Spontaneous “Reactions™? SL-1

At one time scientists thought that for a reaction (or process) to be spontaneous, it
must be exothermic (evolve energy)... like a ball rolling down a hill.

Let’'s do a thought experiment to test this hypothesis...
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Ba(OH), (s) + 2 NH,NO; (s) =2 Ba(NO,), (s) + 2 H,O (I) + 2 NH; (aq)
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What's missing? SL-2

Examples where the processes are either thermoneutral (AH = 0)
or endothermic have in common an increase in the disorder or
randomness of the system.

There is a competition between the tendency to minimize the
energy and maximize the disorder.

We know how to calculate and consider the energy. How do we
quantify the disorder?

We need a state function that describes disorder. We rule out
heat because it is a path function...
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A new state function SL-3

Consider the heat transfer associated with small reversible
change in T and V of an ideal gas:

K, = QU = G, =C, (T)AT +5 AV

We know g is not a state function... but g/T is!

(Why?)
5qrev — C:V (T)dT 4+ nR dV
T T V
Let g/T be the new state function; entropy...
Ty



An old friend shows us S is a state function... SL-4

Path A vs. Path B+C vs. Path D+E
Is the change in entropy different for these different paths?

Path A
| Recall (from FL-10):
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Path B + C SL-5
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Recall (from FL-12) (|, . =AU = ITTlCV (T)dT
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Path D + E

SL-6
See FL-13
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Path D+E

§qrev,D+E — 5qrev,D +5qrev,E — Pldv

: ....................................................................... . 2&:Irev,D+E
; AS = | =
So.. 1 nR
Vo dV T bV Vs dV
ASD+E — Pl : ? T A ASD+E = nR 1 7
ASy ¢ = nRInV—2
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Entropy and disorder SL-7
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Entropy is related to the disorder of the system. If you add
energy, as heat, to a system then its entropy increases
because the thermal disorder increases.

Energy delivered at lower T contributes more to an entropy
Increase than energy delivered at higher T.
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Entropy and Spontaneity ... One Case @ SL-8

Energy as heat will flow spontaneously from a region of high
temperature to a region of low temperature. What is the role
of entropy?

Consider an isolated two compartment system In an isolated system:

Ta Va Ts Vg

Both compartments are in equilibrium but not with each other

The system can do no work and can have no work done to it.

There is no exchange of energy with the surroundings. *fuw
(I.e., we can learn about spontaneity due to S alone... and not worry about U or H ——



Evaluate the energy and entropy SL-9

dVv, =dV, =0 AU, = ey = T05,, }
_ No work
QU :5qrev: BOSB

dS =dS, +dS, = Vo, Y du, =-du,
TA TB Why?

ds = du, 1 1 T, > T, dUg 2, dS?
T, T, T,<T, dU,?,dS?
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What does this tell us about spontaneity? SL-10

The spontaneous flow of energy as heat from a body at
higher temperature to a body at lower temperature is
governed by the condition dS > 0.

Entropy, unlike energy, is not conserved; it increases whenever
a spontaneous process takes place. When the system reaches
equilibrium dS = 0.

. - Equilibrium
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|Isolated versus non-isolated... SL-11

Isolated system

dS >0 For a spontaneous process
dS =0 At equilibrium or for a reversible process
N
(Why?)

General system
There is exchange of heat with the surroundings.
dS becomes the sum of the system (prod) and the exchange:

dS =dS prod T dSexc:hange or dS= dSprod ‘|‘§

Reversible Process:

Irreversible/
Spontaneous Process: Ly L




The second law of thermodynamics...  SL-12

There Is a thermodynamic function of a system called entropy,S,
such that for any change in the state of the system:

ds >
T

where the equality sign applies if the change is carried out
reversibly and the inequality sign applies if the change is
carried out irreversibly at any stage.

Other ways to write the 2"d law mathematically:

ds > Fr  gg = M AS > | !
T T T




First and Second Law of Themodynamics

The First Law
The energy of the universe is a constant...

AU =q+w

The Second Law
The entropy is tending toward a maximum...

A82j§

Rudolph Clausius

(see naae 8161

SL-13



Entropy and Statistical Mechanics SL-14

The most famous equation of statistical thermodynamics:

S =kg InW

Entropy is a state function related to disorder. Disorder can be expressed
In a number of ways. We’'ll discuss one (statistical) way here...

Recall: The last time we had each hot chocolate
(system) in the collection of hot chocolates (ensemble)
with the same N, V, and T (canonical ensemble).

Now: Let's consider an ensemble with the same N, V,
and E (microcanonical ensemble).

Even though every system has the same energy, each system
can be in different quantum states due to degeneracy.

Q(E) s the degeneracy associated with energy E. ‘&/&
™~ &

typically huge #



Application of statistics SL-15

Let W be the number of ways of having a, systems in state 1,
a, In state 2, etc. (the systems are distinguishable).

Al

W(a,a,,a,,..)= atatal. Ha l

Imagine we have A = 4 (i.e., 4 systems) and 5 states...
o =1 system
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Entropy and W SL-16
S =kg InW

For a perfectly ordered arrangement:

For a “completely” disordered arrangement:

Why In W? Weknow: S =S, +S, & W, =W,W,

total

S, = Kg INW ., =k INW W, =k, InW, +k; InW, =S, +S;

total

S=k.InO This is the form using degeneracy.
B
(Derived in M&S: pg. 831)
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Partition Functions and Entropy SL-17

S anote = Ko INW = kg In From Math Chapter J (Eq 7 and 8)
Haj' InN!=ZInn INNI=NInN-N
=kgAln A—k;A— sz‘aj Ina; + kBZaj n=1 Stirling’s approximation
j j

=ksAlnA-k; > a;Ina,
j

. g a.
Using: Ssystem: ens;\mble and pJ:KJ

S =ksAInA-k; > p,Alnp,A

j
=ksAINA-k; > p,Alnp,—k; > p,Aln A
j j

Ssystem = _kBZ pj In pj
J

If all probabilities are 0 except one: YIYy
If all probabilities are equal : B

ensemble

See pg 840-841



S In terms of Q SL-18

-PE;(NV)

€ —_
Pj = Q(N,V,,B) Ssystem o sz pj In pj

_IBEJ

= _kB;eT(_IBEj —InQ)

Now we have S In

_ﬂEJ
terms of Q... :'BkBZj:Ejz +kB(|;Q Zjle_ﬁEj
U
S=—+Kk;InQ
T




EFEX-S| 1

Q(N,V,T):(

]

S for an ideal gas...
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Entropy and Applications SL-20

The next few slides discuss some physical processes and the
role of entropy in each process. (Chemical processes will be
discussed in the next chapter.)

Start with: An isothermal expansion of a gas into a vacuum...

N N N Since entropy Is a state function,
. ) € ‘1 ) we can use the following equation
e - A even though the process isn't

\ though the p
Ideal gas Vacuum reversible!).
— 2 &:Irev
é\qrev =dU _&Nrev AS_J; T
dU =0 ~—(why?) AS = f% [ Wi,
1T 1T
nRT
_ Vv
ey V av =nRIn—=
Vi Y L

ISAS +or-7? Y Y




Entropy of Mixing

Isothermal mixing of two ideal gases
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SL-21

Mole fraction:

N, +ASBr2

Since these are ideal gases, n is proportional to V and AS becomes:

nN
AS =-ny Rln “——ng, RIn

nBr2

|

mix

R

=Y, In Yn, = Yer, In Yer,

+ or -7
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Heat Transfer SL-22

Heat transfer between two pieces of the same metal

-j Heat lost by hotter piece = heat gained by colder piece
U, = U,

oo T Cy(T,~T)=Cy (T ~T,)~_
What assumption
Solvefor T: T = Th+Te «— " nade here?

CdT/

AS =AS, +AS,  AS =

AS, =C, Inintte AS, =C, |nTh ull
2T, 2T,
T, +T
AS =C, ( )

+ or-"? TIATY
4T T, vy




Carnot Cycle and Heat Pumps/Engines SL-23

Carnot used the following cycle to show that a

heat engine can not convert all the heat energy
supplied to it into mechanical work.

Sadi Carnot

1. Isothermal expansion at T, from V, to V,

2. Adiabatic expansion from V, to V;, T drops to T,
3. Isothermal compression at T, from V; to V,

4. Adiabatic compression from V, to V,, T risesto T,

(You should be able to draw the Carnot cycle on a P-V diagram and
solve for w, q, 4U and 4S for each step and the cycle as a whole).

What Is a heat engine?

Heat Reservoir
Th

o

Heat :>Cold Reservoir

engine 0. T,

uw W\
What are signs of q,, q., and w? ol



Carnot Cycle and Heat Pumps/Engines 2 SL-24

What is a heat pump?

Heat Reservoir
Th

Heat <:Cold Reservoir

engine 0. TC

o

W

What are signs of q,, q., and w?

Consider the thermodynamics of the heat engine (or pump)...
AU engine =W+ qrev,h + qrev,c — O

AS _ ésqrev,h 4 &:Irev,c _ O

engine
; T, T

C

~W=0revn T Urevc &rev,c — _&:Irev,h (Tc /Th) WWW
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Engine/Pump Efficiency SL-25

Sadi Carnot (and we) want to know how efficient this hypothetical
heat engine (or pump) could be.

Maximum efficiency = work output / heat input

— W
77 = —
: qrev,h
Using
equations
on bottom — revin T Yrev.c — 1_T_C
of SL-24
qrev,h Th
n = Th _Tc
L W
Th .\

EX-S| 2
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