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First Law of Thermodynamics

* You will recall from Chapter 5 that
energy cannot be created nor
destroyed.

* Therefore, the total energy of the
universe Is a constant.

* Energy can, however, be converted
from one form to another or transferred
from a system to the surroundings or
vice versa. cnllica
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Spontaneous Processes

e Spontaneous processes A 3
are those that can ...cé)...
. |
proceed without any
. . . Evacuated 1 atm
outside intervention.

 The gas in vessel B will A
spontaneously effuse int0  spontaneous Not
spontaneous

vessel A, but once the v
gas is in both vessels, it B

A
will not spontaneously ..EQE..
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Spontaneous Processes

Processes that are
spontaneous in one
e direction are
4 - nonspontaneous in

spontaneous th e reverse
direction.

Spontaneous
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Spontaneous Processes

* Processes that are spontaneous at one
temperature may be nonspontaneous at other

temperatures.
« Above 0°C it is spontaneous for ice to melt.

« Below 0°C the reverse process is spontaneous.

Spontaneous for T < 0°C

e
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Reversible Processes

In a reversible process

T+ AT - the system changes in
such a way that the

Heat> system and

§em surroundings can be

put back in their original

Surroundings states by exactly

reversing the process.

Changes are
infinitesimally small in
a reversible process.

4
Chémical
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Irreversible Processes

Movable partition
Piston

|1/V>ork

Vacuum Gas

* |rreversible processes cannot be undone by
exactly reversing the change to the system.

« All Spontaneous processes are irreversible.
* All Real processes are irreversible.

Chémical
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Entropy

* Entropy (S) is a term coined by Rudolph
Clausius in the 19th century.

» Clausius was convinced of the
significance of the ratio of heat
delivered and the temperature at which

it is delivered, 9
-
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Entropy

* Entropy can be thought of as a measure
of the randomness of a system.

e |t is related to the various modes of
motion in molecules.

Chémical
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Entropy

 Like total energy, E, and enthalpy, H,
entropy is a state function.

 Therefore,
AS = Stinal — Sinitial

Chémical
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Entropy

* For a process occurring at constant
temperature (an isothermal process):

Qrev
AS =
S T

Jrev = the heat that is transferred when the
process is carried out reversibly at a constant
temperature.

T = temperature in Kelvin.

Chémical
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Second Law of Thermodynamics

The second law of thermodynamics: The
entropy of the universe does not
change for reversible processes

and
Increases for spontaneous processes.

Reversible (ideal):

Asuniv — A!5“3;t,;rstuzawr“r"e, + Assurraundings =0

Irreversible (real, spontaneous):

Asuniv = &Ssystem + Assurroundings >0 Cdhnical

Thermodynamics
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Second Law of Thermodynamics

“You can’t break even”

Reversible (ideal):

Asuniv — &Ssystem + Assurrﬂundings =0

Irreversible (real, spontaneous):

Asuniv — &Ssystem + AS&urrﬂundings >0

Chémical
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Second Law of Thermodynamics

The entropy of the universe increases (real,
spontaneous processes).

But, entropy can decrease for individual systems.

Reversible (ideal):

Asuniv — Assystem + Assurraundings =0

Irreversible (real, spontaneous):

Asuniv — AS’s;t,;rste*:r“r"e, + Assurraundings >0

Chémical
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Entropy on the Molecular Scale

* Ludwig Boltzmann described the concept of
entropy on the molecular level.

« Temperature is a measure of the average
Kinetic energy of the molecules in a sample.

AR /“\ )

) -
Rotation ———!

Vibrations
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Entropy on the Molecular Scale

* Molecules exhibit several types of motion:

» Translational: Movement of the entire molecule from
one place to another.

» Vibrational: Periodic motion of atoms within a molecule.

» Rotational: Rotation of the molecule on about an axis or
rotation about o bonds.

. o o )

- I .\H_
e W@ — <« -
' Vibrations I Rotation ———
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Entropy on the Molecular Scale

« Boltzmann envisioned the motions of a sample of
molecules at a particular instant in time.

» This would be akin to taking a snapshot of all the
molecules.

* He referred to this sampling as a microstate of the
thermodynamic system.

| L
Rotation ———!

Vibrations
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Entropy on the Molecular Scale

« Each thermodynamic state has a specific number of
microstates, W, associated with it.

* Entropy is
S=kinW
where k is the Boltzmann constant, 1.38 x 1023 J/K.

A oA /“\ )

et

- W —— -

Vibrations Rotation ———
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Entropy on the Molecular Scale

Implications:

* more particles

-> more states -> more entropy

* higher T

-> more energy states -> more entropy
* less structure (gas vs solid)

-> more states -> more entropy

4
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Entropy on the Molecular Scale

* The number of microstates and,
therefore, the entropy tends to increase
with increases In

» Temperature.
»\Volume (gases).

» The number of independently moving
molecules.

Chémical
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Entropy and Physical States

* Entropy increases with o A
the freedom of motion A T e e
of molecules. § :

I Hydrog
+ Therefore, e e e
& & & G R
S(g) > S() > S(s)
) ) ) ) ) )
2 2 3 D D
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Solutions

Dissolution of a solid:

lons have more entropy
(more states)

But,

Some water molecules
have less entropy
(they are grouped
around ions).

Usually, there is an overall increase in S.
(The exception is very highly charged ions that Chdnical
make a lot of water molecules align around them.) Therm SRR s
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Entropy Changes

* In general, entropy
increases when

» GGases are formed from
liquids and solids.

1?8 8 »_
> Liquids or solutions are ° ’q‘ P ¢%a a
formed from solids. '“ s Y |.

» The number of gas
molecules increases.

> The number of moles
Increases.

Chémical
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Third Law of Thermodynamics

The entropy of a pure crystalline
substance at absolute zero is 0.

S=kinW =k Inl=0

Increasing temperature

B =

>0K
B>




Third Law of Thermodynamics

The entropy of a pure crystalline
substance at absolute zero is 0.

S=kInW =k lInl =0

- No stereotypes,
Entropy Solid Liquid Gas labelS, or genres

Smiles for can rationalize this.
/ Fueled by the decay
stab wounds

of the world, order

2004 g ~— Boiling and chaos unite,
é Entropy is born...
Music to make
Melting your head
] explode

0
http://www.garageband.com/artist/entropy 1 Copyngh;r;gep:;j;iie H)a,,l -



Standard Entropies

TABLE 19.2 Standard Molar
Entropies of Selected

Substances at 298 K

¢ T h e S e a re m O I a r Substance §°, J/mol-K

entropy values of o 10
substances in their %
standard states. i 9
. Standard entropies tend ~ moo. e
to increase with o
increasing molar mass. Nf(g))) 64
5.

NaCl(s) 72.3 4
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Standard Entropies

Larger and more complex molecules have
greater entropies.

e

Y ) 4 i b
3 a1 \ - b - =
A v U
b A 8
| L N
" g
é ” “V “\ ’ e ¥
— - ! \ e f -\.IH\

Methane, CH, Ethane, Gy, Propane, C;Hg 4
§°=186.3] mol ! K™! §° =229.6] mol 1 K! $°=2703]mol ' K™ “hilical
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Entropy Changes

Entropy changes for a reaction can be
calculated the same way we used for AH:

_ 0 o
AST‘-'EH o ESrea,ctn,nts R E‘Sprﬂducts

S° for each component is found in a table.

Note for pure elements: S° #0
AH ° — 0 Che;nical
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Practical uses: surroundings & system

Entropy Changes in Surroundings

« Heat that flows into or out of the system
also changes the entropy of the
surroundings.

* For an isothermal process:

—{sys
ASsurr —
x

Chémical
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Practical uses: surroundings & system

Entropy Changes in Surroundings

« Heat that flows into or out of the system also changes
the entropy of the surroundings.

« For an isothermal process:

—{sys
ASsurr —
‘

At constant pressure, gsys Is simply
AH° for the system.

-~ Ysys _AHD
ASsurr — Isy — 4

T T Chémical
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Link S and AH: Phase changes

— —AH;
ASgyrr = Soys o

o Solid Gas
A phase change is isothermal
(no change in T). <
g — Boiling
For water: IS
Iy

A_Ifusion — 6 kJ/mOI
AHyap =41 kd/mol

. . Temperature (K) —-
If we do this reversibly: ASgur = —ASsys o ‘

|
Copynght € 2006 Pearson Prentice Hall ,Ing.
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Practical uses: surroundings & system

Entropy Change in the Universe

* The universe is composed of the system and
the surroundings.

Therefore,
ASuniverse - Assystem + ASsurroundings

* For spontaneous processes
ASuniverse > O

4
Chémical
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Practical uses: surroundings & system
ﬁSuniwerse = &Ssystem + ﬁSsurruund

ASpurr = — 2 Loye
surr — T
—AH_ .
ASuniverse — ASsystem | K

 §
TASuniversej — TASsystem + —-AH,

sYs
f

\ Chémical
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Practical uses: surroundings & system
TASﬂﬂiﬂET‘SEj — TASsystem + —-AH,

SYs
f

AN

= — Gibbs Free Energy

\

Make this equation nicer:

_TASuniverse = AH,, , — TASSIJStEm

SYSs

G —
SYs

AG = A




Practical uses: surroundings & system
...Gibbs Free Energy

—TASuniverse IS defined as the Gibbs free
energy, AG.

For spontaneous processes: ASuniverse > 0
And therefore: AG<0

AG Is easier to determine than ASuniverse-
So:
Use AG to decide if a process is spontaneous.

- B ¥



Gibbs Free Energy

1. If AG is negative, the
forward reaction is
spontaneous.

If AG is 0, the system
is at equilibrium.
If AG is positive, the

reaction is spontaneous
In the reverse direction.

Na(g) + 3H;(g) =—— 2NH;(g)

Chémical

Thermodynamics
Pure Equilibrium Pure
N2 + Hg mixture NH3

Q=K AG=0)




Standard Free Energy Changes

Standard free energies of formation, AG/°
are analogous to standard enthalpies of
formation, AH".

AGS = TAG? ~ TAG

reactants roducts

AG° can be looked up in tables,
or
calculated from S° and AH .

Chémical
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Free Energy Changes

Very key equation:

AG — AHG — TAS.system

SYs

This equation shows how AG° changes with
temperature.

(We assume S° & AH® are independent of T.)




Free Energy and Temperature

* There are two parts to the free energy
equation:
= AH°— the enthalpy term
= TAS®° — the entropy term

* The temperature dependence of free
energy comes from the entropy term.

4
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Free Energy and Temperature

TABLE 19.4 Effect of Temperature on the Spontaneity of Reactions

AH AS —TAS AG = AH - TAS Reaction Characteristics Example

= % = - Spontaneous at all temperatures 203(g) — 30a(g)
+ — + ‘5 Nonspontaneous at all temperatures 305(8) — 203(9)
- - + + or — Spontaneous at low T; nonspontaneous at high T H,0() — H,0(s)
+ + — + or — Spontaneous at high T; nonspontaneous at low T H,0(s) — H,O0(])

By knowing the sign (+ or -) of AS and AH,
we can get the sign of AG and determine if a
reaction is spontaneous.

Chémical
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Free Energy and Equilibrium

Remember from above:
If AG is 0, the system is at equilibrium.

So AG must be related to the equilibrium
constant, K (chapter 15). The standard free
energy, AG®, is directly linked to Keq by:

AG° =—-RT'InK

Chémical
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Free Energy and Equilibrium

Under non-standard conditions, we need to use
AG instead of AG°.

AG° = —-RT'InK
AG =AG°+ RT'In Q)

Q is the reaction quotiant from chapter 15.

Note: at equilibrium: AG = 0.
away from equil, sign of AG tells which way rxn goes
spontaneously. y .

Thermodynamics



Gibbs Free Energy

1. If AG is negative, the
forward reaction is
spontaneous.

If AG is 0, the system
is at equilibrium.
If AG is positive, the

reaction is spontaneous
In the reverse direction.

Na(g) + 3H;(g) =—— 2NH;(g)

Chémical
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Q=K AG=0)




