   by	
   sta%s%cal	
  
thermodynamics).	
  	
  

This	
  rela%on	
  shows	
  that	
  the	
  	
  
entropy	
  of	
  an	
  ideal	
  gas	
  increases	
  with	
  both	
  T	
  and	
  V	
  

increasing	
  temperature	
  increases	
  the	
  number	
  of	
  available	
  states,	
  
since	
  more	
  energy	
  states	
  become	
  available	
  for	
  the	
  atoms.	
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Enthalpy	
  
If	
  a	
  reac%on	
  occurs	
  at	
  constant	
  volume,	
  then	
  the	
  First	
  Law	
  states	
  that:	
  

Let’s	
  consider	
  a	
  system	
  in	
  pressure	
  equilibrium	
  with	
  its	
  surroundings	
  
(at	
  least	
  at	
  the	
  start	
  and	
  at	
  the	
  end	
  of	
  the	
  change),	
  i.e.	
  P	
  =	
  P0	
  :	
  

the	
  heat	
  given	
  off	
  

Given	
  that	
  P	
  =	
  P0	
  :	
  	
  

a	
  func%on	
  of	
  state	
  	
  
called	
  the	
  enthalpy	
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-­‐ΔH	
  is	
  the	
  heat	
  given	
  off	
  in	
  chemical	
  reac%ons	
  at	
  constant	
  pressure.	
  

The	
  PV	
  term	
  in	
  the	
  enthalpy	
  	
  
corrects	
  for	
  work	
  done	
  during	
  any	
  volume	
  change	
  

In	
  analogy	
  to	
  

specific	
  enthalpy	
  capacity	
  

Thermodynamic	
  data	
  books	
  include	
  enthalpies	
  of	
  forma%on,	
  Hf	
  	
  
	
  
The	
  enthalpy	
  of	
  forma%on	
  of	
  the	
  elements	
  themselves	
  is	
  defined	
  
as	
   zero.	
   	
   For	
   instance,	
   both	
   hydrogen	
   in	
   the	
   form	
   of	
   H2,	
   and	
  
oxygen	
  as	
  O2	
  have	
  Hf	
  =	
  0.	
  	
  
Water	
  (H2O)	
  has	
  Hf	
  =	
  -­‐242	
  kJ	
  mole-­‐1	
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Equilibrium	
  is	
  reached	
  therefore	
  when	
  F	
  is	
  a	
  minimum	
  	
  
at	
  which	
  point	
  dF	
  =	
  0	
  

The	
  TS	
  part	
  of	
  F	
  is	
  the	
  usual	
  entropy	
  part	
  that	
  gives	
  	
  
ΔS	
  ≥	
  0	
  for	
  a	
  thermally	
  isolated	
  system.	
  

The	
   internal	
   energy	
   part	
   enters	
   to	
   account	
   for	
   the	
   heat	
  
transferred	
  from	
  the	
  surroundings,	
   in	
  terms	
  of	
  the	
  equivalent	
  
entropy	
  change	
  of	
  the	
  surroundings.	
  

it	
   is	
  entropy	
  which	
  determines	
  whether	
  a	
  change	
  is	
  possible	
  
or	
  not,	
  and	
  F	
  provides	
  a	
  convenient	
  way	
  of	
  accoun%ng	
  for	
  it.	
  

Helmholtz	
  free	
  energy	
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Gibbs	
  Free	
  Energy	
  

Experimentally	
  it	
  is	
  easier	
  to	
  operate	
  under	
  condi%ons	
  of	
  	
  
constant	
  pressure	
  rather	
  than	
  constant	
  volume.	
  	
  
	
  
We	
  have	
  Q	
  =	
  ΔU,	
  and	
  Q	
  =	
  ΔH	
  	
  
Therefore	
  rather	
  than	
  F	
  =	
  U	
  -­‐	
  TS	
  as	
  the	
  func%on	
  that	
  determines	
  
whether	
  changes	
  can	
  occur,	
  we	
  get:	
  

where	
  

Gibbs	
  free	
  energy	
  

G	
  is	
  a	
  minimum	
  in	
  equilibrium,	
  	
  
when	
  dG	
  =	
  0	
  for	
  all	
  possible	
  changes	
  



44	
  

o  the	
  internal	
  energy	
  U	
  
o  the	
  enthalpy	
  H	
  =	
  U	
  +	
  PV	
  
o  the	
  Helmholtz	
  free	
  energy	
  F	
  =	
  U	
  -­‐	
  TS	
  	
  

o  the	
  Gibbs	
  free	
  energy	
  G	
  =	
  U	
  -­‐	
  TS	
  +	
  PV	
  	
  
	
  
	
  

like	
  poten%al	
  energy,	
  	
  
they	
  are	
  minimised	
  in	
  equilibrium.	
  

Thermodynamic	
  poten3als	
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S	
  =	
  k	
  lnW	
  	
  

o  Enthalpy	
  

o  Helmoltz	
  Free	
  energy	
  

o  Central	
  equa%on	
  

o  Boltzmann	
  rela%on	
  

o  Entropy	
  

o  Gibbs	
  Free	
  energy	
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Interatomic	
  Forces	
  

Interatomic	
  forces	
  are	
  the	
  forces	
  that	
  real	
  atoms	
  exert	
  on	
  each	
  other	
  
	
  

When	
  very	
  close	
  they	
  repel,	
  	
  
whereas	
  at	
  large	
  distances	
  the	
  forces	
  become	
  weakly	
  alrac%ve.	
  
	
  
The	
  repulsion	
  can	
  be	
  viewed	
  in	
  terms	
  of	
  the	
  electrosta%c	
  repulsion	
  of	
  
the	
  nuclei	
  in	
  combina%on	
  with	
  the	
  Pauli	
  exclusion	
  principle	
  

The	
   interac%on	
  between	
   atoms	
   can	
  be	
   represented	
  by	
   the	
  poten%al	
  
energy	
  Φ(r)	
  between	
  atoms	
  separated	
  by	
  distance	
  r.	
  	
  
The	
  force	
  f	
  between	
  atoms	
  is	
  related	
  to	
  the	
  poten%al	
  energy	
  	
  
by	
  f	
  =	
  -­‐dΦ/dr	
  	
  
And	
  f	
  >	
  0	
  is	
  a	
  repulsive	
  force,	
  	
  
so	
  the	
  nega%ve	
  gradient	
  at	
  short	
  distance	
  corresponds	
  to	
  repulsion.	
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A	
   schema%c	
  figure	
  of	
   the	
  poten%al	
  energy	
  between	
   two	
  atoms	
  
as	
  a	
  func%on	
  of	
  distance	
  between	
  them.	
  
r0	
  	
  denotes	
  the	
  equilibrium	
  separa%on.	
  

poten%al	
  energy	
  Φ(r)	
  between	
  atoms	
  separated	
  by	
  distance	
  r	
  

force	
  f	
  between	
  atoms	
  is	
  f	
  =	
  -­‐dΦ/dr	
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The	
  constants	
  a	
  and	
  b	
  are	
  the	
  van	
  der	
  Waal’s	
  coefficients:	
  
	
  
a	
  depends	
  upon	
  the	
  long-­‐range	
  alrac%ve	
  forces,	
  	
  
b	
  depends	
  upon	
  the	
  short-­‐range	
  repulsive	
  forces	
  which	
  define	
  the	
  
“size”	
  of	
  an	
  atom.	
  

If	
  we	
  consider	
  the	
  number	
  of	
  moles	
  nm,	
  	
  
instead	
  of	
  the	
  number	
  of	
  molecules	
  N	
  and	
  rescale	
  a	
  and	
  b	
  
accordingly:	
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Phase	
  diagrams	
  
Given	
  that	
  P	
  and	
  T	
  are	
  the	
  variables	
  in	
  G,	
  it	
  is	
  useful	
  to	
  plot	
  P-­‐T	
  diagrams:	
  

The	
   lines	
   indicate	
   the	
   values	
   of	
   pressure	
   and	
   temperature	
   for	
  
which	
  the	
  various	
  phases	
  are	
  in	
  equilibrium.	
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The	
  key	
  features	
  of	
  phase	
  diagrams:	
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Classical	
   thermodynamics	
   can	
   explain	
   some	
   of	
   the	
   features	
   of	
   phase	
  
diagrams,	
  however,	
  to	
  understand	
  the	
  existence	
  of	
  phases	
  we	
  need	
  to	
  
delve	
  down	
  to	
  the	
  microscopic	
   level	
  with	
  the	
   inclusion	
  of	
   interac%ons	
  
amongst	
  atoms	
  and	
  molecules.	
  	
  
	
  
The	
  van	
  der	
  Waals	
  equa%ons	
  shows	
  how	
  even	
  the	
  simplest	
  inclusion	
  of	
  
the	
   effects	
   of	
   interac%ons	
   introduces	
   features	
   that	
   can	
   be	
   iden%fied	
  
with	
  phase	
  changes.	
  
	
  
To	
   explain	
   the	
   proper%es	
   of	
   liquids	
   and	
   solids,	
   more	
   sophis%cated	
  
models	
  are	
  needed.	
  


