Miscellaneous Notes

The end is near — don't get behind.
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The PHYS 213 final exam times are i ﬁé&%\ ‘é*if;? | .{1 HR

*8-10 AM, Monday, Dec. 17

*7-9 PM, Wed, Dec. 19

The deadline for changing your final
exam time is 5 pm, Friday, Dec. 7.

Homework 6 is due Tuesday, Dec. 11 at 8 am. (NO late turn-in).

Course Survey = 2 bonus points (accessible in SmartPhysics)
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Lecture 19:

Chemical Equilibria, Surfaces,
and Phase Transitions

Chemical equilibria - Law of mass action

Surface chemistry

Reading for this Lecture:
Elements Ch 13
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Chemical Equilibrium

“Chemical” is a bit of a misnomer. \We're describing any process in which
things combine (or rearrange) to form new things.

These problems involve reactions like*: aA + bB < cC,
where A, B, and C are the particle types and a, b, and c are integers.

In equilibrium the total free energy, F, is a minimum.
We must have AF = 0 when the reaction is in equilibrium,
for any reaction that takes us away from equilibrium:

aF _ oF N oF dNB+ oF dN,
dN, oON, ON;dN, oON, dN,
_ oF +Q oF ¢ oF
oN, aoN; aoN,
=0

Therefore: ap, + bpg = cpue

*Obviously we can have more or fewer species.
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Chemical Equilibrium (2)

Treating the components as ideal gases or solutes:

Internal energy

n.
Hi = KT Inn_(;i — A,‘ * per molecule

Plug these chemical potentials into the equilibrium condition,
ap, + bug = ¢y, and solve for the density ratios:

c A
n +
= K(T), where K(T)=—2—¢ %‘T A=cCA, —aA, —bAg

a b
Ng,Na,

K(T) is called the “equilibrium constant”.

It depends on A's and T, but not on densities.

This equilibrium condition is a more general version of the law of mass action
that you saw before for electrons and holes.

The exact form of the equilibrium condition (how many things in the numerator
and denominator, and the exponents) depends on the reaction formula:
aA + bB < cC

RHS — numerator
LHS — denominator
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Examples of Chemical Equilibrium

Process Reaction Equilibrium condition

Dissociation of H, molecules H, <> Z]E[) Lo = 21y

lonization of H atoms Hicxe+p) e = Mo + Hp

Synthesize ammonia N, + 3H, <> 2NHj4 Uno + 3y = UNH3

General reaction aA+bB ... cC+dD ... ap,+bpg...=cuc+dyp...

For the monatomic gases (circled) you can use n; = ng,.
The others are more complicated, and we won'’t deal with it here.
However, remember that n; often cancels, so it won't be a problem.

|deal solutions follow the same general form, but n isn’t close to the ideal
monatomic gas value, because interactions in a liquid can be strong,
modifying both U and S.

Units and notation: Chemists measure density using units of moles per liter,
and write the law of mass action like this: [C]°
K(T)

[AFIBP
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Chemical Equilibrium (3)

Interactions between the particles (e.g., molecules):

In addition to simple PE terms from external fields, there are usually PE terms
from interactions between particles (which are not usually ideal gases).
Interactions between the molecules can often be neglected. That is, we'll treat
the molecules as ideal gases.

Internal energy of each particle (e.g., molecule):

Atoms can combine in any of several molecular forms, each of which has a
different binding energy. The U term in F includes all those binding energies
(which we'll call A’s) , so they must be included in the p's. (dF/dN)

The reaction will NOT proceed to completion in either direction, because pn
depends on n for each type of molecule. As any one type becomes rare,
its u drops until equilibrium is reached, with some of each type present.
(Just as not all air molecules settle into the lower atmosphere.)
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ACT 1.
Equilibrium in the Ammonia Reaction

Consider a reaction that is essential to agriculture: the synthesis of ammonia
from nitrogen and hydrogen:

N, + 3H, < 2 NH,
1) Insert the correct superscripts and subscripts in the equilibrium equation:

2) Suppose the reaction is in equilibrium. Now double the number of N,,
molecules. What will happen?

A) Make more NH,;.  B) Dissociate more NH;.  C) Nothing.

Lecture 19,p 7




Solution

Consider a reaction that is essential to agriculture: the synthesis of ammonia
from nitrogen and hydrogen:

N, + 3H, < 2NH,

1) Insert the correct superscripts and subscripts in the equilibrium equation:

Of course, you could write the whole
thing upside down, with K’(T) = 1/K(T).

2) Suppose the reaction is in equilibrium. Now double the number of N,,
molecules. What will happen?

A) Make more NH,;.  B) Dissociate more NH;.  C) Nothing.
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Solution

Consider a reaction that is essential to agriculture: the synthesis of ammonia
from nitrogen and hydrogen:

N, + 3H, < 2NH,

1) Insert the correct superscripts and subscripts in the equilibrium equation:

Of course, you could write the whole
thing upside down, with K’(T) = 1/K(T).

2) Suppose the reaction is in equilibrium. Now double the number of N,,
molecules. What will happen?

A) Make more NH,., B) Dissociate more NH;.  C) Nothing.

You've decreased the density ratio. To restore it, ny,; must increase
and/or n,, must decrease. Some of the new N, reacts with some of the
H,, (decreasing n,,), producing more NH, (increasing n;). There’s still

some of the new N,, i.e., n, still increases somewnhat.
Lecture 19,p 9




Example: p + e <> H at 3000K

We pick this reaction because each component (proton, electron, hydrogen
atom) has no internal modes (except spin, not important here) so we can write
down the component pu’s easily.

What is the relation between n, and n, at T = 3000 K?
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Solution

We pick this reaction because each component (proton, electron, hydrogen

atom) has no internal modes (except spin, not important here) so we can write
down the component pu’s easily.

What is the relation between n, and n, at T = 3000 K?

Start with the exact equilibrium rule: Mo+ He = My

Now use that these are almost ideal kﬂn(i}kﬂn( e j: kTIn( A j—A
monatomic components, Moo 7 Nyq

(as long as the density is low). Also: n, =n, because they are

roduced in pairs.
j("_j :[H_Hje%r ? ;
neQ nHQ

n _A/
Z S KT

Nyq

eQ

because n_, =n
S On the Sun: p ~ pyp0-
Now use: A =13.6eV and n o= 2x(4x1026 m-3) at 3000K  So, n, ~ 6x102%/m?.

n: ~10*m™n,, at 3000 K Ny ~ 7.7x10"€/m3,
not very large.
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Non-monhatomic Gases

Formation of H, from hydrogen atoms:

H, <> 2H, so py, = 2py.

Equilibrium condition:

A
n +
=~ K(T), where K(T)=—22¢ Vi

2
Ng, A = H, binding energy =4 eV

T= 1000 K

We can use ng,, because it's monatomic.

We don’t know how to calculate n,, , because it is diatomic and has extra
U and S.

However, we saw last week that we can estimate the effect that H, being
diatomic has on p,,, namely it reduces it.
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Lect 18: ACT 2:
Chemical Potential of Diatomic Gas

How does including the rotational energy and entropy of H, change its p,
compared to what you'd have if it were monatomic?

In other words, what is the effect on F per molecule?

A) No change B) Decreases u C)Increases 1 D) Not enough info
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Solution

How does including the rotational energy and entropy of H, change its p,
compared to what you'd have if it were monatomic?

In other words, what is the effect on F per molecule?

A) No change B) Decreases u| C)Increases 1 D) Not enough info

Molecular rotation increases U. Increases F.

. . Which effect is larger?
It also increases S (more microstates). Decreases F.

The addition of rotation modes must decrease F !!! | (proof on next slide)
If F were not lowered when the molecules rotated, they would not rotate!

What does this do to equilibrium?
Wy, IS now less than 2p,,, so the reaction will proceed n
in the direction of increasing ny,, until equality is restored. 4 =KTIn—=-A

T
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Contribution of Internal Modes to u

Proof that internal modes lower F:

For ideal gases, the internal contributions to F
are independent of the other contributions.

F. /N is their contribution to p=dF/dN

int
Fint™ Uint - TSint Translation

We can calculate F; ; by remembering that the
internal modes contribute to C(T): | |

T - ( ) 10K 100K 1000K
Ui = ICV(int)(T)dT S I dt
0

0

T

.
|:int = Uint B TSint = j(1 _Ij CV int) ( )dT < O

0 T

This is always true, because C,, is always positive.
So the thermal excitation of the internal modes of a molecule
always lowers its p, and thus increases its equilibrium concentration.
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Act 2". Formation of H,

. Ny We can also n,
Ve have: write it like this: = /M, K(T)

H

1) What happens to n, if we decrease n,,?

A) Decrease B) Increase C) Increase, then decrease

2) What happens to n,/n,, if we decrease n,,?

A) Decrease B) Increase C) Increase, then decrease
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Solution

nH n
We have: P2 = In, K(T
p e, K(T)

H

1) What happens to n, if we decrease n,,?

A) Decrease B) Increase C) Increase, then decrease

Since n, o 4 n,,, decreasing n,, decreases n,,.
Makes sense: The overall density is reduced.

2) What happens to n,/n,, if we decrease n,,?

A) Decrease B) Increase C) Increase, then decrease
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Solution

nH n
We have: P2 = In, K(T
p e, K(T)

H

1) What happens to n, if we decrease n,,?

A) Decrease B) Increase C) Increase, then decrease

Since n, o 4 n,,, decreasing n,, decreases n,,.
Makes sense: The overall density is reduced.

2) What happens to n,/n,, if we decrease n,,?

A) Decrease B) Increase C) Increase, then decrease

ny/ny, < 1/4 n,,,, so decreasing n,,, increases the fraction of free atoms.
2H — H, requires that two atoms meet, while
H, — 2H only requires a single molecule.
At low density, the rate of the second process is higher, shifting equilibrium to more H.

At a given T, the fraction of atoms increases at lower molecule density!

There are more H atoms in outer space than H, molecules. Why?
Two particles (H + H) have more entropy than one particle (H,). Entropy
maximization dominates the tendency of atoms to bind!!! Lecture 19, p 18




Phase Transitions

Roadmap:

We'll start by looking at a simple model of atoms on surfaces, and
discover that, depending on the temperature, the atoms prefer to be
bound or to be flying free.

This is related to the common observation that materials can be
found in distinct phases: E.g., solid, liquid, gas.

WEe'll learn how equilibria between these phases work.

Then we’'ll go back and try to understand why distinct phases exist in
the first place.
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Adsorption of Atoms on a Surface

’-u—um—uww M = # (single occupancy) binding sites
on the surface

A = binding energy of an atom on site
F,=U,-TS, =-N,A—kT In(Q)
M N, = number of bound atoms

(M —N)IN! F. = Free energy of bound atoms
Calculate the chemical potentials:

Bound atoms: Atoms in the gas:

d(in Q) _ (M-N,  using dnND _ , =kT In P\ where Py =N KT
dN N dN Py

S S

U, = Iy _A—kTin| M=
dN N

S S

Equilibrium:

Hs = Hy = We could solve this equation for N, but ...
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Adsorption of Atoms (2)

... usually we want to know what fraction of the surface sites are occupied,
for a given gas pressure p and temperature T:

—AlkT

M —N, _ Pa o~/ KT _bo
N, p p

Using our result: , Where p, = p,e

We obtain a simple relation for the fraction of occupied sites:

f y
1

More atoms go onto the surface at high
pressure, because i, increases with
pressure.

p,(T) is the characteristic pressure at
which half the surface sites are occupied.
It increases with temperature due to the
Boltzmann factor.
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Example: Adsorption of Atoms

At T =300 Kand p = 1 atm, it is observed that 50% of the binding sites on
a particular metal surface are occupied. When the temperature is raised
to 320 K at constant pressure, only 25% of the sites are occupied. (You
may assume that p, is constant over this small temperature range.)

What is the binding energy of a site on the surface?
k =8.617x105 eV/K
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Solution

At T =300 Kand p = 1 atm, it is observed that 50% of the binding sites on
a particular metal surface are occupied. When the temperature is raised
to 320 K at constant pressure, only 25% of the sites are occupied. (You
may assume that p, is constant over this small temperature range.)

What is the binding energy of a site on the surface?
k =8.617x105 eV/K

B 1 Atm
1 Atm + p,(300K)

What is p,(320K)? Py (320K) = 3 Atm = p e /*(*20)
So: 3 — g (A/K)(1/320-1/300)

f(300K) =%

Po (300K) =1 Atm = er—A/k(3ooK)

A=kIn(3)/(1/300-1/320) =0.454 eV
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Act 3: Adsorption

1) At 10 atm, half the sites are occupied. What fraction are occupied at 0.1 atm?
A) 1% B) 11% C) 90%

2) Keep the pressure constant, but increase T. What happens to f?
A) Decrease B) No effect C) Increase
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Solution

1) At 10 atm, half the sites are occupied. What fraction are occupied at 0.1 atm?
A) 1% B) 11% C) 90%

p 0.1

— = =9.9x107° ~1%
p+p, 0.1+10

f

At lower pressure, gas atoms hit the surface less often.

2) Keep the pressure constant, but increase T. What happens to f?
A) Decrease B) No effect C) Increase
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Solution

1) At 10 atm, half the sites are occupied. What fraction are occupied at 0.1 atm?
A) 1% B) 11% C) 90%

~_p 0.1
p+p, 0.1+10

f =9.9x107° = 1%

At lower pressure, gas atoms hit the surface less often.

2) Keep the pressure constant, but increase T. What happens to f?
A) Decrease B) No effect C) Increase

Higher T:
higher p, and ekT
P, increases Po = Po€
f decreases

Makes sense? More atoms have enough thermal energy to leave.

—AlKT
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Example: Oxygen in blood

Your body needs to carry O, from the lungs out to tissues (called T in the
reactions below), using some carrier molecule. Suppose it's myoglobin. If
there are M myoglobin binding sites and Ng bound oxygen molecules, (and A is
the binding energy of oxygen to myoglobin), we can analyze the transport of
oxygen from lungs to tissues.
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Solution

First look at the lungs. Ignore the effect of the oxygen on the myoglobin to
which it binds, so it’s just like the problem of adsorption by surface sites.
Equilibrium is described by: p s = Hpoung-
f — NB — pOZ

M p02 + pO
We can't calculate p,, but we know empirically that f ~ 2/3 in the lungs (where
Po2 = Piungs & 0.19 atm). That is, py = 3 P

The fraction of occupied myoglobin sites is:

What happens in the tissue? p, is the same.
Empirically, f~ 1/3, SO Pyeque 3P0 = 7 Prungs -

About 1/3 of the myoglobin sites are used to transport oxygen to the tissues.
Transport will occur as long as the O, pressure in the tissue is less than that in
the lungs.

Lecture 19, p 28




Next time

Phase diagrams
Latent heats

Phase-transition fun
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