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Chapter 1

Preface

What is the first law of thermodynamics?
You do not talk about thermodynamics

What is the second law of thermodynamics?
You do not talk about thermodynamics



CHAPTER 1. PREFACE



Chapter 2

Revision history

2/05: Original build

11/07: Corrected all typos caught to date and added some more material
1/08: Added more stuff and demos. Made the equilibrium section more
pedagogical.

5/08: Caught more typos and made appropriate fixes to some nomenclature
mistakes.

12/11: Started the next round of text changes and error corrections since
I'm teaching this class again in spring 2012. Woah! I caught a whole bunch
of problems that were present in the last version. It makes you wonder what
I was thinking. Anyway, hindsight is 20/20.

12/12: Made next round of error corrections as caught by students during
the spring semester of 2012. Made some other minor text changes and
corrections. Also changed one derivation for the boiling point elevation in
the colligative properties section.
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Chapter 3

Introduction

This is left here for posterity (outdated)
Chem. 322 Physical Chemistry 2 MWEF 11:45-12:35 Fitzpatrick 356
Instructor: Ken Kuno 146 Stepan Chemistry mkuno@nd.edu
Grader: Chuck Vardeman Charles.F.Vardeman.1@nd.edu
Office hours: T,Th 11:45-12:35

Class requirements

roughly 10 problem sets 3 exams and 1 final

Proposed grading scheme

Problem sets 10%
Exams 20%
Final 30%

Foreword to the student

To quote Gilbert Castellan from his well known textbook “Physical chem-
istry”:

“On most campuses, the course in physical chemistry has a reputation
for difficulty. It is not, nor should it be, the easiest course available; but to
keep the matter in perspective, it must be said that the IQ of a genius is
not necessary for understanding the subject. .. Finally, don’t be put off by
the reputation for difficulty. Many students have enjoyed learning physical
chemistry.” (this guy must have a sense of humor)

5
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Now this is me speaking;:

Unfortunately, this is an old, yet important, field. There have been many
many people who have contributed things in this area over literally 200
years. As a consequence, there is some kind of name equation for just
about everything. For example, the Carnot cycle, Joule-Thompson expan-
sion, Helmholtz free energy, and the Gibbs (not the Redskins coach) free
energy (even though in some cases, one name equation is just a derivative of
another). Other prominent names you will see come up include Kelvin (or
Lord Kelvin in some books), Clausius etc... I kid you not, it will be hard to
keep track of all these people and associated name equations. But I'd like
you to consider the following quote by Poincare.

“The order in which these elements are placed is much more important
than the elements themselves. If I have the feeling. .. of this order, so as to
perceive at a glance, the reasoning as a whole, I need no longer fear lest I
forget one of the elements, for each of them will take its alloted place in the
array, and that without any effort of memory on my part”

Understand what you are doing and more importantly why. This will
help you put this course into perspective. I will also try to weave a story
through the course to help you remember the flow of ideas. I don’t know if
you are old enough to have watched Battlestar Galactica on TV but there
was this one episode where Starbuck (I think) teaches a group of kids on
some planet how to carry out some plan against the cylons by remembering
words to a song. It’s the same sort of idea here.

I encourage everyone to work problems, the more the better. It will
help you put the concepts being discussed on a firmer basis. There is a
saying that goes “If you’re going to talk the talk, you gotta walk the walk”.
You will discover that I have an unusual affinity for this quote. Also, when
working problems, be aware of your problem’s environment. Know exactly
what conditions and assumptions are being made (constant volume, constant
pressure, temperature etc. ..). There are too many ways you can go wrong
if you don’t know what you need to do and more importantly what sort of
equation you have to use.

Get a scientific calculator and become familiar with how to use it. I had
one HP-21S calculator for over ten years since my undergrad days. This
thing was solid. Sadly they don’t build things like they used to anymore so
my new HP from Walmart feels pretty cheap. Also because thermodynamics,
in particular, is an old field people like to work in old units. So units like
the atmosphere or millimeters of mercury or bar are more common than SI
units. However, you must be ready to convert between the two with ease.
This will come with practice.



Finally, last but not least, four important points. This is the first (now
second) time that I have taught this course and more specifically, taught to
undergraduates. Please bear with me while I get my feet wet (still applies).
Second, I will try and post my class notes on my web page. You can then
download them from there. There is a chance that I will just print them out
and hand them out each time but this will depend on how hectic the semester
becomes. Third, although the textbook for this class is McQuarrie, I have
never used McQuarrie for thermodynamics, or kinetics and upon glancing
through the material decided that I didn’t like how he presented things
(still true). Just be aware that I may be coming from left field relative to
McQuarrie on some days. Finally, I encourage everyone to look at different
text books. Sometimes one author will confuse you and another will explain
it differently in a clear manner. This applies to me as well. A little outside
reading goes a long way.

Now why bother

Here we discuss why one studies thermodynamics (and kinetics and statis-
tical mechanics). Quantum mechanics and thermodynamics are two pillars
of chemistry. Quantum as you have just seen is concerned with the micro-
scopic properties of atoms, molecules. In fact, if you think about it all the
problems you have worked in quantum, whether it be the particle in a box,
the harmonic oscillator, the rigid rotor deals with one box, one oscillator,
one rotor. This is the single atom, single molecule limit. From these model
systems you found the electronic energies of the system, the vibrational and
rotational energies. You also found the wavefunctions whether you really
cared about them or not. You may even have (don’t know how far you
got, actually I do since I taught 321 last semester) have modeled transitions
between these levels using time dependent perturbation theory.
Thermodynamics, on the other hand, deals with ensembles or macro-
scopic quantities of matter. We're talking Avogadros number of atoms or
molecules. It deals with energy conservation and energy transfer (the con-
version between energy in its different forms such as kinetic energy and
potential energy and its exchange from one body of matter to another),
such as in chemical reactions. More importantly from a practicing chemist’s
point of view it predicts the spontaneous direction of chemical reactions
or processes. Hey, if you mix A and B together do they react? Wouldn'’t
you like to know beforehand? However, it does not presume a microscopic
picture of molecules or atoms. In this sense thermodynamics is a self con-
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sistent field. Recall that thermodynamics was developed a long time ago in
the context of engineers, inventors and others trying to make better steam
engines or hot air balloons. But the results were so general that it worked
with chemistry and physics as well.

Although thermodynamics tells you if something can happen it says
nothing about how fast the process occurs. You don’t know the rate of
the process. This is the realm of chemical kinetics which we will discuss
after establishing the basic principles of thermodynamics. Finally tying
the macroscopic and microscopic pictures of matter together is the field of
statistical mechanics. It uses statistical principles and a quantum mechanical
view of atomic and molecular energy levels to tell you why a macroscopic
thermodynamic quantity takes the value that it does.

Finally you should be aware that there are a number of approaches for
teaching thermodynamics. One approach (I'll call it the classical approach)
just teaches you the fundamental laws of thermodynamics, the behavior of
gases, liquids and solids (without specifying any details of the system). You
then do kinetics and usually there is a separate class for statistical mechan-
ics (if any). The other tries to teach thermodynamics from a statistical
mechanics approach (this is what McQuarrie is trying to do).
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Relevant Reading in
McQuarrie

e Math review: pg 683-689
e Ideal gas equation of state: Ch.16, pg 637-642
e Real gas equation of state: Ch. 16, pg 642-648

e 1st Law of Thermodynamics:
Hess Law and thermochemistry Ch. 19, pg 765-800 (Ignore 19-6)

e Entropy and the 2nd Law of Thermodynamics, Ch 20, pg 817-844
(Ignore 20-5, 20-8, 20-9)

e Entropy and the 3rd Law of Thermodynamics, Ch 21, pg 853-870,
(Ignore 21-6)

e Spontaneity and Gibbs free energy, Ch 22, pg 881-910

e Single component phases, Ch. 23, pg 925-945, (Ignore 23-5)

e Mixtures, Ch. 24, pg 963-998

e Equilibrium, Ch. 26, pg 1049-1087, (Ignore 26-8, 26-9)

e Kinetics, Ch. 29, pg 1181-1213, (Ignore 29-7)

e Statistical mechanics, series and limits, MathChapter I, pg 723-726

e Statistical mechanics, Stirlings approximation, MathChapter J, pg
809-813
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e Statistical mechanics, Boltzmann, Ch. 17, pg 693-716 and Section
20-5, pg 829-832

e Statistical mechanics, partition functions, ideal gases, Ch. 18, pg 731-
756
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Summary of common
equations

e Boyle’s Law, Pressure/Volume inverse relation
e Charles’ Law, Volume/Temperature direct relation
e Ideal gas Law, Boyle and Charles Laws put together, pv = nRT

e Dalton’s Law, partial pressures of ideal gas, piot = p1 + p2 or more if
greater that 2 components

e PV work (w), gas expansion work due to volume change against an
external pressure

e Heat (g), the name says it all

e 1st Law of thermodynamics, Basically conservation of energy, U =
q+w

e Joule-Thompson coefficient, associated with Joule expansion and change
of temperature with change of pressure

e Enthalpy, H =U + pV
e Hess’ Law, Thermochemistry and enthalpy bookkeeping

e Kirchoff’s Equation, Get enthalpy at different temperatures through
Cp

e no-namel, Get internal energy at different temperatures through C,,

11
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e Fundamental equations of thermodynamics, Remember “Save that
ship Gibbs”, you’ll see
e Maxwell’s Relations, a consequence of the above

e Gibbs free energy, G = H —T'S or G = A+ pV, constant Pressure and
Temperature

e Helmholtz free energy, A = U—T'S, constant Volume and Temperature
e Gibbs-Helmholtz equation, temperature dependence of AG

e no-name2, pressure dependence of AG

e Clapeyron equation, solid/liquid line in a phase diagram

e Clausius-Clapeyron equation, liquid/vapor line in a phase diagram
(basically an extension of the Clapeyron equation)

e Trouton’s Rule, AS = Ag{—?‘p at liquid vapor line, nearly const value
for many systems

e Gibbs-Duhem equation, The chemical potential of components in a
mixture are not independent.

e Raoult’s Law, relation between partial pressure of components in a
mixture with its mole fraction

e Henry’s Law, corrected Raoult, take that!

e Le’Chatelier’s Principle, more products or reactants by varying pres-
sure, temperature, concentration etc...

e Van’t Hoff Equation, describes variation of the equilibrium constant.
It is also basically the Gibbs Helmholtz equation.

As you are going through the course, periodically look through this sec-
tion to help you remember these equations. Also if I have missed an equation
just add it by hand here.
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Summary of common
symbols

q, heat

w, work

p, pressure

V', volume

n, moles

T, temperature

C), constant pressure, heat capacity
C,, constant volume, heat capacity
U, internal energy

H, enthalpy

G, Gibbs free energy

A, Helmholtz free energy

S, entropy

1, chemical potential

f, fugacity

13
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e qa, activity

e Y\, mole fraction



Chapter 7

Units

Pressure
The SI unit of pressure is Pa (Pascal)

Pa = N/m?=J/m? = kg/ms*

Misc. units

m

J = N-m
ka -

v = 2
s

J = Pa-m?

More common units

Common (practical) units of pressure are
e atm (atmosphere), basically you live at 1 atm pressure
e torr
e mm Hg (millimeters of mercury)

e bar

15



16 CHAPTER 7. UNITS

Pressure in Everyday Life

So that you are calibrated in terms of pressures, here is a list that I found
on a BBC website.

e 10-20 atm - The pressure in space-vacuum

e 10-16 atm - The lowest pressure ever achieved by a man made gizmo
e 10-6 atm - Ordinary vacuum pumps

e 10-2 atm - The pressure in a common light bulb

e 0.5 - 1.5 atm - Atmospheric pressure

e 1.5-2.4 atm - Car tyres

e 3 -7 atm - Flatus (!)

e 4 - 12 atm - Bicycle tyres

e 10 atm - The pressure inside the cylinder cavity in a car’s engine

e 100 - 500 atm - Compressed gas cylinders

e 500 atm - The impact pressure of a karate fist punch (so what would
Chuck Norris’ value be?)

e 1000 atm - The pressure at the bottom of the Mariana Trench
e 7000 atm - Water compressors

e 106 atm - The pressure at the centre of the earth, and also the highest
pressure ever achieved by a man-made machine (diamond anvil)

e 1011 atm - The pressure at the centre of the sun -enough to ignite
fusion reactions

e Approx. 1029 atm - The pressure at the centre of a neutron star.

Unit conversion

e 1 atm = 1.01325 x 10° Pa
e 1 atm = 760 torr

e 1 atm = 760 mm Hg
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e 1 atm = 1.01325 bar

where
e 1 mm Hg =1 Torr

e 1 bar = 10° Pa

Volume

The SI unit of volume is the cubic meter (m3). Of course this means that
no one uses this.

More common units

Common (practical) units of volume are

e cm? (aka “cc” where 1 cc = 1 mL in case you watch these medical
shows on TV)
e dm3

e L, liters

Unit conversion

e 1L =1dm3
e 1 L =1000cm?

e 1L =1x10"3m?

Temperature

The SI unit of temperature is Kelvin (K). Sometimes you will see Celsius.
But it’s more common to use Kelvin.

K =C+273.15 (7.1)



18 CHAPTER 7. UNITS

Ideal gas constant, R

e R=8.314J/mol - K, this is very commonly used

R = 0.08206L - atm/mol - K, this is also very commonly used

R =8.314kg-m?/s? - mol - K

R =8.314kPa - dm3/mol - K

R =1.9872cal/mol - K

R =0.083145L - bar/mol - K

Energy
e lcal=4.18J
e 1 kcal = 4.18 kJ

e Joules

Demo

A demo can be shown here by burning donuts or burning potato chips and
heating a water bath and watching the temperature change. Pringles burn
fairly cleanly. Doritos don’t burn as well. If you’re going to do this, I
recommend using a hood.

Some examples of unit conversion
To get warmed up, convert the following

Example 1

Calculate R in terms of calories starting with R = 8.314.J/mol - K.
Ans:

lecal = 4.184J

By the way 1 real world “calorie” is actually 1 scientific kcal. So if you ever
watch the movie “Supersize me” you will see that our health officials have
forgotten their units. No wonder we’re so huge.
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8.314
STV 1.9871cal/mol - K

R =1.9871cal/mol - K

Example 2

Calculate R in terms of bar and L starting with R = 8.314.J/mol - K
Ans: 1Joule = 1Pa - m? We have

R = 8.314Pa - m?/mol - K
Now recall that 1Pa = 10~°bar. We now have
R =8.314 x 10~ 5bar - m*®/mol - K
where 1m? = 1000L. Now we get
R =8.314 x 10 2bar - L/mol - K
The desired answer is

R =0.08314bar - L/mol - K

Example 3

Calculate R in terms of L - atm starting with R = 8.314.J/mol - K.
Ans: J = Pa - m? giving

R =8.314Pa - m?
mol - K

where 1.01325 x 10° Pa = latm or 1Pa = 9.87 x 10 %atm. This gives

R = 8.314(9.87 x 10~ % atm - m3/mol - K
where 1m? = 1000L giving

8314(9.87 x 107%)L - atm/mol - K

R =0.08206L - atm/mol - K
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Chapter 8

Math interlude

Exact or total differentials

These types of differentials are important because they illustrate the idea of
path independency. This is an important concept when working with ther-
modynamic functions such as energy, enthalpy and entropy. These thermo-
dynamic functions are called state functions and they are said to depend only
on the initial and the final state of the system and not the path traversed
in going from one to the other.

Assume a function of two variables f(z,y). In reality, this could be a
function depending on actual variables [say (V, T'), (P, T) etc...]. Now the
total differential of this function f(z,y) is written as

df = (g—m>ydm + (%)mdy (8.1)

where the subscripts x and y refer to keeping x or y constant while differ-
entiating. The total differential describes how the function f will change
when both z and y change. The homework will include an example that
will better drive home this point in a physical way.

Now, since (g—£> and (%) are functions of x and y one may also write

df = M(z,y)dx + N(z,y)dy.

If we form second derivatives of the function f(z,y) there are several pos-
sibilities. For example, (g—£> can be differentiated with respect to either x

or y. Likewise (%) can be differentiated with respect to either x or y. We

then get the following second derivatives

21
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2°f
Ox2

9%f
O0zdy

2°f
Oy2

9 f

® Byoz

However, of these four terms only three are actually distinct. In this respect,
it can be shown that for a function of several variables that the order of
differentiation with respect to 2 variables such as z, y does not matter and
that

0% f B 0% f
oxdy  Oyox
or that
o s
oy  Oyox
oN o
or  Oxdy
and that
oy _ on
oy Oz’

These are important tests of what is called exactness. We will use this
later in deriving what are referred to as Maxwell’s relations (no, not the
Electricity and Magnetism ones).

Now conversely a differential expression

M(z,y)dz + N(z,y)dy

is called an exact differential if it happens to correspond to the total dif-
ferential of some function f(x,y). Let’s say you don’t know f(x,y) a priori.
Then to check, the necessary condition for this random differential to be
exact is if

oM _oN
dy Oz’
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Example

The state of a thermodynamic system is generally a function of more than
one independent variable. Generally, many thermodynamic problems you
will encounter involve only two independent variables (P,T") or (V,T) etc. ..
Consider the case of an ideal gas where, without deriving it yet and simply
asking you to remember Freshman chemistry -this is the ideal gas equation),

pV = nRT

V. = f(T,p)

v - nRT
b
RT

V. = —(n=1).
p( )

V' can therefore be written as a function of T" and p since R is a constant.
Its total or exact differential is

oV oV
- (5) e (39),

which explicitly shows its dependence on p and T'.
Now let’s evaluate (%—‘;)T and (%)p. We get

() - o
op ) ¢ p?
() -
oT » D
giving
—RT
dv = Ig dP—I—EdT
p p

You can now check for exactness in your leisure time.

Math games

Often in thermodynamics there will be no convenient experimental method
for evaluating a dependency (i.e. derivative needed for some problem). In
this case, we can play some math games to get what we want.
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Example

Start with the total differential for V' = f(p, T)

oV oV
- (2) e (39)

Say you want or need (%)V. To obtain this dependency, divide both sides

by dT and keep V constant (i.e. dV = 0).

(), = (&), (), + (5r), =

Since dV = 0, we have

=

()t

Op

which is the expression we were after. Note that the numerator on the right
is related to what is called the coefficient of thermal expansion («) while the
denominator is related to what is called the coefficient of compressibility

(k).

Example

Next, starting with the same total differential above
oV oV
av = <—> dP + <—> dr
op ) ¢ oT v

say you want (%—Z)V. To obtain this, divide by dp and keep V' constant (i.e.
dV =0). We get

(3.~ (5), (), (5.~
(),

v (51,

resulting in

which is our desired expression.
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Example, the inverter
From the previous two results we can then see that
dp 1
@),
op %

This relationship has a name in some texts and is called the “inverter”.
Generally speaking then

(%), = | 52

oz

Example, the cyclic rule or Euler chain relation

Another useful relation between partial derivatives is called the cyclic rule.
The total differential of a function is written (again) as

0z 0z
dz = <%>ydl’—|— (8_y>mdy_0

this time using z = f(z,y). Furthermore, as before, we restrict the previous
equation to those where variations of x and y leave the value of z unchanged
z(x,y) = constant or conversely (dz = 0).

0z 0z
() 0+ (3) 0

Dividing by dy and keeping z constant, we get
<8z> <8$> <8z>
hudd =) +( =) =o0
ox y 9y ), 0y ),
At this point, multiply by (%) , using our previous inverter relation, to
x

oy 0z ox B
(5:), (%), (5).+1-0

This yields our final result

(). (.69, - =

get
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Note that it can also be shown that

(2),(5). ().

This is useful since x,y,z in the numerator are related the y,z,x in the de-
nominator as well as to the associated subscripts by a cyclic permutation.
Since in many thermodynamic situations the variables of state are functions
of 2 other variables there is frequent use of such relations.

You don’t have to memorize this equation. Just write down z,y,z in the
numerator in any order. Usually just keep the x,y,z order. Then underneath
in the denominator write down x,y,z in any order but do not repeat the the
same letter in both the numerator and denominator. You will find that there
are only two unique combinations (those shown above).

Summary

Relation 1

(2:).= (30),+ (3).(3). 60

Relation 2 (the “inverter”)

T

(5).- @)Z (&)

Relation 3 (the “permuter”)

@06,

Relation 4 (the “Euler chain relation”)

BOE e
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Solving the differential

Given the total differential for f(x,y)

v = (5), ()
= Mdx+ Ndy

its functional form can be found in the following systematic fashion.
From 2 8 = M integrate to get

f= /Md:v—l—k:(y)

where k(y) is some constant that potentially depends on y. The next step
is to find out what k(y) is by differentiating this expression with respect to

y.
<6y> ay (/Mdﬁv> + —k( ) = N(z,y).

Now we rearrange and find k(y) by integrating (y)

/N:n y)dy — /dy[ (/M@)] + const.

Replace this k(y) into our previous expression for f to get what we were

after
flx,y) /Md:v—l—/Ndy /dy[ (/Mdm)] + const.

Example

to get

Solve

df = (23 + 3zy?)dx + (32%y + y*)dy = 0.
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Test for exactness

M(z,y) = x4+ 3xy?
N(z,y) = 32’y+y’

oM

ON
=6
Ox i

Hence the equation is exact. Now, we go after f(z,y)

fo= /Md:c—I—k:(y)

_ / (& + 3uy?)da + k(y)

4 2,2
x 3y“x
——I—y
4 2

+ k(y).

Find k(y) by differentiating this, keeping = constant

of _6y:1:2 dk(y)
<a_y>m_ 2 T gy N

Therefore, we have the equivalence

6yxr? dk
pa”  dRW) gy
2 dy
dk‘;y) _ ys
Y
yielding
Yt
k(y) = = + const
Put it all together now.
2 3222 4
flw,y)=—+ Y —I-y——l—const

4 2 4
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Integrating factors
The idea behind this method is simple. We sometimes have an equation

p(z,y)dx + q(x,y)dy =0

that is not exact. However, if we multiply it by some suitable function f(z,y),
the new equation

fpdz + fqdy =0

is exact so that it can be solved like we did before. Our job here is to find
this integrating factor f(x,y).

In simple cases, f(z,y), can be found by inspection but more generally
do the following. Since

frdx + fqdy =0
is exact

o _ 014
oy ox

In general, this is complicated. Therefore make some simplifications and

look for an integrating factor that depends only on one variable. Thus let

f=f(z).

op , Of  ,0q Of

oy +p8y N f@:n +a

oz
where the second term on the left is zero because f has no y dependence.
We then get

f

op _ .09 Of
f@y_ 8:E+q8$

Divide through by fq to get
10p 10q N 190f
g0y qOz fOx
Now consolidate terms to get

10f
fox

1
q
lnf:/
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The desired integrating factor is therefore

dp 9q

Fool 1 (3-5) (8.8)

Note that the same type of argument can be made if one assumes f = f(y)
only rather than f = f(z) as done here.

Linear differential equations

This section is mostly for the kinetics part of this course.
A 1st order differential equation is said to be linear if it can be written

y +pla)y =r(z)

The characteristic feature of the equation is that it is linear in y and y'
whereas p and r on the right may be any function of z.

Now if r(z) = 0 the equation is said to be homogeneous. If r(z) # 0
then this is a non-homogeneous equation.

Homogeneous case

For example

y +p)y = 0
dy
o = Py
dy
— = —p(z)dx
" p(z)
Iny = —/p(:n)d:v—l—const

resulting in

y = Ae~ [ p(z)dz

where A is a constant. This is the desired general solution for the homoge-
neous case.
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Non-homogeneous case

Consider the same equation

y +p(z)y =r(z)

This will be solved by using an integrating factor. Rewrite the expression
as
W s po)y—rla) =
x
dy + (p(x)y — r(z))de =
(p(x)y —r(x))dz+dy =
Pdz 4+ Qdy =

o O o O

where

P = play—rlx)
Q =1

From our integrating factor formula derived previously

1df 1 <8p 8q>

f@ 5 oy O
1df 1 (0(p(x)y—r(x))
fae — 1 ()
1df _ Olp(x)y —r(=)]
fdx oy
Ldf
?% = p(z)
4 _ z)dz
7 = /p( )d

Inf = /p(:n):n—l—const
f _ Aefp(m)dm

orifA=1

fla) = el v
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This is our desired integrating factor. Now multiply our original equation
by this integrating factor to make it exact.

f@)ly +p)y] = fla)r(z)
Py +py) = el Pr(a)

r(
(efpdm>/ _ efpdm,r,(

z)
You can check for yourself that the last expression is true.

(efpdm>/ _ efpdmy’_i_yi(efpdm)d(fpdx)
dx dx

_ efpdmy’ _|_yefpdm

el Py 1 yp)

p

So you can see that the expression checks out.
Back to where we left off

(efpdm>/ _ efpdm,r,($)
Integrate this with respect to x
el ey — /efpdmr(:n)dzr + const
giving
y=e Jr® [/ e/ Py (2)dx + const
This is our desired final solution. The choice of constant does not matter.

Example

Nonhomogeneous 1st order linear differential equation.
Solve the following linear differential equation.

Here



Solve for the exponential term

efpdm _ ef—ldm

We have

efpdm — e T
Plug this into the general formula for the integrating factor.

y = e Jrd [/ efpdmr(:n)dzn + const]

= € /e_mr(:n)dzr—l—const]

= ¢ /e_mezmdzn—l—const]

= ¢ / edeL'—I-COTLSt:|

= e”[e” + const]
Our general solution to the problem is therefore
y = Ce® + ¢**

where C' is a constant.
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Chapter 9

Thermo definitions

System: the system is the part of the world in which we have a special
interest. It may be a reaction vessel, an engine, an electrochemical cell,
a biological cell, etc...

Surroundings: everything else

Open system: if matter can be transferred through the boundary
between the system and its surroundings

Closed system: matter cannot pass through the boundary between
the system and its surroundings. Both open and closed systems, how-
ever, can exchange energy with their surroundings. We will primarily
deal with closed systems in this class.

Within closed systems we have two subclasses

Isolated system: This is a closed system and on top of it, no me-
chanical or thermal energy can be exchanged between system and sur-
rounding. This is boring and we will generally not be interested in
this.

Adiabatic system: This is also a closed system, but absolutely no
thermal energy can be exchanged between the system and surrounding.
However mechanical work or energy can be transfered (unlike the pure
isolated system).

Some important processes as we move from some initial state of a system
to a final state are characterized by holding a quantity constant during the

process:
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e isobaric means Ap =0

e isothermal mean AT =0
e isentropic means AS =0
e isometric means AV =0

e adiabatic means dg =0

Pictorial representations

I guess one day I'll add these drawings.



Chapter 10

Equation of state: Ideal gases

A system is in a definite state when all of its properties (e.g. mass, pressure,
volume, temperature, etc...) have definite values. The state of the system is
therefore described by specifying the values of some or all of its properties.

The question we ask is whether you need to specify 5, 20, 50, 100, differ-
ent properties to ensure that the state is completely described. Fortunately
only four properties, mass, volume, temperature, and pressure are ordinarily
required.

The equation of state is the mathematical relationship between the values
of these four properties. Unfortunately, of solids, liquids and gases, only the
gas phase allows for a simple quantitative description of the equation of
state.

Ideal gas equation

An ideal gas is defined as one in which all collisions between point particles
(in reality, atoms or molecules but idealized here to be particles which occupy
no volume) are perfectly elastic (no loss of energy on collision) and in which
there are no intermolecular interactions whether attractive or repulsive. One
can therefore visualize the ideal gas as a collection of infinitesimally small
hard spheres which collide but which otherwise do not interact with each
other. In such a gas, all the internal energy is in the form of kinetic en-
ergy and any change in internal energy is accompanied by a change in the
temperature of the gas. Note that we say nothing about what this inter-
nal energy actually is. In fact, classical thermodynamics doesn’t care. But
you know from your previous classes that this internal energy is basically
the rotational and vibrational energies of the system’s constituent atoms or
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molecules. Furthermore, in the case of molecules there is additional energy
tied up in the chemical bonds (whether ionic or covalent).

Definition: an ideal gas is one that obeys the following equation of
state

1o

where n is the number of moles of gas and R is the ideal gas constant.
Furthermore, the internal energy of the ideal gas, U, is a function of the
temperature only. (note that some authors use F for internal energy, same
thing) As a consequence, we say that U has no volume or pressure depen-

dence
oU
<5V>T_0 (10.2)

(%%)Tzo. (10.3)

Note that I have simply asserted this for ideal gases. I will derive it later,
however, remembering this little fact now will help a lot down the road.

In a microscopic sense this is saying that if you change the volume and
pack the gas atoms closer together, they still do not interact. Likewise,
changing the pressure does nothing either. The atoms or molecules are
blissfully ignorant of each other.

Derivation

Now, the ideal gas equation of state can be derived from Boyle’s Law and
Charles’ Law.

Boyle’s Law

Recall that this is an expression derived in 1661 (or 1662) by Robert Boyle
which describes an inverse relationship between pressure and volume. He
supposedly discovered this in the context of hot air balloons or something
but don’t take my word on this. So at constant temperature and with a
constant amount of stuff the pressure of a gas is inversely proportional
to its volume. Consider squishing a balloon (actively reducing the volume
occupied by the gas). Here the balloon’s gas is our system of interest. Hence
when we talk about p and V we are referring to its pressure and volume.
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Now, as you compress the balloon the pressure exerted by the air inside
increase dramatically. We have

o consty
P="v
or
pV = const;.
Alternatively, we see that
__ consty
V= P

from where you see that if p increases, V decreases.

Demo opportunity

One can do a demo here with a closed syringe. Plug up a disposable syringe.
When one puts pressure on the plunger, the volume will decrease and will
simultaneously increase the system’s pressure. Conversely, decreasing the
system’s pressure will increase its volume. Again, the pressure we are talking
about is the gas pressure inside the syringe.

In either the balloon example above or the disposable syringe demo,
when you -the external agent of change- imposes your will on the system
the system’s gas responds. In both cases, we saw that the pressure increased.
What I want to you be cognizant of at this point is that, when all is said
and done, equilibrium is established between you and the system. Hence,
the system’s pressure will equal the pressure you are imposing on it. Think
about it. If it didn’t, you would be able to continue compressing the balloon
or the syringe.

Charles’ Law

Next, in 1787, French physicist Jacques Charles observed that the volume
of a gas under constant pressure and constant stuff conditions increases or
decreases with temperature (i.e. there exists a linear relationship between
the volume and temperature of a system). Note that there are some books
which call this temperature-volume relationship by the name of Gay-Lussac’s
Law. There are others which call it the Law of Charles and Gay-Lussac.
This has to do with who published first (bottom line, if you're an academic,
publish in a timely fashion.)
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Thus, under constant pressure/stuff conditions, the hotter the gas is the
more volume it occupies and vice versa.

V = consta(T) |.

Demo opportunity

One can do a demo here using a filled balloon and liquid nitrogen. Pour
the liquid nitrogen over the balloon (don’t do it the other way by trying to
dunk the balloon into LN2. It takes longer and sometimes the balloon will
freeze and crack letting all the air out.). As the gas inside cools, the balloon
volume will decrease. Let the balloon warm up and it should expand again.

Avogadro’s Law

Finally, there is a third relationship that we need. It is called Avogadro’s
law in some texts and what it says is that the volume of a gas is proportional
to how much stuff is present (i.e. m). Note that implicit here is the idea
that both the gas’ temperature and pressure remain constant.

‘ V = consts(n) ‘

Putting Boyle and Charles and Avogadro together

Qualitatively

We now want to put all the empirically observed gas laws together. Qual-
itatively, this is pretty straightforward. We have just seen that the three
laws say

vV o= consty

p
V. = consty(T)
V= constz(n).

If we just merge all three laws together you can see that in the numerator we
will find n and T'. In the denominator we will have p and all of this will be
tied together with an overall constant of proportionality ¢ that encompasses
what is buried in consty, consty and consts. We have

v — enT
b

which is basically the ideal gas law if ¢ = R.
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More formally

There is, however, a more formal way to derive the ideal gas equation of
state. For a given amount of stuff n we see that V' depends only on T" and

D.
V = f(T,p).

The total derivative of this function is then

1% 1%
AV = (TT)W T + <5—p>n,T dp

where recall for constant stuff and pressure, Charles says V' = consta(T)

pg— — (3()”31’: ).
aT n

Next, recall for constant stuff and constant temperature, Bolye says that
V= —COZStl and thus
<8V> _ consty
p ) p?

When all is put together we get

consty
2
p

dV = constodT — dp.

We can simplify this more if we recall that

|4
consty = T (Charles’ Law)

const; = Vp (Boyle’s Law).

This gives
1% -V
dV = —=dT + —dp.
T p
Rearrange this to get
dv._dI" dp

V T P
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Integrate this to get
InV =InT — Inp + const.

This simplifies to

T
InV =1In— + const
b

or

T T
V= Eecom”t = Econstfmal.

At this point, recall that we had a fixed amount of stuff, n. So the final
constant of proportionality, const finq includes n and by Avogadro’s law we
find that

T
V =nR—
b

provided that constfina = nRR with R the ideal gas constant. Our desired
expression is then

pV =nRT.

Note that from here on out when working with the ideal gas equation of
state you will usually have pressures in terms of atm. Volumes will often be
in terms of liters, n is in moles, and T is in Kelvin.

Demo opportunity

A demo of the ideal gas law can be done here. At standard temperature
and pressure (STP -no not the stuff you get at AutoZone) which is 1 atm
and 273.15 K one mole of gas occupies 22.4 L. This can be demonstrated by
filling a small Erlenmeyer with 1 mol of liquid nitrogen. When the density
of liquid nitrogen and the molar mass are accounted for half a mole of LN2
is about 17.5 mL. Then put a balloon on top of the Erlenmeyer. Warm
up the liquid nitrogen by putting it in a warm water bath. You will see
the balloon expand. Measure the radius of the balloon and from geometric
considerations calculate the balloon volume in liters.
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Example, easy

Calculate the volume occupied by 1 mol of an ideal gas at 25°C and 1 atm.
Ans:

pV = nRT
()(V) = (1)(0.08206)(298.15)

We get
o V=2447L
o V' =24470 mL

o V = 24470cm?

Example

How many grams of oxygen (O3) are there in a 50 L tank at 21°C when the
oxygen pressure is 15.7 atm.
Ans:

pV = nRT
(15.7)(50) = mn(0.08206)(294.15)

leaving n = 32.52 mol oxygen. The molecular weight of O is 32 grams/mole
giving 1.04 kg O present in the tank.
Example

What is the pressure of a 50L tank containing 3.03 kg oxygen at 23°C?
Ans: The number of moles of oxygen is n = 94.48. Next

pV = nRT
p(50) = (94.68)(0.08206)(296.15)

From this we get p = 46 atm.

Example, harder

In some industrial process, Ny is heated to 500K in a vessel of constant
volume (sounds dangerous). It enters the vessel at a pressure of 100 atm
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and at T'= 300K . What pressure would it exert at the working temperature
if it behaved as an ideal gas.
Ans:

pV = nRT
p2V2 = (’I’LR)(500)

where we want po and note that the volume is constant

piVi = (nR)(300)
paVe = (nR)(500).

Therefore, the ratio is

p2V2_500
pVi 300
p2 _ 5
3
p2 5
100 3

We then get our desired answer
p2 = 167 atm.

Example

Alternatively, (using the same information given in the previous example)
what temperature would result in the sample exerting a pressure of 300 atm.
Ans:

p1V1 = (’I’LR)Tl
p2V2 = (’I’LR)TQ

where recall again that the volume stays constant. Thus

n o _ n
D2 Ty
100 _ 300
300 Ty

From this we see that T, = 900 Kelvin.
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Dalton’s Law

Simply stated, Dalton’s law says that the pressure exerted by a mixture of
ideal gases is the sum of their individual partial pressures.

Ptot =P1+P1+ ...

The partial pressure is defined as the pressure of a single ideal
gas in the mixture as if that gas were alone in the container. In
other words, Dalton maintained that since there was an enormous amount of
space between the gas molecules within the mixture that the gas molecules
did not have any influence on the motion of other gas molecules, therefore
the pressure of a gas sample would be the same whether it was the only
gas in the container or if it were among other gases. This assumption that
molecules act independently of one another works fine as long as the gases
are ideal. For real gases, it works provided that there is a lot of space
between the component gas molecules in the mixture and the temperature
is not too low. Lowering the temperature and/or compressing the gas will
upset this assumption.

Example

A 10L container holds 1 mole N», 3 moles of Hy at 298K. What is the total
pressure in atmospheres if each component behaves as an ideal gas.
Ans:

PN, =

bH, =
The total pressure is the sum of each component in the mixture

Dtot = PN, +PH,
RT
= —(1+3
ey
4(0.08206) (298)

10
= 9.78 atm

Partial pressures and mole fraction

Finally, it is possible to relate the partial pressure of a gas in a mixture to its
mole fraction y. Namely, the ratio of the partial pressure of one component
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of a gas mixture to the total pressure is

(anT)
I v
DPtot (#—I—%—I—)
(anT)
_ v

(nl—l-ng—l—...)%

ny+mng +...
Therefore

;z% = X1 (104)

Thus the ratio of partial pressure to total pressure is equal to the mole
fraction of the gas in the mixture.

Alternatively, the partial pressure of an ideal gas could just as well have
been defined as

(105

and likewise

b2 = X2Dtot

b3 = X3Dtot
etc...



Chapter 11

Equation of state: Real gases

Real gases do not obey the ideal gas law. Deviations from ideal behavior are
particularly important at high pressures and low temperatures. Therefore
to develop a better equation of state for “real” gases the Van der Waals
equation was introduced in 1873 (or 1877, depends on who you believe in
but nonetheless highlights the fact that this was a long time ago). The van
der Waals equation does not assume like the ideal gas law that we are dealing
with point particles that do not interact except through elastic collisions.
It corrects for the fact that in reality molecules are not point particles but
rather occupy some volume (this means van der Waals messed around with
the V' in the ideal gas equation). Next the van der Waals equation accounts
for the fact that gas molecules attract one another when close enough and
hence that real gases are more compressible. These attractive forces are still
referred to today as van der Waals forces. (basically this also means that
van der Waals messed with the p term in the ideal gas equation)
The van der Waals forces we have learned about previously are

e Dipole-dipole (Keesom 1912)
e Dipole-induced dipole (Debye 1920)
e Dispersion Forces (London 1930)

I’ll assume that you remember what the idea behind these interactions were.

You can see evidence of nonideal gases everywhere. Add enough pressure
and the gas condenses to a liquid or a solid. For example, if you work in
a chemistry lab, chances are that you use liquid nitrogen for the trap on
your vacuum line. If you are a physicist you use liquid helium to cool your
samples to low temperatures. If you watch movies where you have bubbling
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solutions made by the mad scientist, that’s solid carbon dioxide (aka dry
ice) at work. These all show that real gases are non-ideal.

These are the corrections made by van der Waals to the ideal gas equation
of state.

Volume correction

Real molecules are not point particles.
Vin = (Vi — b)

where b is the volume per mole occupied by real molecules. Note that V,, is
the molar volume of the gas.

Pressure correction

Real molecules interact with one another.
n a
N il
p p an
where a is some constant. Again V,,, is the molar volume of the gas.

Summary

The ideal gas equation thus gets transformed into the van der Waals equation
of state

a
pV =nRT — (p—I—W) (Vi —b) = RT.

This gives

(p+ %) (Vim—b) = RT (11.1)

and is for one mole of real gas. A more general expression for n moles of
real gas is

(p+ %) (v —nb) = nRT| (11.2)

Finally, there are tables of van der Waals a and b coefficients. Here is a
sampling of them.
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CGas a (L%-atm/mol®*) b (L/mol)

He 0.0342 0.02370
Ne 0.211 0.0171
Ar 1.35 0.0322
Kr 2.32 0.0398
Xe 4.19 0.0511
Ho 0.244 0.0266
Ny 1.39 0.0391
O2 1.36 0.0318
Cly 6.49 0.0562
H,O 5.46 0.0305
CHy 2.25 0.0428
COq 3.59 0.0427
CCly 20.4 0.1383

Summary of other real gas equations

Now it goes without saying that over the years people have thought of other
ways to better model real gases. There are a ton of equations that are
listed below that show you what they have tried. Some look easier than
others. Nevertheless, the van der Waal expression is pretty decent and is
very commonly used, although it should be said that the ideal gas equation
isn’t bad either under some circumstances. I assume you are able to tell
yourself what those circumstances are.

van der Waals equation

It was the first to describe deviations for ideality

<p+vi%> (Vin —b) = RT (11.3)

where V,,, is the volume/mole and a and b are the above gas specific con-
stants.

Berthelot equation

This is too unwieldy to be used generally and as an equation of state. How-
ever, it is convenient in calculations of deviations from ideality near 1 atm
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pressure

<p 4 TLV%> (Vi —b) = RT. (11.4)

Again a and b are constants that you go and look up in a table. Note that
these constants are not the same as those in the van der Waals equation of
state.

Redlich-Kwong equation

This was first proposed back in 1949 (still a while ago)

a
_I_
P ViV 1 1)

As usual, a and b are constants, characteristic of the gas, that you go look
up in a table somewhere.

(Vin — b) = RT. (11.5)

Dieterici equation

p(Vi — b) = RTeFTVm (11.6)

Beattie-Bridgeman equation

pVp=(1—yRT(Vy+6) —a (11.7)
where a = ag (1 + ‘ﬁ”—m>, 8 =bg (1 — %) and v = % Looks complicated
and has lots of coefficients.

Virial function
This is an empirical power series expansion

PV = A(T) + B(T)p+ C(T)p* + ... (11.8)
which can alternatively be written as
‘T + B(T) C(T)
Vin %3

(11.9)

where A, B,C and A", B',C’ are called virial coefficients.



Compressibility factor
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For real gases, to clearly display their deviations from ideality we plot the
ratio of the observed molar volume, V,,, to the ideal gas value as a function

of pressure at constant temperature

J = Vin
‘/ideal
— RT
P
to obtain
_ PVm
Z —_— ﬁ .

(11.10)

This ratio is called the compressibility factor, Z. Note that for an ideal gas,
Z =1. A graph of Z versus pressure will show deviations from 1 indicating

non-ideality.

Z, van der Waals gas

Let’s calculate Z for the van der Waal gas

<p+ V%) (Vi — b) = RT.

Rearrange this to

(“V%) - (vjim
RT
P ey

Now multiply through by V,,

RTV,,
me = -

Divide through by RT

_ PV _ Vin

(Vm_b) _V_m'

a

a
W.

m

A —

RT ~ (Vju—b) RTV,,
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The compressibility factor of the van der Waals gas is therefore

Z = —1—1% — (11.11)

m

This expression can be expressed differently, especially at low pressures
where % << 1 by talking a series expansion of the above expression.
The Mclaurin series of ﬁ goes as

1

—14+x+a>+...
1—2x

Thus

Hence

Z~1+i+iz+is_a
- Vin Vin Vin RTV,

giving the following equation.

Z=1+(b- %) (ﬁ>+<%>2+(%>3+... (11.12)

Alternatively, it would be preferable to have Z defined as a function of
temperature and pressure, but since the van der Waals equation is cubic in
Vi this gets complicated fast. We settle for an approximate expression by
noting that as the pressure goes to zero (p — 0), ﬁ — 0 and Z — 1 (ideal).
Therefore at low pressures we can expand Z as a power series in pressure

Z =1+ Ap+ Asp? + Asp® + . ..

where A1, As, Ag are functions of temperature only. Now to determine A,
Ay, Az note that Z = PRL; (our definition) or that ﬁ = zr7- Replace this
expression into our volume-based power series expansion

1+<b—R%1> (Vim>+<vim>2+<vim>3+

2,2 3.3
= (b - %) <R§Z> * (IngZP * (IngZ)?) e

2 2 3.3
v (- g57) (rz) + () 5 () ot

= 1+ Aip+ Asp* + Asp®

VA
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We then have the equality

2 9 3 3
2 A= (b V(LY (Y (e
A Aop™ + Asp” o+ _<b RT> (RTZ>+<RT> Z2+<RT> Z5

or

1 b 2p b 3p2
Avt Asp+ Agp? = (b= ) (o )+ (5 ) s+ (5 | 5+
1 Aap o+ Aspm ot (v RT) (RTZ>+<RT> Z2+<RT> Z5

By inspection

1=~ 7) (7r2)

and as Z — 1

1= (- 77) (r)

Now we go back and find the other coefficients. We have

2

A1+A2p+Ap2+...:é+ i 2£_|_ i 3p__|_
3 7 RT ) 72 RT) 73 "

Subtract A; from both sides and then divide by p to isolate As on the left
hand side.

2 Ay b 229 b 3292
Aop+ Azp” + ... = 7—141-1— BT ﬁ—i_ BT ﬁ—i_
A (1 A b \? 1 b \° p

From this, by inspection, we see that

A (1 b \2 1

A, = (21 ) =

? p(Z >+<RT> zZ?
1
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Since Z =1+ A1p+ Agp? + ..., limy, o (%) = A;. Using this we get

A b \2 1
- A (L)L

Now let Z =1 to get

b\ 2
Ay = —=] — 43
=)
Here we need to evaluate one last thing A2 before we are scott free (who
was scott anyway?).

= (o) ()
2
- [p- %+ ] (50)

B b \? 2ab a?
- <ﬁ> " (D) T (RT)

therefore when this is thrown back into the expression for Ay we get
o= (Y b \? L2 @
> = \RT RT (RT)®  (RT)*

Agzﬁ@b—]{%ﬂ)

resulting in

This process is repeated on and on to get Az, A4 and so forth.

Summary

Expression of the van der Waals gas compressibility ratio expressed as a
function of pressure and temperature. Now we can plot this on a Z versus
p curve.

Z(p,T) =1+ 7 (b~ #5) P+ @ 20— 7p) PP +... | (11.13)




Chapter 12

Equation of state:
Condensed phases

At this point, you might be wondering if there is a generic equation of
state for condensed phases. In this regard, solids and liquids are referred to
collectively as condensed phases. This emphasizes their high density relative
to gases. To illustrate, at standard temperature and pressure (STP, this is
0°C or 273.15K and 1 atm) a gas occupies 22,400 cm3/mol (or 22.4 L) while
most solids and liquids occupy between 10 and 100em?/mol. Thus the molar
volume of gas is 500-1000 times larger than that of a liquid or a solid. This
translates to large differences in the average distance between molecules in
the gas phase versus either condensed phase. If the ratio of gas volume to
liquid volume is 1000, the ratio of intermolecular distances is roughly

d®> = 1000
d = /1000 = 10.

Molecules in the gas phase are therefore approximately 10 times farther
apart than molecules in liquids and especially in solids.

So what really begins to distinguish liquids and solids from gases is the
presence of short range intermolecular forces (remember those van der Waals
forces for real gases) which fall off very quickly with increasing molecular
separation. So in gases, we (for the most part) ignore these intermolecular
forces to obtain the ideal gas law. Corrections for reality then lead us to the
previous real gas equations of state such as the van der Waals equation, the
Berthelot equation etc... As you can probably guess, in condensed phases,
these intermolecular forces cannot be ignored.
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Again, recall that the three contributions to so-called Van der Waals
forces are

e dipole-dipole interactions (Keesom 1912)
e dipole-induced dipole interactions (Debye 1920)
e induced-dipole-induced-dipole interactions (London 1930).

In the absence of orientational averaging, the first dipole-dipole contribution
has a T% dependence. After angle averaging, it becomes %6 The second
dipole-induced dipole term maintains a T% dependence because the second
dipole is induced by the first as the name implies. The relative orientation of
the dipoles is therefore maintained. The final contribution, induced-dipole-
induced-dipole, is shown to possess a %6 dependence.

We return to our original question. Is it then possible to find an equation
of state for liquids and solids that has the same generality as the ideal gas
equation of state? Unfortunately, the answer is no. However, we can develop
something that looks like a general equation of state for condensed phases
as we will see.

The dependence of the volume of a solid or liquid on temperature at
constant pressure is

(V(T) = Vo(1+ o) (12.1)

where Vj is the volume of a solid or liquid at 0°C and « is the coefficient of
thermal expansion (units of K~1). « is generally the same for all gases but
varies dramatically in solids and liquids. This expression is akin to Charles’
law in gases. If we wanted to, we can extend this power series to better
fit the behavior of a real solid or liquid. So our original expression would
change a bit to

V(T) =Vo(1+aT +bT? +cT3+...)

where a,b,c,d, etc... are constants. One generally keeps only the first two
terms of this expression since the contributions of higher order terms be-
comes successively smaller.

Now it turns out that Vj is dependent on pressure just like Boyle’s law
in gases. Experimentally a relationship between Vj and pressure is found to
be

Vo(p) = V[l — x(p — 1) (12.2)
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at constant temperature where V{ is the volume of the condensed phase
at 0°C and at 1 atm, p is the pressure in atm and k is the coefficient of
compressibility with units of atm™'. Note that & is very small for liquids
and solids. They are basically incompressible (k ~ 0). This is why torpedoes
are so dangerous to ships.

The above two equations for V(T') and V(p) can be obtained from the
definitions of « and k as illustrated below. Namely, a and k are formally
defined as

a=i (%)p (12.3)

w=—t (%), | (12.4)

Derive V(T)

Let’s first show how «a gives us V(T') = V,(1 + oT)

a v\ar/,
d7V = adl
/V dv /T T
R f— [0
Vo Vv To
ln%O = a(T —Tp)
%4
v _ a(T—To)
Vo e

V= Voe=T0),
Now if a(T — Ty) << 1 we can express the exponential as a series
T=T0) ~ 1 4 (T —Tp) + . ...
This leads to our first expression for V' as a function of T’
V(T) = Vol + (T — Tp)] (12.5)

where if T = 0°C we obtain the desired original expression.
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Derive V(p)

Likewise, we can do the same sort of derivation for V' (p)

d7V = —krdp

Viav P
/Vo v = —/po Kdp
g = —lp—p0)
% — ¢ r(P=po)

Now if k(p — pg) << 1 the exponential can be expressed as a series
e PPo) ~ 1 — k(p—po) + ...
resulting in
V(p) = Vo[1 = k(p — po)]. (12.6)

If pg = latm we get our original expression where V becomes V and Vj
becomes V.

Combining the two

So just like in the ideal gas section where we combined the results of Boyle
and Charles (and Avogadro) to get the ideal gas equation let’s combine the
above two expressions.

V(T) = Vo(p)(1 4 aT)

Volp) = Vo [1 — k(p—1)].

Substituting one equation into the other gives

V(T,p) = V5[l — k(p— D][1+ oT]}, (12.7)

which is a general equation of state for condensed phases. But this result
isn’t truly as general as the ideal gas equation of state because each solid or
liquid has a different V) and « and  value. There is no equivalent to the
universal ideal gas constant R here.



Chapter 13

First law of thermodynamics

The first law of thermodynamics is basically a statement of the conservation
of energy applied to a thermodynamic system of interest. The reason we
need the first law is that the systems we will consider ultimately undergo
some sort of process, taking it from an initial state to a final state (after
all if the system just sat there life would be pretty boring). During these
processes, the system exchanges energy with its surroundings and since we
don’t magically gain or lose energy we need a bookkeeping mechanism to
track the changes in internal energy of a system. Obviously, if the system is
isolated and just minding its own business, its internal energy will remain
the same.

At this point, note three more things. First, we are not specifying exactly
what kind of energy the system has gained or lost. Given our knowledge
of quantum mechanics, we could say that it’s electronic or vibrational or
rotational energy gained or lost. But back in the day people didn’t know
this. Thermo preceded quantum by many years. So in some ways that’s the
beauty of classical thermodynamics since it applies to everything irrespective
of what is actually going on inside the system. Next, we are only looking at
energy changes in thermodynamics. We are not measuring absolute energies
of a system. That’s the reason for all the deltas and differentials in what
follows. Finally, it will be customary to define a system’s internal energy in
terms of its temperature and volume [U(T,V')]. However, it is possible to
define a system’s internal energy as a function of temperature and pressure.
But this is not commonly done though we will show the functional form in
the later parts of this chapter for the sake of completeness.

The 1st law of thermodynamics states that the change in internal energy

59
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(U) of a system is

BT=q7u] (131

You can see that these changes in internal energy occur as a consequence of
adding and subtracting heat (¢) and work (w) to the system. For infinitesi-
mally small changes in internal energy we write

|dU = dq + dw|, (13.2)

Before going on we should make a sign convention clear. This is impor-
tant. If you add energy to the system by doing work on it then w is positive.
If the system does some kind of work then w is negative. The same goes
with everything else. If the system receives heat, ¢ is positive. If it loses
heat during some process then ¢ is negative. I informally call this a selfish
“me” perspective. The other analogy is to a checking account you might
have at NDFCU. If you add cash to the account the sign is positive. If you
use the ATM to withdraw money, the sign is negative. You are warned that
there are many texts out there that have an opposite sign convention. So
beware!

To continue, we need to describe the kind of work involved here. This is
mostly what I will call pressure/volume (PV') work. I will not go into other
forms of work other than note that you can have electrical work among other
things. Generally speaking we will not deal with these other forms of work
here. The heat term is simply the energy transferred to or from the system
due to a temperature difference with the surroundings.

Work

Now, when dealing with PV work we are generally dealing with gases and
on top of this we are usually dealing with changes in its volume. The work

term then looks like
(33

and the internal energy expression becomes
AU = g+ pAV. (13.4)

These volume changes for gases can be large and hence the amount of work
done can be significant. Doubt me, then think of the V8 in a car. Everytime
you have a volume expansion in one of the cylinders it causes a volume
displacement (or displacement, you usually see these written as 1.7 L or 5 LL
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sometimes on the back of the car) by a moving piston which, in turn, enables
your car to move. However, if you are dealing with condensed phases like
liquids and solids, recall that they are generally incompressible and that
any volume changes are almost insignificant. They can be ignored to a first
approximation. Basically, AU ~ ¢ for solids and liquids. As a consequence,
in the next section we focus only on gases and not on condensed phases.

Heat transfer

There are three generic heat transfer processes one should be aware of. They
are

e Conduction
e Convection

e Radiation

Demo opportunity

Conduction can be demonstrated by heating one end of a metal rod. Wait
long enough and the end you are holding will get hot as well. Try holding
on to it as long as possible and think of the opening scene in Kung Fu.
Alternatively, use a hand boiler filled with methylene chloride. Hold it in
your hand and the pressure in the bottom of the bulb will build up. This
pressure will then push the liquid up into the top section of the hand boiler.

Convection can be demonstrated using a beaker full of say ethylene gly-
col. Don’t try corn syrup it doesn’t work, trust me. Add a few drops of
food coloring to the top. I like red. Be careful not to mix it by agitating
things. Heat the beaker with an open flame from say a portable stove. As
a temperature gradient between the bottom and top of the beaker builds
in, you will see the food coloring start to cycle and distribute across the
solution. This shows the convection or physical motion of solvent molecules
that arises due to a temperature gradient.

Radiation can be demonstrated with a science toy (its called a Crookes
radiometer and you can buy these things from companies like Edmund
Scientific-problem is as a kid you probably won’t appreciate it) that has
an evacuated chamber with fan like apparatus on the inside. One side of
the blades is painted black. The other side is not painted. When exposed
to sunlight, the blades will begin to rotate. You can buy such a toy in most
science museum gift shops.
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Example

As a warm up example, let’s run some numbers. The temperature of 1 mole
of substance is raised by heating it with 750 joules of energy. It expands and
does the equivalent of 200 J of work. Calculate the change in the system’s
internal energy.

Ans:

AU = q+w
= 750 — 200
= 550J.

Now, let’s look more closely at work done by gases.

Piston example

Think of a car engine piston. A chemical reaction occurs within the cylinder
which forms a gas that pushes against the piston head. For simplicity,
assume no friction and hence no heat evolved as a direct consequence of the
piston moving.
The force acting on the piston can be calculated since
force

pressure = .
area

Now remembering some basic physics
force = (pressure)(area).

So what is the pressure? Well, the pressure is the external pressure (peyt)
that the gas inside the piston is pushing against (Remember, we always look
at things from the system’s point of view). Since the piston is cylindrical,
the area is just 2. We get

force = (peat) (772).

At this point, we know that the amount of work done is simply force times
distance (assume the z direction as the direction the piston moves in). Fur-
thermore, remember from our sign convention that if the system does work,
the sign out front is negative. Thus

w = —force(distance)

dw = —pegmri(dz)
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or
| dw = —pendV | (13.5)
Integrating then gives
_ 2
T —/pemtwr dz
Va
= _/ pemtdv'
\%

and yields our desired expression

\%
W= — fV12 pemtdv .

Types of work we will encounter
Ok so what next? Let’s catalog the types of work you will see often in
thermodynamics. Remember again that all of this primarily deals with gases
since solids and liquids do little or no PV (i.e pdV') work. Their internal
energy changes predominantly through the heat term in the first law.

e Al. isothermal free expansion

e A2. isothermal constant pressure expansion

e A3. isothermal reversible expansion

e B1. adiabatic free expansion

e B2. adiabatic constant pressure expansion

e B3. adiabatic reversible expansion
What distinguishes these different processes is how exactly we carry out
the gas expansion (or compression). The keywords you see mean that we
impose certain restrictions on the process such as assuming that the system’s

temperature stays constant or invoking the lack of heat transfer between the
system and surroundings in an adiabatic process.
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A1l. Isothermal (irreversible) free expansion

Assume in this case that the gas inside the piston is pushing against nothing.
Picture a vacuum on the other side. Or in science fiction movies think of
why people are supposed to blow up if they get sucked out of the spaceship
not wearing a space suit. Next, let the expansion against vacuum occur
uncontrollably. This expansion is therefore called irreversible. Think of it
this way, you never see the guy blown out of the spaceship (or Arnold in
Total Recall) subsequently get blown back into the spaceship, do you? The
process is therefore not reversible.

Now, in this case pezr = 0. Therefore w = 0 and no work is done by the
system. Finally, something for nothing

w = 0.

In this irreversible free expansion, the temperature of the gas is not a
well defined quantity. It may change during the free expansion. However
the temperature quickly returns to equilibrium. You can therefore con-
sider the free expansion to be effectively isothermal. (Sometimes
problems in certain texts will assume that you know that a free expansion
is isothermal.) Furthermore, you recall that in the case of an ideal gas an
isothermal process also means that the change in internal energy is zero

AU = 0.

Then, you also recall that from the first law of thermodynamics if there is
no change in internal energy and no PV work, by default there is no heat
involved

q=0.

Finally, it will be shown later that another thermodynamic state function
called enthalpy (H = U + pV) also does not change (AH = 0) in an ideal
gas isothermal process.

To summarize For an isothermal free expansion of an ideal gas

w g
q g
AU =

I don’t recommend trying to memorize this. Rather I suggest knowing the
train of thought that got you to these results.
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A2. Isothermal (irreversible) expansion against constant pres-
sure

Ok, this time assume there is no vacuum on the other side so p.,+ # 0. Work
is therefore done by the system when the gas expands. Using our formula

for work
Vo
w = _/ pemtdv
Vi
we find
Vo
W = —Pext av
Vi

since the external pressure is constant. This integrates to
w = _pemt(V2 - Vl) = _pemtAV

which is our desired expression.
Again, note that we have an isothermal expansion. Therefore

AU =0
and from the first law of thermodynamics
q=—w= pemtAV-

Finally, it will be shown later that the change in system enthalpy (H =
u + pV or for those who are curious AH = AU + pAV) is zero (AH = 0).

To summarize For an isothermal constant pressure expansion of an
ideal gas

w = _pemtAV
q = DPeatAV
AU = 0.

Example

To get a numerical feel for this, calculate the work, heat and internal energy
change when 1 mole of a gas expands from 5 dm? to 10 dm?> against a
constant pressure of 1 atm isothermally.
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Ans:

w = _pemt(V2 - Vl)
= —(latm)(10 — 5dm?)

where latm = 1.01325 x 10°Pa = 1.01325 x 105% and 1dm = 0.1m
5 NV 3.3
w = —(1.01325 x 10°-5)(5)(0.1)%m
m
N
= —(5x10°=)(1 x 10~*)m?
(5% 10° ) (1 x 10~ 3)m
= —(5x 1055)(1 x 1073)N -m
m2
where 1J = 1N -m. The desired answer is

w = —3500J.

Note that one can also simplify life if your remember the following unit
conversion factor

[1L - atm = 101J]. (13.6)

In this case, you don’t have to go through the hassle of multiple unit con-
versions as done above.

Finally, since the process is isothermal and we are dealing with an ideal
gas we can immediately say that AU = 0. Again, just accept this fact
for now. The exclusive temperature dependence of U for an ideal gas will
be shown in the next chapter. Then from the first law of thermodynamics
qg = —w and ¢ = 500 J.

A3. Isothermal (reversible) expansion

This process is pretty common so you should remember it. There are a
number of ways to describe this physically but in all cases the idea is that you
are doing the expansion infinitely slow. At each point during the expansion
you wait long enough so that the system comes to complete equilibrium with
the surroundings. This means that at each point of the reversible expansion
the system’s pressure (p) equals the external pressure (pes¢). Recall also
that we are assuming an ideal gas. As a consequence, we have

nRT

Pext =P = 7
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We now replace pe,+ into our work expression and integrate

Va
w = _/ pemtdv
Vi

Vo
_ / niT .,
vi V

Va
= —nRT/ d—V
w vV
= —nRTIV|;?
—nRT(InVy — InVy)

or better yet

Vo

w = —nRT In W

It turns out that this reversible work is the maximum work you can extract

from the system. At this point, given that the process is isothermal and

that we are dealing with an ideal gas AU and AH are both zero. Finally,
from the first law of thermodynamics ¢ = —w.

To summarize For the isothermal reversible expansion of an ideal gas

w = —nRT 1n%
g = nRTIn %
AU = 0.

Example

Calculate the amount of work done when 1 mole of a gas expands reversibly
from 5dm? to 10dm? at 25°C.
Ans:
Va

w = —nRTIn 71

J 10
= —(1 314——)(298.15K ) In —
(Imol)(8.3 molK)( 98.15K) In i

The desired result in joules is

w = —1718.2J.
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Adiabatic expansion of an ideal gas

Next, let’s talk about the three adiabatic processes mentioned. By defini-
tion, an adiabatic process is one where there is no heat transfer
between the system and its surroundings. Thus no heat gained or
lost by the gas in our imaginary piston and from the very start we know
that ¢ = 0. Next, from the first law of thermodynamics we know then that
AU = w. These two conclusions are then the conceptual starting point for
addressing adiabatic problems.

Now, there are three ways we talked about carrying out an adiabatic
expansion

e adiabatic free expansion
e adiabatic (intermediate) constant pressure expansion

e adiabatic reversible expansion

Let’s go through them one at a time.

B1. adiabatic free expansion
We start by saying that
q=20

since this is an adiabatic process. Next, a free expansion means that pe,; = 0.
As a consequence

w = 0.
Given the first law of thermodynamics, we finally say that

AU =0

It will also be seen later that AH = 0.

At this point, take a step back to think about things. Since we are
dealing with an ideal gas and since we just found that AU = 0 what this is
also saying is that the system’s temperature didn’t change. The expansion
was therefore essentially isothermal.

To summarize For the adiabatic free expansion of an ideal gas

w = 0

q = 0
AU = 0
AT 0
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Again, I encourage you to not memorize this. Rather remember the logic
that led you to these conclusions.

B2. The adiabatic (intermediate) constant pressure expansion

We again begin by saying that
q=0

because the process is adiabatic. The associated work is evaluated using our
familiar expression

dw = —DPext av

where in the constant external pressure case (the so called intermediate case)
you get

w = _pemtAV-

I want to point out at this stage that there is another equivalent expression
for the work involving what is called the constant volume heat capacity.
However, let’s introduce this in a minute when we begin to discuss the
adiabatic reversible expansion of an ideal gas.

From the first law of thermodynamics,

AU == _pemtAV-

Note that since AU # 0 and given that we are dealing with an ideal gas,
we know that the temperature of the system will change. Our goal in the
last part of this chapter will be to determine what exactly the relationship
between the initial temperature and final temperature is.

To summarize For the adiabatic constant external pressure expansion
of an ideal gas,

w = _pemtAV
qg = 0
AU = _pemtAV

AT # 0.
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B3. The adiabatic reversible expansion

In the reversible case, there will be a complication as you will see when
trying to evaluate the work involved in the expansion. First, as always, for
an adiabatic process we write

q=0.

Then the formula for work is always

dw = —pegdV.
So here you say -hmmm, since this is a reversible process p = p,+ and since
I'm dealing with an ideal gas p = #. Plug this into our expression for
work
nRT
w=— [ ——dV.
/%

But here your thermodynamics 6th sense should kick in to alert you that
something is wrong. Didn’t we just see that in the adiabatic constant ex-
ternal pressure expansion AT # 07 Maybe AT is nonzero in the reversible
case. If true, this would mean that we couldn’t really integrate our work
expression above. In fact, it will be shown that AT # 0 in the reversible
case. As a consequence, we have a problem. To overcome it, just like on
a SAT (or GRE) exam, if you don’t know the answer to something, keep
moving (wait, I must be showing my age. Aren’t these exams computerized
these days so you can’t actually skip questions and come back to them?).
Anyway -we move on to calculating the change in internal energy.

Here if you think real deep and remember that U = f(7T', V). The total

differential is
oU oU
= = T — .
dU <8T>Vd +<5V>Tdv

Next, in an ideal gas, U has no volume dependence (this will be shown
through the Joule experiment which will be seen shortly). As a consequence,

we are left with
oU
dU = | — drT.
<5T> v

The partial derivative (g—g) has a name. It is called the constant volume
heat capacity (Cy). We will see more of this in the next chapter. For now,
assume that Cy is a constant. Thus

dU = CydT
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and integrating gives
AU = Cy AT.

Now, having found both ¢ and AU, we use the first law of thermodynamics
to obtain the reversible work

w = CvAT.

Some things of interest to note at this point. First, for an ideal monatomic
gas Cy = %R. This can be derived from statistical mechanics. Next, note
that this Cy/-based approach for calculating w can also be applied to the
prior adiabatic constant pressure (intermediate) expansion case. However,
we didn’t need to invoke it since we could readily evaluate w using our nor-
mal approach. But as a thought experiment, you might try verifying that
both work expressions yield the same answer. Finally, note that we have
implicitly assumed that Cy/ is independent of temperature. This is not for-
mally true. It does have a temperature dependence but in many cases -for
a finite temperature range- one can assume that it is constant.

To summarize For the adiabatic reversible expansion of an ideal gas

w = CvAT
q = 0
AU = CyAT

AT # 0.

Adiabatic processes and temperature changes

But what exactly are the temperature changes involved in w and AU above?
If we want numbers, we’re going to need a more concrete expression for what
the temperature change is in an adiabatic expansion (excluding the free adi-
abatic expansion case). The purpose of the next part of this discussion is
therefore to show you that in an adiabatic reversible or intermediate expan-
sion process the final temperature of the system will drop. Conversely, in
compression it will rise.

Adiabatic irreversible or intermediate case

Let’s begin with the adiabatic constant external pressure expansion process.
Note that we assume Cy is independent of temperature which is not always
the case but it is a good start.
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Since ¢ = 0 we have
AU = w.

This then leads to the following as we have seen

Codl = —pondV
p Vo
CUdT =  —Pext dv
Ty 1%
Co(Try =T1) = —pext(Va—V1)
(I-T) = —pgmt (Vo —V1)
or
Ty =Ty — B2 (Vy — V) | (13.7)

Provided that Vo > Vj it’s apparent that 1o < T7. So the gas temperature
will drop on expansion and physically this has to do with the system doing
work on the surroundings. Conversely, note that the gas will heat on com-
pression. In fact, this is the basis for Diesel engines where the compression
stroke of the engine causes the gas in the piston to heat up and ultimately
ignite, causing an explosion.

Adiabatic reversible case

Consider now the reversible case where pe,t = p = #. Since ¢ = 0 we
again have
AU = w.
This becomes
Cydl = —gd‘/
CydT
C’Vln% = —ann%
C’Vln% = ann%.
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Again, remember that we have assumed that Cy does not depend on tem-
perature over the temperature range sampled. Consolidating terms gives

which can then get rearranged as follows

nR
L _ (K)o
7, \W

giving

Cv
B:n<%>v.

Now, if V5 > V4 and nR < Cy then Ty < 17, showing that the gas cools on
expansion.

Let’s see if this makes any sense. The following table shows you molar
Cy values and compares it to R where n = 1. So this all assumes one mole
of gas.

Gas Cy (J/mol K) QRK

Ar 12.5 1.50
He 12.5 1.50
CO 20.7 2.49
Hy 20.4 2.45
HCl 214 2.57
Ny 20.6 2.49
NO 20.9 2.51
Oq 211 2.54
Cly 24.8 2.98
COq 28.2 3.40
CSs 40.9 4.92
HjS 25.4 3.06
N,O 28.5 3.42
SO2 31.3 3.76

Alternatively, it will be shown that for one mole of an ideal gas (n = 1)
Cp = Cy + R or that R = C), — Cy. Here C,, is called the constant pressure
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heat capacity. With this, we obtain an equivalent expression for the final
temperature T5. Starting with

In E = @ In E
T, Cy VW,
we have
Ty C,—Cy . Wi
In— = —In—
Ty Cy Va
Cy Vy
Now let v = g—\’;
Ty Vi
In—=(yv—1)In—
) (v—1) V2
giving
v—1
E-(%) (13.8)

and since v > 1 we see that the final temperature is smaller than the initial
Ty < Th.
Alternatively, we can come up with another equivalent expression using
pressures. Since pV = nRT
L _ ple
T Vi
=) (z) - ()
V)\T1)  \m

1

where from before (T—f> ! <h> so that
(z) -3
Th D1
(7)) - &)
Th D1

This leaves us with our desired (final) pressure-based expression for the
temperature of an ideal gas after an adiabatic reversible expansion

~y—1

(1)-()"] 59
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Again, the final temperature will be smaller than the initial temperature.
Physically, the system cools a little bit by doing PV (i.e. pdV') work.

In all cases, for a monatomic ideal gas it turns out that (this can be
derived using statistical mechanics)

v=2% (13.10)
Cv =3R (13.11)
Cp=3R (13.12)

Finally, for the sake of completeness, we can derive an expression that
relates the initial and final pressures and volumes. Starting with pV = nRT,

T _pVa _ (ﬁ)”‘l
T piW Va
p2V2V27_1 = p Vf/_l-

Here we used the % relationship with volumes. This then results in
p2V2A/ =D Vf’-

Demo opportunity

A demo that one can do is to fire off a fire extinguisher. You will see the
carbon dioxide cool during the expansion and will thus see what appears to
be snow. Alternatively, one can set off a can of compressed air. Feel the can
and you will feel it get cold as the gas is released. Note that an adiabatic
compression demo is possible. Namely, you can use a fire syringe that is
readily purchased from any science education store. Buy the thick acrylic
one though since you’re going to slam down hard on the plunger. A glass
fire syringe might break.

Put it all together, a thermodynamic cycle

Let’s run through an example to put all of these concepts together. One
mole of an ideal gas initially at 300K and 1 atm is taken reversibly through
a 3 step cycle.

Step 1 The gas expands isothermally until the volume doubles.

Step 2 The gas is then compressed at constant pressure until the original
volume is restored
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Step 3 The gas undergoes isometric (constant volume) heating until the
initial state is reached.

Calculate the work, heat and internal energy change in each step and for
the entire cycle. I will do the work for you and presumably you can do the
heat and internal energy on your own in your leisure time. Right?

To do this problem, draw a P versus V diagram first. You will notice
that we are missing some things, namely V7, po and T35. We will therefore
need to calculate these values first before proceeding.

What is V17

Vi = RT
(1)(Vi) = (0.08206)(300)

We get Vi = 24.6L.
What is po? Well we could already say that it’s %pl but let’s run the
numbers for completeness.

p2Vo = RI»
Vi = RIy

where 77 = 15 and Vo = 2V;. Plugging these values in we get po = %pl =
0.5atm
What is 137

p3Vs = RI3
p2Vo = RIy

where p3 = p2 and V3 = Vi and Vo = 2V;. Plugging these numbers in we
get Ty = 1T, = 150K

What is the work in step 17 This is an isothermal reversible expan-
sion

where Vo = 2V4. You can run the numbers.

What is the work in step 27 This is a constant pressure compression.
Note that the gas cools in this step to maintain its pressure even though its
volume decreases.

W2 = —Pext AV
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where pe.t = p. We get

we = —p(V1-2V7)
= piVi.

I’ll let you run the numbers.
What is the work in step 37 Easy, AV =0 in an isometric process.
No work is done.

w3 = 0.
The total work in the cycle is therefore
Wiot = W1 + W2 + W3

You can do AUy and gt yourselves.
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Chapter 14

Heat capacities, internal
energy and enthalpy

We just went through a discussion of the 1st law of thermodynamics and
the types of work that one typically sees with gases. Recall that solids
and liquids are incompressible and hence PV (i.e. pdV) work terms are
negligible. Most of the internal energy changes of condensed media therefore
result from changes in ¢q. To illustrate, consider the case in the 1st law of
thermodynamics where the volume is constant (for a gas, a liquid, or a solid,
or whatever)

dU = dq + dw.

If the volume is strictly constant, then there is no PV work involved in the
process whatever it is (dw = 0) and we are left with

dU = dq.

Thus, under constant volume conditions, the change in heat is the same
as the change in internal energy of the system. This is useful for solids
and liquids for evaluating changes in internal energy but not necessarily for
gases since PV work can be done.

Now you can see that it would be useful to have a function that relates
changes in heat to changes in temperature of the system either at constant
volume (this case) or under constant pressure (the next case). Such a func-
tion is referred to as the heat capacity. In the most generic of cases, the heat
absorbed by a body is found to be proportional to its temperature change

q=C(AT).

79
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The constant of proportionality is called the heat capacity, C, and is pro-
portional to the mass of the stuff. So the more stuff present the larger C'
is.

Now there are two versions of the heat capacity that we will encounter.
The first is under constant volume conditions. The second is under constant
pressure conditions. Hence, the two types of heat capacities are called the
constant volume and constant pressure heat capacities (Cy and C,). Note
that they will have different numerical values -especially for gases. But for
condensed phases we will find that they will not differ all that much.

Demo opportunity

One can readily demo the mass dependence of C by simply boiling 10 mL
of water versus 100 mL. The smaller volume will boil first. So if you have
ever asked yourself why a pot of water doesn’t boil when cooking spaghetti
you can answer the question by suggesting that you have too much water.
Reduce it and the pot of water will boil faster.

Since C' depends on how much stuff is present (i.e. it is an “extensive”
property), we often normalize its value. The normalized heat capacity is
therefore called either the molar heat capacity or specific heat capacity.
The former is on a per mole basis while the latter is on a per gram basis.
The normalized versions of the constant volume heat capacity are

e Cy.,, the molar heat capacity at constant volume (this is on a per
mole basis, J/mol K units)

e cy, the specific heat capacity at constant volume (this is on a per gram
basis, J/g K units)

e Cpm, the molar heat capacity at constant pressure (this is on a per
mole basis, J/mol K units)

e ¢,, the specific heat capacity at constant pressure (this is on a per
gram basis, J/g K units)

Note the big C used for the per mole version whereas a small ¢ is used for
the per gram version.

At this point, let’s rearrange our generic heat capacity expression to
emphasize how the temperature of a system changes depending on the value
of C

q
AT = —.
C
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We can see that for a given amount of heat (i.e. energy), the larger C is
the smaller AT will be. Conversely, the smaller C is the larger temperature
jumps one will experience for a given amount of heat added to the system.

Demo opportunity

You can readily show how sensitive temperature changes are to C by carrying
out the following experiment. Fill one balloon with air. Fill another with
water. The following are the heat capacities of water and air. For the
moment, ignore the subscripts.

Material Molar heat capacity (J/mol K) Specific heat capacity (J/g K)

H,0 Com = T4.53 ¢y = 4.18
Air Cpm = 29.19 ¢,=1.012

This means ignore the different subscripts between the air and water heat
capacities. We will show that Cy ~ (), for condensed phases shortly.

Now heat the two balloons. You will find that the balloon containing
air will get hot faster and will eventually pop. By contrast, the water filled
balloon will be ok as long as you don’t put a flame directly onto the rubber.
Keep it over your laptop as long as you want. You believe in thermody-
namics, right? The larger heat capacity of the water absorbs all the energy
dumped into the system, preventing the balloon from bursting.

Other demo opportunities that can be pursued include the following:

1. You can boil water over an open flame in a paper cup. The paper will
not burn.

2. You can soak a 100 dollar bill in a 50/50 water /ethanol mixture. Light
the bill on fire. The bill won’t burn.

3. Wrap printer paper around a metal rod tightly. Put the rod over an
open flame. The paper will not burn.

Let’s continue

The following tables compile the molar and specific heat capacities for var-
ious materials to give you a feel for their values. The first table shows heat
capacities for some solids and liquids. The second table basically comes from
the previous chapter and shows the heat capacities of selected monatomic
and polyatomic gases.
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Material Molar heat capacity (J/mol K) Specific heat capacity (J/g K)

Aluminum 24.3 0.900
Bismuth 25.7 0.123
Copper 24.5 0.386
Gold 25.6 0.126
Lead 26.4 0.128
Silver 24.9 0.233
Tungsten 24.8 0.134
Zinc 25.2 0.387
Mercury 28.3 0.140
Water 75.2 4.186
Ethanol 111 2.4
Gas Cy (J/mol K) QRK
Ar 12.5 1.50
He 12.5 1.50
CcO 20.7 2.49
Ho 20.4 2.45
HCI 21.4 2.57
No 20.6 2.49
NO 20.9 2.51
O 21.1 2.54
Cly 24.8 2.98
COy 28.2 3.40
CSy 40.9 4.92
HsS 25.4 3.06
N>O 28.5 3.42
SO9 31.3 3.76

There are some things to notice from these tables. First, an apparent
difference exists in the heat capacities of solids, liquids and gases. Classical
thermodynamics doesn’t really explain these differences -nor does it care.
However, one can use a microscopic picture to begin to qualitatively ratio-
nalize this trend. Statistical thermodynamics is where a more quantitative
basis for these numbers is developed.

In solids, the uptake of energy leads to collective vibrations of component
atoms/molecules of the solid. This is what gives it its heat capacity. Though
not shown, as the temperature gets smaller and approaches 0K, the solid’s
heat capacity will approach zero since there isn’t enough thermal energy to
excite the solid’s vibrational modes.

In liquids, there exist additional low frequency vibrational modes that
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add to the material’s ability to absorb energy. Hence, the overall heat
capacity of the liquid will be larger than that of the solid.

In gases, we lose some of this ability to acquire low energy vibrations
of the material since the constituent atoms/molecules are far apart. Heat
is then taken up as translational motion which requires significantly larger
energies. Hence, the heat capacities of gases will be smaller in general.

In all cases, whether for solids, liquids or gases, increasing the tempera-
ture will raise the material’s heat capacity since this enables access to more
vibrational/translational and rotational modes of the material. Note that
we will often assume that the heat capacity is temperature independent
when running problems. Obviously, this is not correct but within a limited
temperature range it can be a good approximation. Finally, the last table
shows that the more atoms a gas has, the larger its heat capacity will be
in general. This is because of the many more vibrational modes that such
polyatomic systems have relative to their monatomic counterparts.

Internal energy

At this point, recall that we will usually describe the internal energy of a
system as a function of 7" and V. Let’s see how U responds to changes in
either T" or V. We first write the total derivative

dU = (9%),, dT + (5%) . dV | (14.1)

It will be seen below that the total differential can ultimately be written as

|dU = CydT + mrdV | (14.2)

Ignore for the moment what the various variables are. They are defined
below. Let’s now consider in detail how U changes.
Changes in U with T under constant volume conditions

Since dV = 0 we find from above that

ou
w- (%) o

Now, we will define the constant volume heat capacity Cy as follows Cy =

( ‘g—g)v. This gives us

dU = CydT.



84CHAPTER 14. HEAT CAPACITIES, INTERNAL ENERGY AND ENTHALPY

On looking at this equation and recalling from our discussion about the
relationship between heat and heat capacity -you might guess that dU is
related to dg. In fact, they are exactly the same under constant volume
conditions. You can see this for yourself very simply as follows. Since under
constant volume conditions dV = 0 there is no work involved in the process.
As a consequence, from the first law of thermodynamics

dU = dgq

and hence under constant volume conditions heat and internal en-
ergy changes are synonymous. Done.

Changes in U with V under constant temperature conditions

Let’s now see how U changes with V' under constant T' conditions. Starting
with the total differential above we see that if dT' = 0 we are left with

ou
w- (1) w

The term in parenthesis is sometimes called the internal pressure (77) giving
dU = wpdV.

It turns out that this internal pressure term is a reflection of non-ideality.
We will explicitly show that for an ideal gas mr = 0 but for real gases where
there are intermolecular interactions such that 77 # 0. In fact,

o mp = 0, ideal gas and no interactions between molecule, atoms of the
system

o 7w > 0, real gas, there are attractive forces between molecules or atoms
of the system

o mp < 0, real gas, there are repulsive forces between molecules or atoms
of the system

Can you rationalize the sign of 77?7 For future reference, a table of 77 values
would be nice here.
Now, it can be shown (famous annoying words) that

= (3= 7(%), -r|! (14.3)
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This is obtained from (this is another total differential for the internal energy
except in terms of entropy and volume. Since we haven’t talked about
entropy yet, just take my word for it. This is just a preview.)

dU = TdS — pdV

where using our math skills we can show that

U\ _(0S)

v ), \av),. T
At this point, we will need another expression for (3—5)T- We will see later
on (i.e. way later) that one can find what it is using the following total

differential (one of the four fundamental equations of thermodynamics, again
this is a preview)

dA = —pdV — SdT

where from what are called Maxwell relations

(5v), - (&)

ov ), oT ),

When inserted into our earlier expression for the internal pressure we get
our desired expression. The reason why this is desired and more convenient
is that using this expression and given an equation of state, one can evaluate
what the internal pressure 7 is. For example, try this for the ideal gas and
say a van der Waals gas. You can try this on your own in your leisure time.
Hopefully, you will find that 77 = 0 for an ideal gas whereas it is nonzero
for a real gas.

Finally, we should mention that for solids and liquids (strictly speaking)
(g—g)T # 0. However, since in condensed phases, their densities vary little,
dV =~ 0. Hence, we can ignore the volume dependence of their internal
energy -even if (g—g)T is large.

The Joule experiment

Now, a long time ago Joule went out to try and find out what the value
of the internal pressure was for a gas. Joule had two flasks with different
volumes. One was evacuated and the other had a gas in it. There was a
stopcock separating the two. Joule thought that he could measure 7 by
observing the temperature change of the gas when it was allowed to expand
into the evacuated container.
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When he carried out the experiment, he observed no change in temper-
ature. Joule thus concluded that mp = 0. However, it should be noted that
he probably didn’t have a tremendously sensitive thermometer back then.
More recent experiments show that mr # 0 for real gases. But why did Joule
probably feel comfortable with his conclusion? (I'm liberally re-writing his-
tory here)

Well, the experiment involved a free expansion. As a consequence, w = 0.
Next, since he measured no temperature change, ¢ = 0 and hence AU =0
by the first law of thermodynamics. Now, we already showed that the total
differential for U is

dU = CydT + npdV

where we just found that dU = 0 and dT' = 0. Given that the volume of
the system changed (dV # 0) it is clear that mp = 0 for things to remain
self consistent. Hence, there was good reason for Joule to believe that he
was right. It turns out that real gases do indeed have a nonzero 7wy term.
The value is just small and easily overlooked, especially considering the
precision of early thermometers. As a minor aside, the Joule experiment is
a constant internal energy process. By contrast, you will see shortly that the
Joule-Thomson experiment, which is discussed later, is a constant enthalpy
process, AH =0

Other dependencies of the internal energy

Here what we want to do is take a step back. We’ve just seen the dependen-
cies of internal energy with temperature and volume under the constraints
of constant temperature and constant volume. But you might be wondering
-what about the dependencies of the internal energy as a function of tem-
perature and pressure but now under constant temperature and pressure
conditions? Specifically, what are

()
or),
ou
(5),
given the total differential of U = f(T), p)

U U
dU = (a—T>pdT + (a_p>po'
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Changes in U with T at constant pressure

Recall, from before that
dU = CydT + mpdV.

Using our math skills, let’s rearrange the expression by dividing through by
dT and imposing constant p conditions

d_U = d_V +
ar — ™ar TV
a_U = T a_V + C
or), — ""\or)," "
It turns out that the term (%)p is basically the coefficient of thermal expan-

sion o (a = ¢ (%)p). We saw this earlier when dealing with the equation

of state for condensed phases. We therefore see that (%)p = aV. Putting
everything together then gives

(g_U)p =nmraV + Cy (14.4)

and if we have numerical values of «, mp and Cy for a real gas we can
evaluate how its internal energy changes with temperature under constant
pressure conditions. In the limit of ideal gases, 7 = 0 and we find that

ou
(o), -

Thus, there is no difference between with the temperature dependence of U
between constant pressure and constant volume conditions. In general, for
real gases things are a little more complicated as you can see.

Changes in U with p under constant temperature conditions

To find this dependency, you again use the same math games you have seen
above. I'm going to let you try and figure this out on your own. But I've
summarized all these dependencies in the next section. So you can take a
peek if you wish to tap out.
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Internal energy summary

Since we will be interested in the internal energy changes of a system during
a process we summarize what we have learned up to now.

dU = dq+ dw

AU = q+w
dU = CydT + npdV
dU = ¢ (constant volume conditions)

Enthalpy

Constant pressure processes are much more common in chemistry than con-
stant volume processes. Most benchtop reactions occur at 1 atm right?
Under constant pressure conditions PV (i.e. pdV') work can be done. Just
as in the constant volume case where the change in internal energy equals
the heat transfered, there is an analogous relationship that applies in con-
stant pressure situations. But it requires us to define a new state function
called the enthalpy, H. The heat (i.e. energy) gained or lost by a
system in a constant pressure process is equal to the change in en-
thalpy of the system. Also look at the units of enthalpy. It is something
like kJ/mol and simply represents an energy change of the system.
The enthalpy is defined as

(145
(149

where under constant pressure conditions.

Justification 1

Let’s show that the first equation for enthalpy makes sense. From the first
law of thermodynamics,

dU = dqg + dw
or
dg = dU — dw.

Under the following restrictions,
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e constant pressure conditions
® D = pest (i.e. reversible conditions)
e and where we consider only PV work
we find dw = —pdV. This gives
dq = dU + pdV.

Since the pressure is constant, we can add Vdp to the right hand side of the
above equation. (basically adding zero)

dg = dU+pdV + Vdp
= dU +d(pV)
= d(U+pV).

Thus
dqg = d(U + pV).

The differential heat absorbed/released by the system is therefore the total
differential of a new state function, called the enthalpy H. We therefore
define the enthalpy as

H=U+pV.

Justification 2

Next, let’s justify the second expression which says that dH = dg under
constant pressure conditions. If you think about it, this is identical to the
dU = dq criteria under constant volume conditions earlier. Starting with

H=U+pV
add a small increment to the enthalpy

(H+dH) = (U+dU)+ (p+dp)(V +dV)
H+dH = U-+dU+pV + pdV + Vdp + dpdV.

Now, the last term is small and can be dropped giving

H+dH = H+dU+pdV + Vdp
dH = dU+ pdV + Vdp.
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Recall from the first law that dU = dq + dw so that
dH = dq + dw + pdV + Vdp.

If the work is carried out reversibly, pe.t = p and dw = —pdV. Replacing
this into our equation gives

dH = dq—pdV +pdV + Vdp
= dq+ Vdp

and if we operate under constant pressure conditions, dp = 0. We obtain

dH = dq.

Changes in enthalpy, H

Just like with the internal energy, we are primarily concerned with changes
in H during a process. We're not interested in an absolute value of H in
thermodynamics. So let’s summarize here what these AH expressions look
like. We can then consider the special case of an ideal gas.

First, we will usually define H to be a function of temperature and
pressure, H = f(T, P). As a consequence, we write its total differential as

OH OH

If you are looking for parallels between H and U you will be rewarded
since the first term in parenthesis turns out to be the constant pressure
heat capacity (Cp). The second term in parenthesis will be a reflection
of nonideality and will be related to what is called the Joule-Thompson
coefficient. For an ideal gas, the second term is zero just like for the internal
energy. Let us discuss this in more detail later.

Next, given the earlier definition of H (i.e. H = U + pV') we have

dH = dU+d(pV)
= dU +pdV + Vdp
AH = AU+ A(pV)
= AU +pAV +VAp
= AU+ (p2Vo — ;1 V1).
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Particular case of an ideal gas

Now, there are simplifications that arise when dealing with an ideal gas.
Namely, if pV = nRT

AH = AU+ ApV)
= AU+ A(nRT).

Case 1 If the amount of moles is constant (i.e the system is a pure
substance), then we can say

AH = AU +nRAT.

Case 2 If the amount of moles is changing (e.g. our system is a chemical
reaction), and the temperature is constant we can write

AH = AU + RT An.

Examples relating AH and AU

Let’s do some examples to demonstrate these relationships. Furthermore,
we can compare AH to AU and see how much of an energy difference
exists between the two. What we will find is that, in the case of a gas, the
differences between the two can be significant. This is because gases can
do pV work through expansion or contraction. By contrast, condensed
phases don’t undergo large volume changes and, as a consequence,
we will find that AH ~ AU for liquids and solids.

Example, Gases

Consider a reaction between ideal gases that leads to a change in the number
of moles of gas by one (An = 1). Assume that the process is isothermal.
We then have

AH =AU+ A(pV)
which becomes

AH = AU+ A(nRT)
= AU + RTAn.

For the generation of one mole of an ideal gas at 25°C, the difference between
AH and AU is then

AH - AU = (8.315J/molK)(298.15K) = 2.5kJ/mol
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which is a decently big number. This shows that the ability of gases do
pV work makes a big difference in the magnitude of AH versus AU. By
contrast, such differences between enthalpy and internal energy are small
when dealing with condensed phases and this is illustrated below in the
following two examples.

Example, Condensed phases

The change in internal energy AU when 1 mol of CaCOQOg3 in the form of
calcite converts to argonite is 21kJ. What is the difference between the en-
thalpy change and the internal energy change when p = 1bar. The respective
densities of calcite and argonite are

g
Pcalcite = 2.71 3
cmy

g
Pargonite = 2.93 %

Ans:
H = U+pV
AH AU + A(pV)
AH = AU+ pAV +VAp

but since p is constant
AH = AU + pAV.

For solids and liquids, the change in volume will be tiny. However, for gases

the change in volume can be huge. In this case we're dealing with solids.
We need the change in volume which we will get through the densities

provided. The molecular weight of CaCOs3 is 100 g/mol. As a consequence,

100g 3 _5 3
\% ——— =369 =3.69 x 10
! 2.71g/em3 an % m
1
V, = —09 3y jem® = 3.41 x 10-5md.
2.93g/cm3

The change in volume from calcite to argonite is therefore
AV = —2.8 x 107%m3.
The change in enthalpy is

AH = AU+ (1 x10°N/m?)(—2.8 x 107%m?)
AU —0.28]
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and the difference between the enthalpy and the internal energy is
AH — AU = —0.28J.

This is a small energy difference. Therefore, the enthalpy is basically the
same as the internal energy of a condensed phase (AH ~ AU). This is not
true for gases as we have seen earlier.

Example, Condensed phases

Calculate the difference between AH and AU when 1 mol of grey tin (p =
5.75g/cm?) changes to white tin (p = 7.31g/cm?) at 10 bar.
Ans:

H = U+pV
AH = AU+pAV +VAp

Since the pressure is constant the last term drops out.
AH = AU + pAV.

Now, we need the change in volume which we will get through the pro-
vided densities. The molar weight of tin is 118.7 g/mol. Therefore

118.7¢ , s
Vi = ——— =20.64 = 2.06 x 10
! 5.75g/cm3 an % mn
118.7¢ 3 _5 3
\% — — =16.24 =1.62 x 10 .
2 7.31g/cm? am % m

The change in volume is then
AV = —4.4 x 107%m?
and the change in enthalpy is
AH = AU + (1 x 10°N/m?)(—4.4 x 107%m3).
Thus, the difference between enthalpy and internal energy is
AH — AU = —4.4J.

Again, this is a very small difference, showing that for condensed phases
AH ~ AU.



94CHAPTER 14. HEAT CAPACITIES, INTERNAL ENERGY AND ENTHALPY

The dependence of H with temperature and pressure, H =

f(T,p)

We now return to the change in enthalpy as a function of temperature and
pressure. Like with internal energy, let’s go through each of these changes
individually. First, given that H = f(T', p) we write the total differential

OH OH

We will see below that this total differential can ultimately be written as
dH = CpdT — pj7Cpdp.

As before don’t worry about the variables since they are defined below. Let’s

go through each dependency separately.

Changes in H with T under constant pressure conditions

At constant pressure, the enthalpy changes with temperature through

oH
H=|— T.
d <6T>pd

Now, we will define the constant pressure heat capacity C, as follows C), =

(?9_]1{)17' This gives us

dH = CpdT.

On looking at this expression and thinking about our discussion on heat
capacities, you might feel tempted to think that dH and dq are related
to one other. In fact, they are exactly identical under constant pressure
conditions

dH = dq.
We showed this above. Look to the beginning of this section if you don’t
believe me.
Changes in H with p under constant temperature conditions

Let’s now see how H changes with p under constant temperature conditions.
Starting with the total differential above we see that if dT" = 0 we are left

with
dH = <O_H> dp.
op ) p
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The term in parenthesis turns out to be related to the negative product
of what is called the Joule-Thompson coefficient (uj7) with the constant
pressure heat capacity. This means we have

AU = —prCpdp.

The Joule-Thompson coefficient is a reflection of non-ideality and we will
explicitly show that for an ideal gas pjr = 0.
Now, it can be shown (again, famous annoying words in any text) that

(%_g)T - [V_T(g_;)p} : (14.7)

This is a nice expression because you can use an equation of state to find

what <%_I;>T and consequently pjr actually are.

Our expression is derived from
dH =TdS + Vdp

which is another one of those total differentials which you haven’t been
introduced to yet. So just trust me again. Next, using our math skills

OH oS
=) =7(Z) +VW.
<5p>T <5p>T

At this point, we invoke another total differential (another one of those
fundamental equations of thermodynamics)

dG = —=SdT + Vdp

involving what is called the Gibbs free energy. Using a Maxwell relationship,
we then find from this that

(), ),

whereupon we can substitute this back into (%—g) to get our desired ex-

pression. The reason why this expression is useful is that using it along with

an equation of state, one can evaluate what the Joule-Thompson coefficient

is since <%_I;>T = —uj7rCp. For example, try this for the ideal gas and say

a van der Waals gas. You can try this on your own in your leisure time.
Hopefully, you will find that pjr = 0 for an ideal gas whereas it is nonzero
for a real gas.
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Joule-Thomson experiment

Before going on, note the parallel with the prior U section. This has been
deliberate.

Now, many years ago Joule and Thomson carried out an experiment to
determine what the Joule-Thompson coefficient of a gas was (obviously I'm
rewriting history again). In their experiment, they let a gas expand through
a porous plug from a region of constant pressure to another. In our mental
picture, the gas flows from the left to the right and the pressure on the left
side of the plug is at a higher pressure than the pressure on the right of the
plug (p1 > p2). Apparently the original experiment used a silk handkerchief
as the plug. During the process, Joule and Thompson measured the change
in temperature that occurred upon expansion of the gas. Their apparatus
was insulated so that the expansion process was effectively adiabatic (¢ = 0).

In the experiment, they observed a lower temperature on the low pressure
side with the difference in temperature proportional to the difference in
pressures. The constant of proportionality is now called the Joule-Thomson
coefficient, pjr and this cooling by adiabatic expansion is called the Joule-
Thomson effect. Must be cool to have all sorts of things named after you.

For fun and to show that the Joule-Thomson experiment is a constant en-
thalpy process, we can model the expansion through two frictionless pistons
moving on either side of a porous plug. One piston (the left one) compresses
the gas while the other piston (the right one) expands as the gas enters its
chamber. This effectively models passing gas from one side of the plug to
the other (no -not that kind of gas). The external pressure on the left, p; is
kept constant as is the smaller external pressure on the right, ps.

We calculate the work on either side and see what happens. First, the
work done on the gas on the left during compression under a constant ex-

ternal pressure p; is
0
wy = — / p1dV

|41
= piW.
In parallel, the work done by the gas on the right is
Va
wy = — / p2dV
0
= —p2Va.

The total amount of work done on the system is therefore

Wit = w1 + w2 = p1Vi — p2Va
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and the total heat absorbed or released by the system is 0 since this is an
adiabatic process.

Gtot = 0.
From the first law of thermodynamics, the internal energy change is

AU =Uy —Ui = ot + Wit
Us=U1 = pVi—p2Vo.

We find upon rearranging that

Uy +p2Vo = Ui +piVa
Hy = H;
and as a consequence
AH =0.

Thus, at the end of the day, the Joule-Thomson experiment is a constant
enthalpy process. Compare this to the Joule experiment which is a constant
internal energy experiment.

In the Joule-Thompson experiment, Joule and Thomson measured a tem-

perature drop across the porous plug, resulting from cooling of the gas during
its expansion. Experimentally then, the value (%—Z) " is called the Joule-

Thomson coefficient, pjr. How does this relate to (%—g) which is what we

were interested earlier when describing the total differential dH? Consider
the following cyclic relationship (remember this stuff?)

(), 8), (35), -

On rearranging things we get

(5), = (&), Gar),

whereupon we can identify the first term on the right as the Joule-Thompson
coefficient and the second as the constant pressure heat capacity. This yields
our desired final relationship

(aa_g)T = —uyrC, | (14.8)
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which we previously showed equaled to

OH oV
(a—p>T‘V‘T<a—T>p'

As a thought problem, you can go and figure out what <%_I;>T is for a solid

or liquid. Hint: % (%)p = (3, the coefficient of thermal expansion. Consider

also the case where (3 is small.

Special case of an ideal gas

Finally, before going on, let’s consider <%_I;>T for the special case of an ideal

gas. Using our earlier expression, you can directly show that this term is

zero. Remember it is an expression that reflect nonideality. Here what we

want to do is to show an alternate approach for establishing that it is zero.
Start with the definition of H

H=U+pV.
Since we are dealing with an ideal gas pV = nRT
H =U +nRT.
Next, consider the dependence of H on pressure under constant 1" conditions
0H ou ORT
()= (&), (%),

Both terms on the right hand side equal zero yielding

oH
_ =0,
<5p>T

which again proves that the enthalpy of an ideal gas depends only on tem-
perature.
By the same token, one can also show that (‘g—g)T = 0. We have

oI _ (U , (ORT

ov ), \ov ), ov ),
and it’s apparent that both terms on the right equal zero. Again, to reiterate,
the enthalpy of an ideal gas depends only on temperature.
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Other dependencies of the enthalpy

Here what we want to do is take a step back. We’ve just seen the depen-
dencies of enthalpy with temperature and pressure under the constraints
of constant temperature or constant pressure. But you might be wonder-
ing -what about the dependencies of enthalpy as a function of temperature
and volume but now under constant temperature and volume conditions?

Specifically, what are
or
oT /),

(5%),

in the total differential of H = f(T,V)

0H 0H

Changes in H with T under constant volume conditions

Like with the earlier U internal energy section, we’re going to find this
relationship by playing a few math tricks.
Consider the total derivative of H(p,T')

OH OH
oT » op ) p
OH
= C,dT + <—> dp.
p ap T P

Rearrange the expression by dividing by dT', keeping the volume constant.

OH B OH Op
(o), -+ (&), ),

Invoke now the Euler chain relation

(), 3,03, - -

0
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Apply the inverter relation so that

(g_;) (1),

 (av)
v (8P>T

Define kp = —% (%—‘;)T as the isothermal compressibility. Also recall that

the coefficient of thermal expansion is a = % (%)p. Throw these equations

back into our Euler-derived expression to get

(@), = ()

Now, take this and put it back into our original expression for the enthalpy
change under constant volume conditions

(o), =+ (&), (%)

At this point, we must change <%_I;>T to something more recognizable (does

this ever end). Let’s invoke the Euler chain relationship again.

(328 (55,

Apply the inverter relationship again

Now define

(o
HJT = ap Hv

which is the Joule-Thompson coefficient as seen earlier. Recall also that
(‘g—lj{)p = (), is the constant pressure heat capacity. Our equation becomes

OH
(a—p>T = T
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Finally, replace this back into our original expression for the change in en-
thalpy with temperature at constant volume to get

0H a
(57), = () + &

The desired final final expression is therefore

(), = G (1 - 2 (14.9)

and describes the change in enthalpy with temperature under constant vol-
ume conditions. Note that pjr = 0 for an ideal gas and just like in the
earlier U internal energy section we find that there is no difference between
(g—I;)V and (g—lg)p. They both equal C,,.

Changes in H with V under constant temperature conditions

To find this dependency, you again use the same math games you have seen
above. I'm going to let you try and figure this out on your own. But I've
summarized all these dependencies in the next section. So you can take a
peek if you wish to tap out.

Summary of U and H dependencies

Case 1, U(T,V)

oUu oUu
au = <O_T>VdT+<W>TdV

du= CydT + (4%), dV (14.10)

where (g_U)T is measured via the Joule experiment giving 77, the internal

pressure.

Case 2, U(T,p)

ou ou
== T -
v <5T>pd +<5p>po
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where we found (‘g—g)p earlier. We do it again for completeness and so you
don’t have to go searching for stuff.

ou ou
au = <O_T>VdT+<W>TdV
(5_U> _ (5_U> +<5_U> (5_‘/)
ar ), or ), " \av ), \or),
ov
= CV-|—7TT (a_T>p

with (a—v) related to the coefficient of thermal expansion through a =
oT ) p

1 (8_V)
VvV \oT p’
Next, from U = H — pV we get

(@), = (57),

- (5),E), v (E)

B, @] 0w
o0H

where <8_p>T = —py7C)p and where it was the subject of the Joule-Thomson

giving

experiment.
To summarize, we have

av = [(38)y + (36), (39), | ar+ [(42), —» (%5) - V] ap|14.12)

OH OH
H = (=) dT+ (==
= (Gr), e (%),

dH = C,dT + (%—5>po

where (8—IZ>T = —py7C)p is measured through the Joule-Thomson experi-

ment.
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Case 4, H(T,V)

OH OH
dH = <O—T>VdT+ <W>TdV
where we found (a—H) earlier. We do it again here for the sake of complete-
ness.
OH OH
dH = <—> dl' + <—> dp
oT » op ) p
oI\ _ (0, (oH\ (0p
or )y, N or ), dp oT )y,
dp
= Cp+pirCy ( 6T>

o) _
It can be shown that <8—5’,>V = -2

Next,
O_H ~ [(OU +pV)

— \ov), " P\av ), v ),

()0 = G)e 0+ v (3), (1413)

leaving us with

with (g—g)T = 7 the subject of the Joule experiment.
To summarize, we have

dH = (), ~ (32), (%) | ar+[(3)r +p+V (8f) | avika14)

Summary for the particular case of an ideal gas

From the definition of an ideal gas you automatically get
ou
(),
op )¢
ou
— ] =0.
(5v),
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Next, what are (8—5)7, and <%_I;>T?

First one
O_H ~ [(O(U +pV)
~ [(oU oV op
- (&), (), + (),
giving the general expression
OH\  (oU op
(&), = (&), +v (&%),

Now, if we are dealing with the specific case of an ideal gas we know that

(g—g)T =0 and p = # and therefore (g—{’})T = —"‘}}QT. Our original
expression reduces to
<8H > nRT
_— = p —_—
ov ), 14
= p—p=0.

Thus

oH
il =0
(57),
for an ideal gas.

Second one

(&), - %)
p ) r Ip T
ou oV 8p>
<8p>T p<ap>T <8p T
leading to the general expression

Now if we are dealing with the specific case of an ideal gas <8_p>T =0

(%), (%),
op ) r P op )
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nRT

where V = o gives
OH T
(), - e
o ) r p
= V4V =

We then have the final expression

oOH
-_ =0
<5p>T

for the specific case of an ideal gas.

The relation between Cy and C),

To end this chapter, is there some relationship between Cy and C,? The
answer is yes, although you might not like how complicated the general case
looks. For the specific case of an ideal gas, this simplifies greatly.

Let’s go find and find this relationship since we have nothing better to
do and because we are curious types like the guy in Moby Dick. Begin with

OH
T ),

where recall that H = U + pV. Therefore, we find that

dH = d(U+pV)
= dU + pdV + Vdp.

Since the C), expression invokes a constant pressure, let’s assume constant
pressure conditions here

dH = dU + pdV.

Now, put this back into the C), expression (the numerator specifically) to

get
OH
G = (8—T>

U —|—pV)>

("5
(
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Note that the first term on the right hand side of the equation is similar
to the one we are interested in. Unfortunately it’s the change in internal
energy at constant pressure, not volume. Close. We’ve already derived what
this expression looks like, but let’s do it again for the sake of completeness.

U~ V)
oU oU

— - T — R

v <6T>Vd +<(W>Tdv

Now, divide by dT" and keep the pressure constant

(o), = (o). (). (@7),

Replace this into the expression for C),

o = (), (%),
(5r),+ (av), (7r),
— Oy + [(%)T”] (%),,'

We obtain our first expression relating C, to Cy

(Y
P\or),

Cp=Cv + (57r), [P+ (57)] (14.15)

Note that if dV' is small C}, ~ Cy again. This would best apply to condensed
phases and you can therefore remember that for solids and liquids
there isn’t a huge difference in these two heat capacities

The special case of an ideal gas

The special case of an ideal gas is simple. Starting with the above result

Cp=Cy + (%)p [“ (g—m]

note that pV = nRT and that (%)p = %. Furthermore, recall that

for an ideal gas the internal energy depends only on temperature. Hence

(g_g)T = 0. Putting everything together we get

\Cp = Cy +nR. ‘ (14.16)
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Nice and simple.

Presumably one could use another gas equation of state, like the van
der Waals equation, and get analogous expressions. I'll leave this for you to
explore in your leisure time. Furthermore, you can also consider coming up
with a qualitative explanation for why Cy and C, differ.

Alternative expression 1

Let’s say that we are masochistic or that we like to play math games. We
can express our general result slightly differently. Starting with

oV ou
Cr=Cv (a—T>p (o))
the (g—g)T term can be broken down using U = H — pV as follows
ou [ O0(H —-pV)
ov ), oV T
B OH Op
= (o), v (),
Replacing this back into our original C), expression gives
oV OH dp
o (3) b (), ()
P or), ov ) ov ),
oV OH dp
o () 80), ()
or),L\ov ) ov )
0HY _ (9H 9p ; '
where (8V)T = <8p >T (8 >T' This then yields
oV OH Op Op
o = o) [(5), ), (&),
P or ), \op /) \0V )r ov ),
oV dp OH
- o+ (50), (), 1(5), ]
or ) ,\ovV /) [\ 0p /r

where now recall one of our old math relationships (%)p (g—@) s (3—;) ,

o= (3, (), )

to get
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The final alternative version of the relation between C, and Cy is then

G=cv+ (%) [v-(%),]| (14.17)

Alternative expression 2

Let’s say we even have more free time. Alternatively, we can express the
above relationship in an even more convoluted way using math gymnastics.
Starting with the previous result

Cp=Cy + (aa;) [V R (%)J

we can modify it by considering H as a function of p and T'.

OH OH

If H is held constant (for those Spanish speaker, ojo!) dH = 0.

(%{)pdm (%)po )
Divide by dP to get
(or), (), (5), =
or ) ,\op )y op ) p
(3),=(57), (&)
op ) or ), \op /)y

Replace this expression into where we left off with C,.

c, = CV+<S§> ;V_<66_I;>T]
- o+ (), |7+ (57), (),
-G (2) [rea () ]

B dp oT @
- CV”(@T) TG (ap> <6T>V

Therefore
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Consolidate the C), terms to get

(- (@), @r),) = (@),

Our final alternative expression is then (no mas -anyone know what this
historical reference is to?)

el | (14.18)

Done.
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Chapter 15

Thermochemistry

Previously we primarily dealt with internal energy and enthalpy changes for
expansions and other processes of a given substance. In chemistry, however,
we often deal with chemical reactions. So the system now isn’t a single gas
or a single block of something. It’s now a reaction consisting of reactants
and products. So here we show what the enthalpy change for a process
defined as a chemical reaction.

The enthalpy change for a reaction is simply the heat (i.e. energy)
absorbed or evolved when a chemical reaction for the breaking and making
of chemical bonds occurs at constant pressure and temperature. If you
remember your freshman chemistry, processes that result in an evolution of
heat are called exothermic and have a negative AH. Processes that result in
the absorption of heat are called endothermic and have positive AH values.
Common examples in real life include self heating drinks and meals as well
as single use ice packs. You've seen these at Walgreens I'm sure. These are
two easy demos that one can do.

Enthalpy H is a state function. The main consequence of this statement
is that the enthalpy change of a reaction is simply the difference in enthalpy
between the final and initial states (products minus reactions if you will).
The enthalpy changes associated with the formation of any intermediate
states does not ultimately matter. However, they can be used in an additive
bookkeeping fashion if needed to find the net enthalpy change of a reaction.
This principle is called Hess’ Law after a Russian chemist named Germain
Henri Hess in St. Petersburg. “The total enthalpy for a reaction is inde-
pendent of the path by which the reaction occurs.” Let’s illustrate Hess’ law
using an example. But before we go on, let’s make clear some “rules” when
dealing with these thermochemical equations.

111
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e When a thermochemical equation is multiplied by any factor, the value
of AH for the new equation is obtained by multiplying the value of
AH in the original equation by that value.

e When a thermochemical equation is reversed, the value of AH has its
sign reversed.

e The enthalpy changes of sub reactions adding up to a net reaction are
additive.

Example

Consider the oxidation of carbon monoxide to carbon dioxide at 1 bar, 25°C.

CO(g) + 50s(5) — COs(g)

The enthalpy change measured during the reaction is AH = —283k.J. This
is measured through the heat evolved in the reaction because dH = dq for
a process at constant pressure. So in practice we have a calorimeter with a
known heat capacity. The observed temperature change then gives you the
amount of heat involved in the reaction which, in turn, gives you AH for
the reaction (apart from a sign change).

However, we could have found out this value differently using Hess’s Law.
Say we measured the enthalpy changes of the two following reactions

1
C'(graphite) + 502 — CO
C(graphite) + Oy — COs

where the enthalpy change of the first reaction is found to be AH = —110.5kJ
and the enthalpy change of the second reaction is found to be AH =
—393.5kJ. Using these two separate AH values, we can calculate the origi-
nal enthalpy change as follows.

If we reverse the first equation, the sign of the enthalpy change is flipped.
If we now add the two reactions together like math equations, we get the
net reaction

1
CcO + 502 — COs.

The enthalpy change for this process is then the sum of the two enthalpy
changes (the first one being flipped in sign)
AHtot = —AHI + AI{2
= 110.5+ (—393.5) = —283k.J.
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This is in complete agreement with what was measured directly.

Example

The hydrocarbons ethene and ethane are byproducts from the cracking of
oil. The enthalpy change at 25°C for the reaction of graphite and hydrogen
gas is 52.26 and -84.68 kJ/mol respectively. Calculate the enthalpy change
for the hydrogenation of ethene to give ethane.

Ans: The stated reactions are

2C (graphite) + 2Hy — CoHy
QC(graphite) + 3Hy — CyHg.
To use Hess’ Law to find the desired reaction
CoHy + Hy — CyHg

take the first equation and flip it. Remember to flip the sign of the enthalpy
change as well. We get

CyHy — 2C' 4+ 2H9
2C + 3Hy — CoHg.

The net reaction is then the desired one written above (I hope you see this)
and the sum of the individual enthalpy changes is

AH;,y = —-AH;{+ AH,
= —52.26 + (—84.68) = —136.94kJ.

Example

This example will illustrate why we won’t necessarily be using Hess so much.
Why? Cause it gets tedious and there is a shorter alternative.
Consider the chemical equation

CHy(g) +4Cl(g) — CCLy(1) + 4HCl(g).

What is the net enthalpy change of the reaction when you only have the
enthalpy differences for the following reactions (these are provided to you)

C(graphite) +2H2(9) — CHa(9)AH§ = —74.9kJ/mol
C(graphite) +2Cl2(g) — CCly(I)AH? = —139k.J/mol

1 1
5H2(9) + 5Ch(g) — HCI(g)AH] = —92.3k.]/mol.
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Note that the subscripts f here stand for the enthalpy of formation. For-
mation from what? Formation from stuff in their standard states. We will
discuss this a little later when we talk about the easier alternative to doing
these sorts of problems.

So how do you use these equations to find what you want? Well, let’s
flip equation 1

CHy(g) — C(graphite) + 2Hy(9)AH} = 74.9kJ
C(graphite) +2Cl2(g) — CCl(1)AH} = —139.0kJ

1 1
§H2(g) + 50[2(9) — HCl(g)AH; = —92.3kJ.

Now what? Multiply equation 3 by four.

CHy(g) — C(graphite) + 2Hy(9)AH} = 74.9kJ
C(graphite) +2Cl2(g) — CCl(1)AH} = —139.0kJ
2Hs(g) +2Cla(g) — 4HCI(g)AH§ = —92.3(4)kJ

Now, add all the equations together. You will notice that the carbons
and the hydrogens will cancel. The chlorines will add. We get

CHiy(g) +4Cly(g) — CClL(1) +4HCl(g) AH} = —433.3kJ.

This is our desired answer but we got it by dealing with a bunch of little
sub reactions. Imagine if instead of three we had ten or more. It gets ugly
fast.

An easier way

Now, there is another way to calculate enthalpy changes using tables. But
this requires that we first define some things such as standard conditions.
First the enthalpy change of something in its standard state is zero.
This will be our reference point from which all other enthalpy changes are
measured. Note that we are not talking about absolute enthalpies. We're
always referring to enthalpy changes. In fact, all of these AH values are
relative to our more or less arbitrary standard state.

To illustrate, the enthalpy of formation of Ho(g) at 298K, 1 bar is defined
to be zero. The same goes for Ny(g) at 298 K and 1 bar. Usually this will be
for simple things such as elements or gases. Be careful, though, if the thing
is not in its standard state, say Ha(s) or No(l) then the associated enthalpy
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of formation is not zero. This is why you want to pay attention to the state
of a substance (i.e. whether it is a solid or a liquid or a gas).

Next, the standard conditions are defined as (note the difference in stan-
dard temperature from the earlier definition of STP. This gets annoying
when people start playing with reference conditions.)

e standard T, 25°C or 298.15K
e standard p, 1 bar or 1 x 10° Pa
e standard state, pure component at this temperature and pressure

We now define the enthalpy change of a molecule or something else in
terms of its standard heat of formation AHgg or AH]?. Again, you can
loosely think of this as the enthalpy associated with a given species but
it’s really the enthalpy change associated with making it. The superscript
means 1 bar pressure. The 298 is obvious. So to summarize AH]? is the
enthalpy change due to 1 mole of a compound being formed under standard
conditions from its constituent elements in their standard states.

Example

Calculate the enthalpy change for the gas phase reaction between Hs(g) and
I5(g) at 298K and 1 bar

Hj(g) + I2(g) — 2HI(g).

Note that Hy(g) is in its standard state. By contrast, I3(g) is not in its
standard state. In fact, the standard state of iodine is a solid (I2(s)). The
heat of formation of HI(g) can be looked up in a table and is listed as
AH]? = 26.48 kJ/mol. Before we go on to solve this thing, we must get the
heat of formation for iodine

Ir(s) — Ix(g).

Here I5(s) is in its standard state, the associated heat of formation is zero.
Next the heat of formation of I5(g) is looked up in a table and is AHY =
62.44 kJ/mol.

Now, put everything together

Hy(g) + I2(9) — 2HI(g)
046244 — 2(26.48).
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Note that we accounted for the number of moles. The net change in en-
thalpy is then AH = —9.48kJ/mol. Since this is under constant pressure
conditions, the enthalpy change is the amount of heat (i.e. energy) lost to
the surroundings, which we basically measure using a calibrated calorimeter
and a thermometer.

Example

Calculate the enthalpy of reaction at 25°C for the following reaction
3F€203(S) + QNHg(g) — 6F€O(S) + 3H20(l) + Ng(g).

To do this, we go and look up the standard enthalpies of formation of the
different species in a table somewhere. We get (all in units of kJ/mol)

3F€203(S) + QNHg(g) — 6F€O(S) + 3H20(l) + Ng(g)
3(—824.2) + 2(—46.1) — 6(—266.3) + 3(—285.8) + 0

Add up the right, add up the left and take the difference (final minus initial)
to get

AH,, = 109.6kJ.

So this is trivial. Cake. I'll claim that it is one of the more straightfor-
ward aspects of this class. You just have to remember

Final — Initial,

taking into account the stoichiometry of the reaction. You also need to
look up the standard enthalpies of formation of the different reactants and
products in a table. The thing you have to be aware of is that when you do
this you are evaluating AH for given conditions, namely 25°C' and 1 bar.

Variation of enthalpy with temperature

Ok, so not all reactions are run at 25°C right? How do we calculate the
enthalpy change if the reaction occurs at a different temperature? Well, we
have to consider the temperature dependence of H under constant pressure
conditions. This brings us back to our friend the constant pressure heat
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capacity, C,

OH
Cp = (8—T>

= C,dT

dH
1>
/ dH = / CpdT..
T7=298.15

This last equation is called Kirchoff’s Equation (not to be confused with
Kirchoff’s Law in electrical engineering, besides are these guys related?).

Now Kirchoff’s equation would appear to be a straightforward integral.
However, C), actually varies with temperature and is not necessarily con-
stant. We glossed over this when we first talked about heat capacities. So
to make life easy, to a first approximation, you can assume that C), is con-
stant or you can use the average value of the heat capacity C, over the
desired temperature range. If you ever saw the movie Heartbreak Ridge
with Clint Eastwood, this is an example of what I call improvising, adapt-
ing and overcoming). But we almost overlooked something, this average
heat capacity must be known for each species in the reaction. So if you have
a table that lists them then great, otherwise you have to assume that the
heat capacities are all constant with temperature.

At this point, we have

AH = C,AT

AHrp, — AHp, = Cy(Ty —298.15K)

or

AHr, = AHp, + Cp(Tz — 298.15K) (15.1)

Here 'm just writing out AH explicitly for the final and initial states to
remind you that we are not dealing with absolute enthalpies but rather
enthalpy changes.

This expression applies to each species in the reaction. Note that an
easy way to calculate the change in enthalpy of a reaction at a different
temperature is to first calculate the net change of enthalpy like usual. Then
go and find the heat capacities or average heat capacities of each species
and treat them the same way. Get the net heat capacity of the reaction by
adding up the left, adding up the right, taking into account the stoichiometry
(remember C depends on how much stuff you have) and taking the difference,



118 CHAPTER 15. THERMOCHEMISTRY

final minus initial. This will give you Cp,(net) or Cp(net) which you would
multiply by the temperature difference and add to the 25°C enthalpy change
to get the final answer.

Example

The complete combustion of ethane releases 1558.8 kJ of energy at 25°C.
Calculate AH ompustion at 100°C.

Calfs(g) +50a(9) — 2C0s(g) +3H0()

Given are (all units are in J/mol K)

e C,(C2Hg)(g) = 52.6

e Cp(02)(g9) =295

e (,(COs)(g) =371
e C,(Hy0)(1)=175.3
Ans: Using Kirchoff’s equation we get

AHs7315 = AHags 15+ Cp(373.15 — 298.15)
—1558.8 + C,,(373.15 — 298.15)
= —1558.8 + C,(75)

where we find C,,(net) as follows

CoHg + gOg(g) — 2C09 + 3H50

52.6 + 2(29.4) . 2(37.1) +3(75.3).

Add up the left, add up the right, take their difference to get C,, = 203.4.J/K.
Replace this back into our expression for the enthalpy.

203.4

AHp, = —1558.8(1000) + (W

> (75) = —1543.5k.J.
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A more accurate treatment of heat capacity

We know that C), can change with temperature. In fact, C}, can change
significantly in some cases. The variation of C}, with temperature is usually
represented as a power series in temperature

Co(T) =a+bT +cT?*+dT3 + ...

where one keeps as many terms as necessary to make it an accurate repre-
sentation of what happens in real life. The coefficients a, b, and c etc... are
empirically determined.

Let’s consider the specific case where only the first 3 terms in the series
are needed. We get for the temperature dependence of the enthalpy

dH = CydT
dH =~ (a+bT +cT?)dT
Ts
AH ~ / a+bT + eT?dT
T1
bT? n cT? n
~ a(Tg—Tl)—l—— + —
2 |p 3 0n

The final answer for the change in enthalpy due to a temperature change is
therefore

b c
AH ~a(Ty — Ty) + 5(TQ2 — T + g(TS —TP).
Example

Given the standard enthalpy of formation and heat capacity data below,
calculate the enthalpy change at 100°C.

302H2 — CGHG

AH;(CQHQ) = 2267k‘J/m0l

° AH;(CGHG) = 8291<:J/m0l

Cp(CoHy) = 30.7+ 5.28 x 10727 — 1.63 x 10~°T%J/mol K

Cp(CsHg) = —1.7 4 32.5 x 10727 — 11.06 x 1075T%J/mol K
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Ans: We need to find what Cp(net) is first. Then we can use it in
Kirchoff’s expression.

Cp(net) = —1.7+32.5x1072T —11.06 x 107°T?

— 3(30.7+5.28 x 1072T — 1.63 x 107°T?)

= —1.74325x 10727 —11.06 x 107°7>

— 92,1 —15.85x 10727 +4.89 x 107°7T?

= —93.8416.66 x 10727 — 6.17 x 107°T% J/K

Put this back into Kirchoff’s expression

1>
AHg, = AHj +/ —93.8 4 16.66 x 1072T — 6.17 x 10~°T?dT
T1

16.66 x 1072
2

6.17 x 107°

= AH—938(Ty—Th) + 2

= AH? —3.365kJ
= —597.2kJ — 3.365kJ
= —600kJ.

(T3 —17) - (T3 = 17)

This is our desired answer.

Enthalpy changes for other processes

There are other important enthalpy changes that we should be aware of.
They are listed below along with a little blurb. Think of them like the name
reactions in second semester organic chemistry. Remember the Cannizzaro
reaction?

Enthalpy of combustion, (aka heat of combustion)

This is the enthalpy change when 1 mol of a compound reacts completely
with excess Oy. For example,

CHu(g) +202(9) — COa(g) +2H20(1).

Tables of these AH,,p values exist.



121

Bond dissociation enthalpy, (aka bond energies)

This represents the energy/mol needed to break a chemical bond. For ex-
ample,

CHy(g) — C(g) +4H(g).

Tables of these AHp,nq values also exist.

Example

Use values of bond energies to estimate the standard enthalpy change for
the reaction

CH30CH;3(g) — CoHs0H(g)
Given:

e AH(C

(C — H) = 415kJ/mol
e AH(C — O) = 350kJ/mol
( _

e AH(C —C) = 348kJ/mol
e AH(O — H) = 464kJ/mol

Note the sign, these are the energies needed to blow up the bond. It takes
energy inputted into the system to blow a bond up. Conversely, if you make
a bond you have to flip the sign. This shows how the system stabilizes on
bond formation.

On the left side of our reaction, we need to calculate the total energy
needed to blow up all bonds.

AH, = 6(C—H)+2(C—0)
= 6(415) + 2(350) = 3190k.J.

On the right side of the reaction, we need to calculate the total energy
change which results from forming the molecule

AHy = —[5(C—H)+(C~C)+(C—0)+(0-H)
=  —[5(415) + (348) + (350) + (464)]
= —3237kJ.

Now put everything together by summing the two enthalpy changes, the
first to blow up the reactants and the second to form the products

AHpe = AH) + AHy = —4TkJ.
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Enthalpy of solution

This is the enthalpy change when 1 mol of a compound dissolves in a large
excess of a pure solvent. For example

HCl(g) + Hy0(excess) — HCl(aq).

Enthalpies associated with phase changes
Fusion

This is the transition from s — I. AHj, (the enthalpy of fusion, aka the
latent heat of fusion) is the energy required at constant pressure to melt 1
mol of a pure substance at its melting point, T5,.

Vaporization

This is the transition from | — g. AH,,), is the energy required at constant
pressure to vaporize 1 mol of a pure liquid at its boiling point, T}.

Sublimation

This is the transition from s — ¢. Think of dry ice where we skip the liquid
phase. So AHyg,;, is the energy required to take 1 mole of a substance from
solid to gas at its sublimation temperature, T, under constant pressure
conditions. Note that enthalpy is a state function. As a consequence,

AHgp = AHfus + AHvap . (15.2)

This is a direct application of Hess’s Law at constant temperature.



Chapter 16

Entropy and the 2nd and 3rd
Laws of Thermodynamics

The purpose of this section is to explain the origin of spontaneity of physical
and chemical processes. Namely, you might have gotten the impression from
prior classes that spontaneous reactions or processes are those which are
exothermic. But what really drives reactions? Let’s look at two spontaneous
reactions.

The first involves dissolving a salt in water.

LiCl (s) = Li" (aq) + C1™ (aq).

This process has an enthalpy change of AH = —37.1 kJ. It is exothermic.
The next spontaneous process also involves dissolving a salt in water.

NaCl (s) = Na't(aq) + Cl™ (aq).

This process has an enthalpy change of AH = 3.9 kJ. It is endothermic. Yet
it is spontaneous. To drive home this point even more, consider the following
spontaneous reaction involving the melting of ice at room temperature

H,0 (s) = H,0 (1).

The enthalpy change here is AH = 6kJ. Again, here is an endothermic
process which we know beyond all doubt is spontaneous. So we conclude that
the spontaneity of reactions is not always controlled by favorable final /initial
state energy differences. Instead, is there something that is more predictive
as to whether a process or reaction is spontaneous?

123
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To better predict spontaneity, we therefore introduce a new thermody-
namic function called entropy (S). It is defined as

dS = e (16.1)

where ¢, is the heat released or absorbed during a reversible process.
The unit of entropy is J/mol K. Qualitatively, entropy is a measure of the
randomness or disorder of the system. The main idea then is that spon-
taneous processes are those which tend to increase disorder in the system
although we will see a more encompassing definition of spontaneity when
we encounter the second law of thermodynamics in a minute. Now, the
statistical definition of entropy is

EEg 162

This relationship was derived by Boltzmann and is written on his tombstone
in Vienna. In the expression, kp is called the Boltzmann constant (kg =
1.38 x 10723J /K. Tt can be found from R/N,) and the W is basically the
number of ways in which you can arrange the molecules in a system.

Uses of entropy to show you’re part of the intelligentsia

Clean up your room.
Ans: “Why bother, it’s entropically unfavorable”
How come it’s such an ordeal get organized to leave for the Linebacker on
time?
Ans: “Clearly it’s against the Second Law”
etc... you get the point.

Second Law of Thermodynamics

Entropy is key to the second law of thermodynamics. The second law is
stated a number of ways but all with the same intent. “The entropy of an
1solated system increases in the course of a spontaneous change” or “Spon-
taneous process are those which increase the entropy of the universe”. So
what this is saying is that if we learn how to quantify changes in entropy,
we can, predict whether a process is spontaneous or not.

Note that Clausius has another statement of the second law (we’ll stick
with the top ones, but they're all saying the same thing again). “It is
impossible to construct a machine that is able to convey heat by a cyclical
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process from one reservoir to another at a higher temperature unless work is
done on the machine by some outside agency.” This statement is basically
saying that we cannot construct a perpetual motion machine. Note that
there are two types of perpetual motion machines, a) those that violate
the 1st law of thermodynamics and b) those that violate the 2nd law of
thermodynamics.

Note also that thermodynamics has never ever been proven wrong, thus
everytime you see someone claiming one of these something for nothing
gimmicks (free energy for all) it’s probably not true (this also assumes that
you’re not one of those conspiracy theory people who believe the military-
industrial complex is suppressing the release of these free energy machines
to continue our dependency on crude oil).

Entropy change preface

Let’s see how the entropy of a system might change with temperature and
pressure, S(T, p), or temperature and volume, S(7, V). First some prelimi-
naries.

The internal energy of a system is defined as

dU = dq + dw.
If only pV work is done and the process is done reversibly
dU = dgyey — pdV
thus
dGrey = dU + pdV.
The entropy change of the process is then

dq?"ev

T
dU + pdV
—7

as

This gives an expression for S(U, V)

dS = £dU + 2dV (16.3)

which relates changes in entropy to changes in energy and volume under a
given pressure and temperature.
Note the following
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e (a) At constant volume (dV = 0) an increase in the internal energy of
the system means that the entropy increases. Kinda makes sense, yes?

e (b) If the internal energy is constant, an increase in volume implies an
increase in entropy.

Now, we do not normally control the energy of a system directly. Pres-
sure and temperature or volume and temperature are more convenient pa-
rameters to vary. We therefore convert our original expression to more useful
forms.

Variations of entropy with temperature and vol-
ume, S(T,V)

Consider entropy as a function of temperature and volume S(7,V). The
total differential is

oS oS
= — T .
ds ( 6T> dl' + ( 8V> dav.
A priori who knows what ( 8T) and ( 8V) are. Well, we can find them by

referring to our previous relatlon for S(U, V)
Compare the above to our previously derived expression

1 p
dsS = TdU+ TdV.

Let’s work with this second expression and get rid of dU. Do this by ex-
pressing the total differential for U(T, V)

iU = <@_U> dT—|—<8U> av

oT oV
ou
= CydT av
var+ (55)
where recall ( 8V) = mr (the internal pressure)
Use this value of dU in our previous expression for the entropy.
oU D
s = CydT av | + =dV
r[ovare (5), ]+

Oy oU D
- TdT+—<W>TdV+TdV

1
T
oy 1 [[oU
- G [ o
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Now, by comparing this to the total differential for the entropy as a function
of T and V, shown at the beginning of this section

(88), =% (16.4)
ou

(%), + 1) (16.5)

(5%)r =

where from our prior work on the p/V dependencies of internal energy

oUN (o
ov ), ™= \ar),

The first expression describes the fact that at constant volume the en-
tropy will increase with temperature. The second expression, the volume
dependence at constant temperature, is more complicated. We will evaluate
this and reduce it to something more tractable. Namely, we will use the ex-
actness of a total differential to help us here. Recall that this meant that the
cross derivatives equaled. Note that you could just as well evaluate this by
shoving in the explicit form of ( 8V) into our expression for (W) It will

HIH

simplify greatly and you find that (W)T = (%)V. But let’s demonstrate

this another way in what follows.
We start with the exactness relationship
028 B 028
ovoT — OToV'

Left hand side. The left hand side of the expression simplifies as follows
s _ o (Cy
ovor ov \ T

where recall that Cy = (8_U)

or/v
0*s 0 [1(oU
ovor — oV |T\9T ),
19U
- TOVOT'

We therefore have

S\ _ 10U
ovor) Tovor
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Next, the right hand side We have
s _ o[y,
orov — or |T |[\ov ), ?
_ O [1L(oUu) . p
- OT |T\oV ), T
_ 10U (OUN (ZI\ 1 /Op\ _p
- ToTOV  \oV ), \T1?) T\OT ), T?*
The resulting expression is
P _1[U (Op\]_ L[ (U
orov T |oTov ' \oT),| T2 [P \ov )|
Now equate the left and right hand side expressions.

028 028
ovor — OToV

LU 18U 1 (op) L[ (U

Tover ~ Torov T\or), 1 |7 \av),|
The first two terms cancel because U is a state function and its differential
will be exact. This leaves

1 /0p 1 oU
[ = p+ | =
T\oT )y, T ov ),
Op 1 oU
oT )y, T ov )p
and on comparing this result with our original expression for the entropy
change with volume under constant temperature conditions

(), =7 b+ () ]

()= (8),! (16.6)

Thus (g—g)T reduces to something more tractable in terms of the coefficient
of thermal expansion « and the coefficient of compressibility x. Recall that

_ (o
“ = vier),

_ (v
I{_VapT

we conclude that
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so that

ov
(7), =

oV
- = —kV
( dp >T

and by the Euler Chain relation/inverter
ap\ (ory (avy
or )y \ov /), \op ) B
o\ _ (VY (%
or), or ) ,\ovV ),
Op B 1
<8_T>V = ~en) <_“V>

Hence

(F)r= (%), =2} (167

Now putting everything together we find

0S8 0S8
as = <O_T>VdT+ <W>TdV

dS = S¥dT + 2dV | (16.8)

This expression is applicable to any substance. Except for gases, the volume

. .. . . CvdT
dependence is usually negligible. Thus for solids and liquids dS ~ =7.

Variations of entropy with temperature and pres-
sure, S(T,p)

Alternatively, consider the entropy as a function of temperature and pressure
S(T,p). The total differential is

oS oS
= — T — .
» <6T>pd +<0p>po
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) , . as as
Again we don’t know a priori what ( 8T)p and ( 8P>T are.

But from before (the preface) we found that
ds = Lav + Zav
T T

To simplify this latter expression and to allow an evaluation of (g—g)p and
(g—g)T we introduce the relation H = U + pV or better yet U = H — pV.
From this we get dU = dH — pdV — Vdp. Replace this into our entropy
expression above.

1 D
dS = =[dH —pdV —Vdp|+ =dV

1 p Vv p
= TdH TdV po+TdV

Obviously, we need to get rid of dH, otherwise what we just did wasn’t that
useful. Consider H (T, p). The total differential is

OH OH

Replace this into the previous dS expression to get
1

OH OH
T (a?)ﬁ“ (a?)f“’

1 1 (0H \%4
= fdeT+—<—> dp — —dp
T

Vv

s = — dp

T\ Op T

Cp 1 [/0H
= ZPar+ = () - .
prer|(5), -]

Now by comparison with the original entropy total differential at the begin-
ning of this section

(52), =% (16.9)

T
(%), = (%), -V} (1010
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Note that (%—Z)T =V-T (%)p, which we learned in the previous chapter.
However, let’s show this another way to illustrate that there are many ways
to skin a cat (how did this colloquialism get started anyway?). Simplify the
second expression just like we did earlier by taking advantage of exactness.
We know that

0%8 B %8

opdT — OTOp

The left hand side
9 (05 _ 90 (G
Op \OoT p_ap T
where C), = (‘g—lj{)p so that
9 (95\ _ 9|1 /oH
Op \ 0T v  Op |T \OT v

1 0*H
T OpdT"

Next, the right hand side.
o (98\ _ o [Lfom\ vV
or\op),  oTr|T \odp ), T
L 1H (OHY (-1) 1 (ov\ V.
T OTop op ) \ T? T\oT), T?
OPH _(OVN | 1 [(0HY
oTdp or ), 72 [\ 9p )1 '
Equate the left and right hand sides now.
1O 1 °H 1oV 1 [(oH)
TopdT — ToTdp T \oT ), T*[\dp /)y ‘

The first two terms will cancel again because of the exactness of the total
differential of a state function (in this case H). We are left with

1), - (),

@), e,

1
T
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Replace this into our prior expression for (%)T to get
a8 _1|(0H . v
(), =+ [(5), -] =G0, (16.11)

As last time we can continue simplifying this a little further. Recall that
the coefficient of thermal expansion is

_ 1oV
“ = v\er),

oV
(6_T> - o
So that
<6—5> = —aV.
op )
Putting everything together
as = (%), 4T+ (%), dp (16.12)
dS = dT — aVdp (16.13)

The special case of an ideal gas

The relationships just derived in the previous sections are applicable to any
system. They have a particularly simple form when applied to the specific
case of an ideal gas. Start with

dS = S¥-dT + 2dV

dS = S2dT — aVdp

where



133

Since for an ideal gas pV = nRT we can show that (and you did this on a
homework a while back)

R =

TI—=| =

So now the first entropy expression becomes

Cy p
dS = —dI + =dV
T * T
where this can get rearranged using p = % to
dS = S¢dT + 224V | (16.14)

when integrated our final expression is

AS =CyIn2 +nRIn 2. (16.15)

assuming that Cy is constant, which it is for an ideal gas.
The second entropy expression becomes

C,
ds = ?pdT —aVdp
Cp Vv
= —dT' — —=d
T T
where this can get rearranged again using V' = %
C,
dS = Z¢dT — ™dp|. (16.16)
Once integrated our final expression is
AS = Cyln? —nRIn 22 (16.17)

where again we assume that C), is constant, which it is for an ideal gas.

Summary

Ok, so you have seen that S is multifaceted. It has an expression for virtually
every occasion. Let’s summarize things here in a cliff notes manner.



134CHAPTER 16. ENTROPY AND THE 2ND AND 3RD LAWS OF THERMODYNAMICS

Variations of entropy with 7', constant V'

_ CydT

as T

Now using this expression, the entropy at some different (final) tem-

perature Ty can be related to the entropy at some initial temperature 1
by

T2 d rev
AS =Sy, — Sp, = / e
T1

p CV
= —dT
T

giving

15
AS =Cyln—.
ving

This assumes that Cy is constant.

Variations of entropy with V', constant T

ds = 2av
K

In the particular case of an ideal gas, we get the following for an isother-
mal (reversible) expansion: In this case, we know for an ideal gas that
AU = 0, therefore ¢ = —w and

w = —/pdV

nRT
= — | —dV
&
= —nRTIn E = -—nRTIn ]2.
Vi D2

. .. .  Grew
So putting this into our expression for S = 47>

AS = annE = ann&.
Vi D2
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Variations of entropy with 7', constant p

_ CydT

as T

Now using this expression, the entropy at some different (final) temper-
ature Ty can be related to the entropy at some initial temperature 77.

1o dq
AS =Sy, — Sy, = / Hrev
2 1 Tl T
- [ Gar
n T
giving
15
AS = Cp ln ?1

if C, is constant (which it is for an ideal gas). Just like we saw earlier in the
Kirchoff’s equation section, in reality the heat capacity is not temperature
independent. However, as a first approximation you can just assume that
it is constant or you can use some mean value over the desired temperature
range Cp. And just like before, if there is a significant variation of C, with
temperature or we want more precision, then we can express C), through a
power series where for example

C’p:a—l—bT—l—cTz.

Thus
1>
AS = / %dT
n T
4
= —+ b+ T dT
(5 )
giving
2 2
AS:alnE—l-bAT—I—M.
T 2
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Variations of entropy with p, constant 7'

dS = aVdp

where in the ideal gas case

We then get

When integrated you get

Miscellaneous: Variations of entropy with a phase
change, constant p

Phase changes provide a straightforward evaluation of the entropy change
associated with it since the temperature will be constant and ¢ can be con-
sidered reversible. Since we have defined

q?"e'l)
AS =
T
for fusion (melting), we get
ASjys = Situe (16.18)

while for vaporization (boiling) we get

ASyap = M;—;“p (16.19)

and for sublimation

ASgyp = S | (16.20)

sub
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Trouton’s Rule

Ok, I don’t really know who Trouton was but he must have been an experi-
mentalist because he made an observation that AS,,, for many liquids had
roughly the same value.

ASyap =~ 85J/mol K | (16.21)

After some quick checking I found this reference:

Frederick Thomas Trouton: The Man, the Rule, and the Ratio
The Chemical Educator

Volume 6 Issue 1 (2001) pp 55-61

Looks like there is more to the guy than just this rule. Who knew.

Putting it all together, a thermodynamic cycle

Recall the three step thermodynamic cycle in the first law of thermodynam-
ics chapter. Ok, let’s analyze it again and combine all of our knowledge
about changes in internal energy, U, enthalpy, H, entropy, S, and work and
heat. This is good practice. Practice makes perfect.

The original question was presented as follows. One mole of an ideal
(monatomic) gas at an initial temperature of 300K and an initial pressure
of 1 atm is taken reversibly through a three step cycle.

Step 1 Isothermal expansion to a volume twice the original volume

Step 2 Constant pressure compression until the original volume is re-
stored

Step 3 Isometric heating until the initial state is reached.

Calculate the work, heat, change in internal energy, enthalpy and entropy
for each step of the cycle. What are the net changes of all the above variables
for the full cycle?

To do this question correctly, let’s tediously construct a PV diagram for
each of the three states of the cycle. First we will find the initial volume. I’ll
call it V,. Hint Anytime you run across 2 of the three state defining vari-
ables, (p,T") or (p,V) or (V,T') you can calculate the third variable through
the equation of state.

Find V, first From the equation of state (note the units are liters and
atms)

(1)(V,) = (0.08206)(300)
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thus
V, = 24.6L.

Next, find p, Since step 1 is isothermal, we know V,, and T}, at the second
point of the cycle. We just need the final pressure. Using the equation of
state, we get

(pp)(49.236) = (0.08206)(300).
Thus
pp = 0.5atm.

Next, find T, Since we know the volume and pressure at the third state
all we need is its temperature. From the equation of state

(0.5)(24.62) = (0.08206)(T).
Thus
T. = 150K

Ok, now we're set to go ahead and calculate all of the requested quanti-
ties.
Step 1 (isothermal, reversible expansion) The work here is
Vi
Wy = —RTIn VZ
= —(8.314)(300)in(2)

= —1728.85J.

Next, because we have an ideal gas and an isothermal process (U and H
depend only on T for ideal gases)

AU,_p = 0.
From the first law of thermodynamics

Ga—b = —W

Wy
= RTIn—
nVa

= 1728.85J.
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We now need the enthalpy

AH, ., =AU + RAT =0

AH, ., = AU + A(pV) = 0.
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Or you just remember that for an ideal gas that the change in enthalpy is
zero if the temperature doesn’t change.

is

I’ll illustrate that the top two approaches are equivalent.

Approach 1
AH, ., = AU+ RAT
= 0+ (8.314)(0)
= 0.
Approach 2
AH, ., = AU+ A(pV)

AU + prb - paVa

0+ (0.5)(49.236) — (1)(24.62)

0+ 24.62 — 24.62
0.

Finally, we want the entropy change

AS

Qa—b
Ty
(8.314) In(2)

5.763.J /K.

Wy

=Rln—

Va

Step 2 (reversible constant pressure compression) The work here

Whp—c

/pdV

—p(Ve — Vi)

—(0.5)(24.62 — 49.236)

12.31 liter atm
1247.3J.
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Next, we want the heat. This is a constant pressure heating situation
so use the constant pressure heat capacity (C), = gR for a monatomic ideal

gas).
e = C,AT
= gR(Tc —Ty)
= (2.5)(8.314)(150 — 300)
= —3117.75J.

The change of internal energy is thus

AUb—m = q+w
= —1870.65+ 1247.3
= —1870.45J.

Next, the enthalpy change is

AHy., = AU+ RAT
= —1870.45 + (8.314)(150 — 300)
— —1870.45—1247.1
= —3117.55..

Finally, we need the entropy change

C,dT
T

ASy—.. = Cpln

I.
Ty
5 T.
J— _ 1 _=
2R nTb
= (2.5)(8.314) In(0.5)
= —1441J/K.

Step 3 (isometric heating) Calculate the work first. Since we only
deal with PV work and because the volume doesn’t change there is no work
term

Wesq = 0.
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Next, calculate the heat. Use the constant volume heat capacity to get
Geoa = Oy (T2 - Tl)
3
= 5R(300 — 150)
= 1870.65J.

The change in internal energy is then

AUc—m = ¢+tw
= 1870.654 0
= 1870.65J.

The corresponding change in enthalpy is

AH,., = AU+ RAT
= 1870.65+ (8.314)(300 — 150)
= 1870.65+ 1247.1
= 3117.75J.

Finally, calculate the change in entropy

Cydrl
Asc—m = / T

Ty

T.

= (1.5)(8.314) In(2)
= 8.644J/K.

= §Rln
2

Put it all together The net work in the cycle is

Wiot = Wg—b + Whp—e + We—q
= —1728.85+1247.3+0
= —481.55J.

The net heat in the cycle is

Qtot = Ga—b T Qp—c t Gc—a
= 481.75J/mol

Note the small rounding error with this and the work. They are actually
the same.
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The net internal energy change in the cycle is (you already know what
it is but it should still add up to zero. This is a way to check that your
calculations have been correct)

Athot = AUa—>b + AUb—m + AUc—m
= 0—1870.45+ 1870.65
= 0.

I have some small rounding errors, but it’s really zero.
The net change in enthalpy is

AI{tot = AI{a—>b + AHb—m + AHC—>CL
= 0-—3117.55+3117.75
= 0.

Again, I have some small rounding errors, but it’s zero.
Finally, the net change in entropy is

AStot = ASa—>b + Asb—m + ASc—m
= 5.763 — 14.41 + 8.64
= 0.

Done. Fun right?

Stirling cycle

Here is another cycle that I put in here because of the Stirling engine demo
that I do each time I teach this class. The idealized Stirling cycle consists
of four steps.

e Step 1. Isothermal expansion (V4 — V3) and (p; — po)

e Step 2. Isometric (constant volume) cooling (V) and (p2 — p3)
e Step 3. Isothermal compression (Vo — Vi) and (ps — p4)

e Step 4. Isometric heating (V1) and (ps — p1)

We can calculate the following terms w, g, AU, AH, and AS like before
along each step of the cycle. We expect AUjper = 0, AHpe; =0, and ASyer =
0 for the whole cycle since all are state functions. Assume an ideal gas and
reversible steps along the isothermal compression and expansion steps.
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Step 1

Assume a reversible expansion so that p.,: = p. Because this is an ideal gas
and an isothermal process we immediately say

[aH =0}

In addition, we see that ¢ = —w. Now, we find the work term
dw = _pemtdv
= —pdV
nRT
= ——dV
Vv
so that

w = —nRTlln%.

Likewise
g =nRTIn %
Finally,
AS = Tz :ann% .
Step 2

Since the process is isometric, there can be no pdV work done. As a conse-
quence,

w=0]

Also, given that it’s a constant volume process AU = ¢ where

‘ q = —CV(T2 — Tl) ‘

Then

AU = —Cy(To — Th) ).
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The enthalpy term can be found from

AH = AU + VoAp

Ok, here we need an expression for what Ap should look like. We use the
ideal gas equations of state

p2Vo = nRI
p3Va = nRI>
giving
p2_ T
p3 1>
or

b3 = P2 T .

The pressure difference, p3 — ps, is then

15
Ap = = _1].
p =D2 <T1 >

Finally, S = f(T,V)

Cy
dS = TdT
so that
AS = Cy In % .
Step 3

Assume a reversible expansion so that p.;; = p. Because this is an ideal gas
and an isothermal process we immediately say

A=)
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In addition, we see that ¢ = —w. Now, we find the work term

dw = _pemtdv

= —pdV
nRT

so that

V.
w = —nRT}In 7;1.

Since V4 = V7 we have

w=—nRT In %

Likewise,

q= nRTlm;;l

and since Vy = V; we get

q:nRTln% .

Finally,

— rev ___ V
AS = qT —annvé .

Step 4

Since the process is isometric, there can be no pdV work done. As a conse-
quence,

w=0]

Also, given that it’s a constant volume process AU = ¢ where

‘q = —Cy(T1 - T7) ‘

Then

AU = —Cy(Th — T) ).
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The enthalpy term can be found as

AH = AU + ViAp|

Ok, here we need an expression for what Ap should look like. We use the
ideal gas equations of state

piVi = nRI
paVy = nRIy
but since V4 = V4 we get the pair
piVi = nRI
paV1 = nRIy
giving
p_ T
pa T

The pressure difference, p1 — p4, is then

T
Ap = — —11.
P = D4 <T2 >

Finally, we can relate py to ps through ps since we will need this shortly

paVa = p3Vs
but since V3 = V5 we get

paVa = p3Va.
Next, since V4 = V] we get

paVi = p3Va

or that py = %pg. Finally, recall that in step 2 we found p3 = %pg.
The entropy change is

Cy
dsS = TdT

giving

AS:C’Vln%.
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Summary

Let’s put it all together now to prove explicitly that AUpe; = 0, AH,er = 0,
and AS,e: =0

For AUnet
AU = 0
AUss = —Cy(Ty,—Ty)
AUy = 0
AUy = —Cy(Th —Ty) =Cy(Ty — T1)
Therefore
AUnet - 0
For AHnet
AHyy = 0
15
AHyy = —Cy(Ty—T1)+ Vaps T 1
AHsyy = 0
Th
AHy = —Cy(Ty —T3) + Vaps (Tz - 1>

You can see that the last term is the negative of the second term by recalling
that V, = V1, ps = %pg and p3 = %pg. When put together you get

T:
AHy = Cy(To —T1) — Vapo (ﬁ - 1>

so that when everything is added up

AHpe = 0.
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For ASnet
V
A512 =nRIn Vi
Ty
ASo3 = In —=.
Vi
AS3y =nRIn —.
34 = nivln V
T
ASy = In —.
When everything is added up, we see that
ASnet = 0.

The Carnot cycle

Here is another cycle commonly seen since in engineering thermodynamics
we talk about efficiencies. Let’s run this cycle for fun and focus on the
entropy changes. The Carnot cycle was conceived by a French engineer
called Sadi Carnot and consists of 4 reversible stages. It is usually evaluated
using an ideal gas. The four steps of the cycle are

e Step 1: Reversible isothermal expansion of a gas from state A to state
B.

e Step 2: Reversible adiabatic expansion of a gas from state B to state

C.

e Step 3: Reversible isothermal compression of a gas from state C to
state D.

e Step 4: Reversible adiabatic compression of a gas from state D to
state A.

Step 1 Since we’re dealing with an ideal gas and the process is isothermal
AU =0and AH =0. Then g+w =0 or ¢ = —w. Next w = — [ pdV since
this is a reversible process. Then because the gas is ideal p = #. The
work and heat done by the gas expanding is therefore

Wy
= —nRTIn—
w n nVa

W
= nRTIn—.
q n nV

a
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The associated entropy change is

ds — dqrev
%‘ev
AS =
T
where dg,¢, is found from above. The corresponding entropy change is

Vb
ASs_.p=nRln—.
4B =nRIn 7

Step 2 This is an adiabatic expansion. Therefore ¢ = 0 and w =
— [pdV (reversible), AU = w (first law), and AH = AU + nRAT. The
work is

Now, the corresponding entropy change is
ASp_.c=0

since this was an adiabatic reversible process. You can see this from dS =
dq%. Irrespective of what T is the numerator will always be zero.
Step 3 This is an isothermal process so AU =0, AH =0 and ¢ = —w

where
Vi
w = - / pdV

Va AV
e — —_—
nR1 / v

c

Va
= —nRTIn—.
n nV

[

Note that in this case that V; < V.. The corresponding heat is

Va
=nRTIn —.
g=n ny

[

The entropy change is then

_ Grev
AS = T
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giving
Vi

ASc_p=nRlIn 7

Step 4 Another adiabatic step. Immediately ¢ = 0, AU = w, and
AH = AU +nRAT. The work in this step is

The associated entropy change is

ASp_,=0

. . . . . . d
since this was an adiabatic reversible step. You can see this from dS = %.

Irrespective of what T is the numerator will always be zero.
Putting it all together The total entropy change of the cycle is

ASior = ann%—l—O—l—ann%—l—O

a c

Lb Ld
= In—+1In—
nR(nVa—l— nVC>

VoVa
= nRl .
n n(vm)

Did we make a mistake? Why isn’t this zero? Not to worry, recall from our
earlier work on adiabatic processes

Vfinaleinal = VinitialLinitial

So in step 2
VeI Wiy
L%
T Ve
Likewise, in step 4
VaTh ViTs
L _ YV
Ty Vi
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Therefore
Vo _ W
Vi Ve
or
%W_l
A7

Therefore, with regards to the total entropy

Vu Ve
AStOt = nRIn (VZ‘/i)

= nRIn(1)
= 0.

Done. In the Carnot, or another cycle, the total entropy change is zero. This
demonstrates that S is a state function. I suppose you could also prove that
U and H are also state functions using the Carnot cycle. As an example,
the total internal energy change around the cycle should be zero. You can
simply add up all the AU terms for each step or you can sum the total work
and total heat. Let’s see this alternate procedure since it should yield the
same thing as summing all the internal energy changes. The total work in
the cycle is

Wot = W1 + W2 + w3 + Wy

= —nRI hl% + CV(T2 — Tl) —nRT51n % — CV(T2 — Tl)

Vi V,
= —nRI}In VZ —nRT51n Vj

The total heat in the cycle is

Qtot = @1+ q+q3+q4
= nRTlnE—I—O—I—nRTlnE—l—O
= 1 v, 2 V.
= nRI ln%—l—nRTg In %.

[

You can see that the sum of work and heat will be zero. The internal energy
is therefore a state function. I'll let you do AH,,¢; on your own.
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The efficiency of the cycle

Finally, not that we’re engineers but one can write down the efficiency of a
Carnot cycle or heat engine as follows. The efficiency of a heat engine € is
defined as the ratio of work done on the surroundings to the heat input at
the higher temperature.
—Wior

a1
q1 1+ a3

q1

_ o .B
q1

where g3 = nR151n % and g1 = nR171n % Therefore,
T2 In %

e=14+——~.
T1 In VZ

Using our previous adiabatically derived relationships between volumes

Vo W

Vi Ve
we rearrange to get

Va WV,

Ve Wy

As a consequence, you can see that the ratio of natural logarithms in €
will disappear and we will be left with our desired final expression for the
efficiency

Vi
T2 ln 70

e = 14+ =
Tlln%

Ty In %
T
Tl ln vd

Vi
_ DLy

This gives

and you can see that the efficiency is not 1.
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The third law of thermodynamics

This is stated a number of ways but all with same intent. “As the tem-
perature approaches absolute zero so does the entropy of a system” or “The
entropy of a perfect crystal at zero Kelvin is zero” or “One cannot achieve
absolute 0K”. Bottom line at OK there is no disorder and hence
the entropy of anything is zero there. This is important because for
the first time we see one of these important state functions actually have
an absolute value. Recall that U and H were always considered within the
context of changes, not absolute values.

Qualitative rules for entropy changes in reactions

Even without knowing values for the entropies of substances you can some-
times predict the sign of AS for a reaction. The entropy will usually increase
in the following situations.

e A reaction in which a molecule is broken into two or more smaller
species

e A reaction in which there is an increase in the number of moles of gas

e A process in which a solid changes to a liquid or gas; a liquid changes
to a gas.

Entropy changes in chemical reactions

We come back to something that is akin to thermochemistry except with
entropies. First, entropy is a state function. As a consequence, you can take
a Hess type approach (don’t recommend) to find the entropy change for
some chemical reaction of interest. This means we need the entropy changes
for a bunch of sub reactions, which we will sequentially add up to get the
total entropy change of the main reaction. Alternatively, you can look up
the entropy changes of the products and reactants, get the stoichiometry
right, then take the difference, final minus initial. Simple. All we need
are so-called standard entropies, which are similar in spirit to the heats of
formation of different substances.

So, in practice, you just look up the standard entropies S9y5 of a desired
compound in a table. These are molar entropies at 298K and 1 bar pressure.
The nice thing here is that these are actually absolute, not relative, values
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because the Third Law of Thermodynamics provides an absolute reference
floor for the entropy of any substance.

If you are hardcore, you could go and calculate these standard entropies
yourself. Let’s illustrate this once and only once. (but ultimately why
bother, especially since you can look them up. Nonetheless it’s informative
to see the guts of what has to be done.)

Example

Consider a gas at room temperature. In order to obtain its standard entropy
S99s we need to determine the entropy change in taking 1 mol of this gas
through the following steps at constant pressure (1 bar).

Step 1 Heat the gas from 0K to the melting point of the solid T,

Tm
AS? = / C’p(s)dT'
0 T

Note that some extrapolation to 0K is needed here if Cp(s) is a constant.
Recall that this in itself is an approximation.
Step 2 Next, undergo a phase transition at the melting point
AI{fus

ASy = =L,

Step 3 Heat the liquid from 75, to its boiling point 7} (constant p).

T, :
A%Z/ %%ﬁg

m

Step 4 Then undergo a phase transition at the boiling point

AHvap

Asp= =7

Step 5 Heat the gas from the boiling temperature to 298K (constant p)

298 C (g)dT
Ay:/ RSO
5 T, T

Step 6 Finally add everything together to get the desired standard en-
tropy.

ASGes = ASY + ASY + ASY + AST + ASE.
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Entropy changes in reactions

This is exactly the same procedure as done with enthalpy in the Thermo-

chemistry section (remember, the easy way). You add up the enthalpy

changes of the product, add up the enthalpy changes of the reactants, take

stoichiometry into account, then take the difference, final minus initial.
For those math aficionados the formal definition is

ASSyg(rxn) = Z ;i S99s(prod) — Z ;S99 (react)
so for the particular case
aA+ BB —-~yC+ 6D
we have
AS39g = [15998(C) 4 05595(D)] — [0S595(A) + BS5395(B)]-

Finally needless to say, there will be times when you will need the en-
tropy change at a different temperature -not 25°C. When you need to do
this, just take a Kirchoff’s equation approach to calculate the additional
change in entropy incurred by changing the temperature. You can calcu-
late each individual temperature induced entropy change or you can (like
in the Thermochemistry section) lump all the C), values together, take into
account the stoichiometry, and then use the net C), to calculate the tem-
perature induced entropy change for the entire reaction. I recommend this
latter approach. It is much faster.

Example

Using data from some table, calculate the entropy change at 25°C and at
750°C for the following reaction at 1 bar.

C(graphite) + O2(g) — COa2(g).
Ans:
C(graphite) + O2(g) — CO2(g)
5.7+205.1 — 213.7

ASys = 213.7— (5.7+ 205.1)
2.9J/K.
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Now at 750°C' (1023.15 K)

T
AS750 = ASos + Cp(net) In Tz
1

Since we are dealing with a ratio, you don’t have to work in Kelvin. You
could do this in C if you wanted to.

1023.15

AS750 =29+ Cp(net) In 208 15

where now the net heat capacity is

Cp = [Cp(CO2) — Cp(graphite) — Cp(O2)]
37.1—8.5—29.4
- —08J/K.

Thus,

AS750 = 2.9—0.81n(3.43)
= 1.916J/K.

Entropy and the environment

This last section shows that sometimes something determined via system
entropy alone might seem counterintuitive, especially if trying to predict the
spontaneity of a process for a non-isolated system. In this case, one must
consider the change of the surrounding’s entropy as well. (Or to foreshadow,
this example will show the need for something better than just entropy to
predict spontaneity. This will lead us into the development of what are
called Gibbs and Helmholtz Free Energies.)
Consider the entropy change for a familiar chemical reaction.

2Hs(g) + O2(g) — 2H20(1).
The change in entropy as determined from a table is (all units J/mol K)

2H2(g)—|—02(g) — 2H20(l)
2(130.7) + 205.1 — 2(69.9)

is
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Ok, so what’s wrong here? Well, you can see that there is a loss of entropy
on forming water as would be expected in a reaction involving 3 moles of
disordered high entropy gas forming 2 mols of a lower entropy liquid. How
can this be? We know that water is stable at 298K and this reaction occurs
spontaneously. Doesn’t this contradict the Second Law of Thermodynamics?

Well, the second law in its various forms says that the entropy of the
universe (system + surroundings) will increase for a spontaneous process in
the cae of a non-isolated system. As a consequence, we need to know the
entropy change of the surroundings.

The enthalpy change in making 2 moles of water is AH]? = —285.8kJ.
The corresponding enthalpy change of the surroundings is the negative of
this value AHgy, = 285.8kJ given that p is constant and —g,e, = AH gy
We will assume that interactions with the surroundings always
occur in a reversible manner, allowing us to use

Assurr = q;fv

where

AHSUT‘T’

T
2(285.8k.J)

298.15K
= 1.92kJ/K.

ASSUT‘T’

The total entropy change is then

AStot = Assys‘i'ASsurr
= 1593.3J/K.

So you see that there is an overall increase in the total entropy of the universe
in agreement with the second law. Obviously, there must be a better way
to do this. Thus, we will introduce the Gibbs and Helmholtz free energies
in the next chapter.
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Chapter 17

Free energy (Helmholtz and
Gibbs)

There’s no such thing as free lunch, or is there?

Processes at constant T and p, the Gibbs free en-
ergy

We saw in the previous section dealing with entropy that for a spontaneous
process at constant 1" and p

ASuniverse = ASsys + ASsurr > 0

AH gy,
= ASsys - L

TASays — AHgys > 0.

>0

Rearrange this expression a little bit
—TASsys + AHgys <0
to get
AHgys — TASsys <0.
At this point, we can introduce a new function
AGgys = AHgys — TASsys <0

159
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and call it the Gibbs free energy. Namely,

ar

where at constant temperature, T', and pressure, p

|AG = AH — TAS|, (17.2)

Note that unlike the end of the last section where we had to consider the
changes occurring in both the systems and its surroundings, the Gibbs free
energy takes care of this. Everything is now expressed in terms of the
system’s free energy change. Hence this will be a new more convenient
criteria for determining the spontaneity of a process.

We can make the following statement then “A spontaneous process is one
where at constant T and p, the Gibbs free energy decreases AG < 0”. Note
that G has units of energy, kJ/mol. Also, just like all the other thermody-
namic quantities we have been talking about, what we really care about are
free energy differences, not absolute values.

Processes at constant T and V, Helmholtz free en-
ergy

Note that the above argument has been developed under constant temper-
ature and pressure conditions. An analogous argument can be made for the
case of constant temperature and volume conditions.

We saw in the previous section dealing with entropy that for a sponta-
Neous process

ASum’verse = ASsys + Assurr >0

This time, however, we are not at constant temperature and pressure but
rather at constant temperature and volume. The only difference then is that
ASgurr = —Néfys since at constant volume dq = dU. We get

ASuniverse = ASsys -
= TAS.y — AUy > 0.

AUsys
>
T = 0

At this point, rearrange this expression a little bit to get

AUsgys — TASgys < 0.
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Since the temperature is constant, we can add the term —SAT to both sides
of the expression (In the prior AG expression you could have also done this
trick.)

AUyys — TASsys — SAT <
AU - A(TS) <
AU-TS) <

and we now introduce a new state function called the Helmholtz free energy,
A.

(173)

where at constant 7" and V'

AA =AU —TAS| (17.4)

Again, like the Gibbs free energy you have implicitly taken care of changes
in the surroundings when looking at AA. Everything is now expressed in
terms of the system. Hence this and the Gibbs free energy are much more
convenient ways to predict spontaneity.

We can make the following statement “A spontaneous process is one
where at constant T and V', the Helmholtz free energy decreases AA < 0”.

Now since most chemical reactions occur at constant pressure, frankly,
we use AG way more often. AA however, can be useful especially when
dealing with solids or condensed phase processes where AV is negligibly
small. Are you starting to see the parallels?

Note that now in terms of predicting spontaneity for some process using
AG and AA, you have to consider AH, AS and T. They will all dictate
whether something is spontaneous or not (i.e. AG <0 or AA <0).

For example, at low temperatures T', the TAS term in the Gibbs free
energy may be small compared to AH. If so, then AG is insensitive to
AS. Conversely, at high temperatures, the TAS term might be pretty big,
so large that it overwhelms any AH term. So at high temperatures, the
AS term might now control whether a process is spontaneous or not. An
analogous argument applies to AA as you can guess. This is probably why
you have gotten the impression that exothermic processes are spontaneous
since, in some cases, AH overwhelms TAS in our expression for AG.



162 CHAPTER 17. FREE ENERGY (HELMHOLTZ AND GIBBS)

Relationship between G and A

From the definition of G we have

G = H-TS
= (U+pV)-T8
= (U-TS)+pV
= A+pV.

Thus, the relationship between G and A is

a=av) 175)

Variations in Gibbs free energy, preliminaries

For a one component system (i.e. one pure substance. The reason for this
distinction is that in the future we will begin to talk about mixtures), let’s
see how temperature and pressure might affect the Gibbs free energy. This
derivation will be repeated in the next section and a mnemonic will be
provided to help you remember the expression. We begin with

G = H-TS
G = (U+pV)-TS
dG = dU + pdV + Vdp — TdS — SdT

where from the first law of thermodynamics dU = dq + dw. Next, if only
reversible pV work is done dw = —pdV'. The reason I can arbitrarily invoke
a reversible path is that since G is a state function, I can construct whatever
path I want from the initial to the final state. The AG expression I come up
with will be the same for any other possible path between the same initial
and final states. Now, from the thermodynamic definition of entropy we
have dS = % or dg =T4dS. Thus

dU = TdS — pdV

(By the way, this total differential is one of the fundamental equations of
thermodynamics. We will come back to this in the next section). Replace
this dU expression back into our expression for dG to get

|dG = Vdp — SdT | (17.6)

Through this expression (another total differential), you can see the change
of free energy with temperature and pressure.
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Variation in Gibbs free energy with temperature,
constant pressure, G(T,p)

We will show several expression one can use
First one At constant pressure dp = 0 and the previous fundamental
equation reduces to

dG = —-SdT
or that
(58),=-5| (17.7)

So you can see that if we know the entropy changes of a substance, we can
find out how G varies with temperature. An alternate interpretation is that
a measurement of the temperature dependence of G will allow us to calculate
S.

By the same token, an analogous expression, particularly useful when
dealing with chemical reactions, is

(2855=), = —ASpn | (17.8)

Here AG is the change in Gibbs free energy (products minus reactants) and
so too is AS. You can rationalize this as follows. Consider some generic
reaction

A+B+=C+D.

For each reactant or product, we have ( g—g)p = —5. Namely,

OGA>

A4 — —S4
(57),

6G3>

7B - —Sp
(%7),

6G0>

¢ = —So
(%),

OGD>

e = —Sp.
(57),
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So if we sum the product contributions and subtract the sum of the reactant

contributions we get

<8Gc> N <8GD> B <8GA> N <8GB>
or ), or J, or J, or J,

(aAGrmn

or
= _Asrmn-
),

Second one Starting with the above expression, we can rearrange things
to get what is known as the Gibbs-Helmholtz equation. Since G = H —T'S

:Sc-I-SD—[SA-I-SB]

aG>

- = -5

(57).
(5r) = %
or), T
oGy _ G _H
an_T T

oGy G _ H

or ), T T

Now, the term on the left hand side of the expression is actually T’ [a% (%)]p
We can show this explicitly.

“Proof”’:
0 (G 1 /0G d(1/T
[O_T (f)] = f(a?)jG%
_ 1(6_G> G
T \oT » T2
(2) ¢
oT » T

So back to our original expression, we have

@),

1
T
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or that

% (P),- —# (17.9)

This equation is referred to as the Gibbs-Helmholtz equation. I guess you
can remember it by the name because Gibbs is for the G and use the H in
Helmholtz to refer to the enthalpy. It’s a relation between G and H.

Since we will likely use the Gibbs-Helmholtz equation frequently, I want
to introduce a slight notational change. If instead of using G and H above,
we replace them with AG and AH, an alternative expression is

7 (301, - -3¢ (17.10)

The reason for this change is simply that we really don’t have absolute values
of G or H. In all cases, we're really just speaking about are differences of
G and H, in this case relative to so-called standard states. We already saw
what this was for enthalpy. We will see this shortly for the free energy.
Thus, G above is really AG. Ditto for AH.

You can see the potential usefulness of the expression since this equation
can get integrated to calculate AG at another temperature assuming that
AH is independent of temperature. Namely,

AG(Ty) AG(T) 11
T22_ Tll_AH< >

and we find that

AG(T: AG(T;
) 200 L Ay (%2 _ %) ' (17.11)

Now, for reactions, say aA + bB — c¢C + dD where we will encounter
equilibria, it will be seen later on that AG = —RTIn K., where K., is
the equilibrium constant (actually it is K, the equilibrium constant using
pressures). One can then substitute this expression for AG into the Gibbs-
Helmholtz equation to find

orT RT?

(M)p — Ad | (17.12)

When integrated we get

AH (1 1
10 Koy(T) — In Koy (T)) = — =0 (_ _ _>
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or more compactly as

Keg(T2) _  AH (1 1
In feae) — &M (T—2 - T—1)> : (17.13)

The above equation has a name and is called the Vant Hoff equation. But
you can see that it is basically the Gibbs-Helmholtz equation.

Note that some authors write the Gibbs-Helmholtz equation differently.
Since df = —75dT you can replace 9T with —T29(1/T) to get another
version of the Gibbs-Helmholtz equation

(Zﬁ;)p —H| (17.14)

When you integrate this expression, you get the same thing we just saw
above. Namely,

o G (1)

or

AG(Ty)  AG(TY) 11
ng_ TlleH< >

Again, all I have done for this last expression is to acknowledge that we
don’t deal with absolute values of G and H. So G above is really AG and
ditto for AH.

Third one Finally, you can go back to the definition of G, G = H —-T'S.

Let’s consider the first temperature and call it 77. Then we get
G(Th)=H-T)S
or
AG(Ty) = AH — T1AS.
Now, if we change temperature to 75 we have
AG(Ty) = AH(Ty — Ta) — ToAS(Ty — Tb).

So here all we need to know it the temperature dependences of the enthalpy
and the entropy. But we know these. Recall that under constant pressure
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conditions

Thus

AG(TQ) == AH(Tl — Tg) - TgAS(Tl — Tg)
1>

_ [AH(Tl)—i— C’pdT]—Tg [AS(T1)+ / " @dT]

T1 Tl T

The desired expression is then

T

AG(Ty) = [AH(Tl) + [ deT} T [AS(Tl) + [ %dT} (17.15)

Thus, there are various ways to calculate the Gibbs free energy depen-
dence on temperature, depending on whether AH or AS of C,, is known.

Variation in Gibbs free energy with pressure, con-
stant temperature, G(7',p)

Starting from the fundamental equation for the Gibbs free energy (dG =
Vdp — SdT), when dT = 0 we get

dG = Vdp

or that

(%—?)T =Vl (17.16)

As noted previously the molar volumes of solids and liquids change very
little during reactions so for the case of condensed phases we can generally
integrate this to get

AG =V Ap.
For a chemical reaction, say

A+B+=C+D
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we can get an identical expression

(%)T — AV | (17.17)

This can be seen since for each reactant or product we have <8_p>T =V

giving

o)

Ga

0

(%)
(29
()

=

T

=
S

0Gc

— Vg
= Ve
op )

O0Gp B
( Op >T =V

Summing up the product contributions and subtracting the reactant contri-
butions then gives

)t ), 1), + (50,
Y 4 (Z2) [ E2) +(EE) | =Ve+ Vo [Vat Vil
( o ). o ). o )., ). c+Vp—[Va+ Vg

This reduces to

( aAGrmn

Ip >



Special case of an ideal gas
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Gases are, however, different. Their volume is very sensitive to the external

pressure. Consider the case of an ideal gas

(5).

aGg

AG

b

nRT In ]2.

b1

The desired final expression for the dependence of G with pressure under

constant temperature conditions is

AG =nRTIn22 |
p1

Alternatively, you can write this as
Gy — Gy =

Gy =

nRT In P2

b1

G1+nRTIn ]2.
P

(17.18)

Now, if G happens to be the standard free energy (actually the free energy
difference relative to a standard state) at 1 bar and 25°C' (G'$) this becomes

G = G?‘ +nRT In

or more simply

b2
1bar

G:G?—I—nRTln%

(17.19)

We will see a similar expression later when dealing with mixtures and what
is called the chemical potential. This is why I introduce the notation here.
Note that p is the pressure of the gas alone and p° means 1 bar. Furthermore,
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I want to reiterate that we’re not dealing with absolute values of G. They
are actually referenced to a so-called standard state. Hence, more formally,
we should replace G (G$) above with AG (AG$) giving

AG=AG$+nRTIn L | (17.20)

Fugacity, real gases

At some point, we will want to consider real systems, not necessarily ideal
ones. But what we want to do here is preserve as much of the notation and
formulas just derived.

First, a slight notational change that will become important
later, not here. On many occasions the term chemical potential is used.
The symbol for chemical potential is u. In the case of pure compounds, the
chemical potential is the same as the molar Gibbs free energy.

3lQ

= (17.21)

or

Hpure = G.

It’s just a notational change. However, the chemical potential will become
important when dealing with mixtures of compounds. We will see this later.
Finally, as you have seen earlier, we're not dealing with absolute values of
G or p here. Understood is that they are actually differences in free energy
relative to a standard state. But, by convention, from here on out you
will only see written G or i in our equations.

Now, in the case of a real gas where we want an expression for the
chemical potential p, we have just seen that for the ideal gas case (constant
temperature so the —SdT" term is gone)

p=p’+ RTIn ]% . (17.22)

Here, we have just flipped over from G — p. It turns out that the real gas
case looks very similar

p=p°+RTInL (17.23)

where f is an effective pressure called the fugacity

[/ =op) (17.24)
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In the expression, ¢ is a fudge factor called the fugacity coefficient (it’s a
measure of nonideality, also some authors use the letter v). Let’s plug this
in and see what we get

o= uO+RTln¢—f

p

= [u0+RT1n%]+RT1n¢
p

So the final expression for a real gas Gibbs free energy or chemical potential
is just the ideal value plus RT In ¢

[ftreal = ptideas + RT1n ] (17.25)

It can be shown that

ng = 7 (%) dp (17.26)

where Z is the compressibility factor we saw earlier at the beginning of this
class. It will take different forms for different equations of state.

Variations in Helmholtz free energy, preliminaries,

A(T,V)

I will not dwell on this because we will mostly work with the Gibbs free
energy. In addition, you will see this in the next section where we will talk
about the fundamental equations of thermodynamics. For now, let’s see how
the Helmholtz free energy varies with temperature and volume. Recall that
by definition

A=U-TS
so that
dA =dU —TdS — SdT.

From first and second laws of thermodynamics dU = T'dS — pdV (we used
this earlier in the Gibbs section)

dA = TdS — pdV —TdS — SdT
—pdV — SdT.
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We then have our desired expression

dA = —pdV — SdT|, (17.27)

Through this total differential you can see the change of the Helmholtz free
energy with temperature and volume.

Variations of the Helmholtz free energy with temperature,
constant volume

At constant volume dV = 0. Therefore, we have

dA = —SdT
or
(%), =-5| (17.28)

As an aside, you can similarly show that for some chemical reaction

(28%en) = —AS,qn | (17.29)

The way to show this was first demonstrated when talking about Gibbs free
energy differences a few pages ago. I'll let you prove this for yourself.
Back to where we left off. At this point, A=U —TS or A_TU =—-5. We

have
(52), = 7
or ), T
oAy A _ U
or), T T
The term on the left is actually
a0 (A
TI—=— (2
o7 (7)),

and this can be shown explicitly.
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“Proof”

tlor (7)), = Tl () o7 ()

_ A (oA
T \or )y’

oz ()], -7

Our desired expression is

]

Therefore

% Pl - %] 730

This is a no-name equation (maybe there is a name but I didn’t bother to dig
so deep) that is analogous to the Gibbs-Helmholtz equation derived earlier.
The only difference is that we are dealing with the temperature dependence
of the Helmholtz free energy.

Alternatively, recognizing -just like we did in the Gibbs section that A
and U here are really differences (i.e. AA and AU), one could write

[QT (M)]v _ _AU | (17.31)

Q

Again, this will give you the change of the Helmholtz free energy at different
temperatures assuming that the internal energy is more or less constant over
the temperature range.

Next, just like the Gibbs-Helmholtz equation, we can write this ex-
pression a little differently. This is what some authors like to do. Since
d(7) = —75dT we can replace 9T = —T2d(%). On doing this, we get

o\ _
(8(%)>v —U| (17.32)

Finally, something perhaps more intuitive. Since A = U — T'S one can

write

AT =U — TS
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or
AA(Ty) = AU — T1AS.
If we go to a different temperature, we have
AA(Ty) = AU(Ty — To) — TobAS(Ty — T3)

All we need now is the temperature dependence of both the internal energy
and the entropy. But we already know this. Recall that under constant

volume conditions
oU
(a—T>V -
05\ _ Cv
or), T

So the desired expression is therefore

AA(T) = [AU(Tl) + [ CVdT} T [AS(Tl) + fp %KdT} . (17.33)

Variations of the Helmholtz free energy with volume, constant
temperature

From the total differential of A = f(T, V), which is dA = —pdV — SdT we
see that under constant temperature conditions

dA = —pdV.

Alternatively,

(%), =-»| (17.34)

As before, for some chemical reaction, it can likewise be shown (I'll let you
do this for yourself) that

(284een) = —Apyan | (17.35)
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Other dependences of either G or A

Both the dependences of the Gibbs and Helmholtz free energies on V' and
p respectively can be derived. Although p, T are the natural independent
variables for G, it is sometimes useful to express G as a function of 7" and
V. The same can be said of the Helmholtz free energy, except in this case
as a function of T" and p.

The total differentials of G(V,T) and A(p,T) can be shown to have the
following forms

dG = |V (%) —s|dr+|v (%), |av (17.36)

and

dA = — [p(g—g)T} dp — [p (g_;)pw} dT |, (17.37)

From these expressions you can find the volume dependence of G and the
pressure dependence of A. These expressions, I believe, will be on one of
your homeworks so that’s why I haven’t explicitly worked them out here.
Besides, you're curious anyway so I'm sure you would do this on your own
anyway.

The Gibbs free energy of formation

Recall that we wanted to predict the spontaneity of a process. We introduced
AG as a convenient way to do this at constant temperature and pressure.
In chemistry, we will want to evaluate AG for a reaction. So just like with
enthalpy and entropy we will define what is called the Gibbs free energy of
formation. AG? or AG$%gg is the change in Gibbs free energy when 1 mole of
a compound is formed at 1 bar and 298 K from its elements in their standard
states. By definition, AG? is zero for pure elements in their standard state.

I’'m not sure this is important but some more terminology.
e Compounds with a positive AG? are called endergonic.

e Compounds with a negative AG? are called exogonic.
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Free energy changes in chemical reactions

Now, the variations in Gibbs free energy during chemical reactions can be
done a number of ways. Note again, most chemical reactions are conducted
under constant pressure. Thus the Gibbs free energy is used here.

Since the free energy is a state function you could take a Hess type
of approach. But why bother since there are tables of Gibbs energies of
formations for many compounds. So just like in evaluating the enthalpy
and entropy changes of a chemical reaction, you just add up the free energy
changes on the products side, add up the free energy changes on the reactants
side, ensure that you have taken account of the stoichiometry of the reaction
and then take the difference, products minus reactants. That’s it.

What about the temperature dependence?

As you know, most reactions are not conducted at 298K. As a consequence,
we need to know the temperature dependence of the Gibbs free energy. This
is where the Gibbs-Helmholtz relation we saw earlier comes into play

9 (AG
( ( L )> = AH
9 (1)
AG 1
dl— | = AHd| =
() - ami(7)
where we assume AH to be temperature independent. This is generally
reasonable over a small temperature range. (Note that if you want you could

also model the temperature dependence explicitly as we showed earlier.) Our
resulting expression is then

AG(T: AG(T;
D) _ MG | Ap (T% _ %) (17.38)

from where you can find AG(T3).

Example

Using data from a table, calculate the standard free energy change at 25°C
and 1 bar for the reaction

N204(g) — 2N O2(g)
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Ans: (all units kJ/mol)

N204(g) — 2NOo(g)
97.9 — 2(51.3).

The free energy change, products minus reactants is therefore

This process is not spontaneous as you can guess.

A and G and useful non-PV work

We have defined work to be exclusively pV (i.e. pdV') work. However, in
more realistic situations there is non-PV work that can be done. Here we
show that AA and AG represent the maximum amount of non-PV work
that can be done by a system under constant (7,V) and constant (7',p)
conditions respectively.

Useful work, AA

Recall that
dgrev dU — dw
T T
where dw includes non-pdV work. So it’s non-zero here. We could write
dw = —pdV + dwother but since dV = 0 here let’s just write, dw = dwotper-

TdS > dU — dwother
AU — dwother — TdS < 0.

as >

Since, T is constant, we can add in SdT to the above expression

AU — dwogher — TdS — ST < 0
dU — d(T'S)
d(U — TS)

< dWother
<

dwother

giving

T E dinr] (1739

This gives us the maximum amount of non-PV work that can be done by
the system under reversible conditions (i.e. when dA = dwytper). More often
than not the less than sign applies (i.e. an irreversible process).
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Useful work, AG

Start with one of the above equations
dU —dw —TdS — SdT < 0.
Expand using dw = —pdV + dwotper to get
AU + pdV — dwether — TdS — SdT < 0.

Since p is constant, we can add in Vdp above

dU 4 pdV + Vdp — dwether — TdS — SdT < 0
dU +d(pV) — dwother — d(TS) < 0

d(U +pV) = d(TS) < dwother

d(H) —d(T'S) < dwother

d(H—-TS) < dwother

and since G = H —T'S we get

46 s (1740

This gives us the maximum amount of useful non-PV work that can be done
by the system under reversible conditions (i.e. dG = dwther). More often
than not, the less than sign applies (i.e. an irreversible process).



Chapter 18

The fundamental equations
of thermodynamics

The point of this section is to begin recapping the major equations of ther-
modynamics. We will first derive what these fundamental equations are and
then I will show you a mnemonic that will make life a whole lot easier.

First, I will derive the fundamental equations for U, G, A, H. Namely,
important total differentials in each case. Note that these are for single
component systems.

The internal energy, U

Use the first and second laws of thermodynamics to derive this. From the
first law we have

dU = dq + dw

where dw = —pdV if only pV work is done and p = p.,+ for a reversible
process. From the second law of thermodynamics, we get

dq
dS_?

where ¢ is a reversible heat or alternatively
dg =T4dS.
Put both of these expressions together to get
dU = dq+ dw
dU = TdS —pdV.
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The fundamental equation for the internal energy U is therefore

|dU = TdS — pdV | (18.1)

But now recall that we could have written the total derivative of U(S, V)
ou ou
AU =55 | dS — | dV.
<65>V ' (aV>s
By comparison, we see then that
ou
dl - T
(55),

ouN - _
av)s — P

We also know from the exactness of the total differential that
o*U o*U
ovas 9S8V

ory _ _(op
ov)s oS )y’
This results in the first of four so called Maxwell relations

(5)s=- (%), | (18.2)

The Gibbs free energy, GG

G = H-TS
dG = dH —-TdS - SdT

where H = U +pV and dH = dU + pdV + Vdp. Replace this into the above
expression

dG = dU + pdV + Vdp —TdS — SdT

where recall from the last section that dU = T'dS — pdV. Plug this in also
and get
dG = TdS —pdV +pdV +Vdp —TdS — SdT
= Vdp— SdT.
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We are left with the fundamental equation for the Gibbs free energy

|dG = Vdp — SdT |, (18.3)

Now recall that we could have written the total derivative of G(p,T)

oG oG
Sy et ) dT.
1 <8p>po+<8T>pd

By comparison we see then that

oG

(&), - v
op ) ¢
oG
— = -5

(57).

We also know that from the exactness of the total differential
9°G 9°G

oTdp  OpdT
(o), = - (%)
or), ap )
This results in the second of four so called Maxwell relations

(3),=- (%), (189

Q

The Helmholtz free energy, A

A = U-TS
dA = dU —TdS — SdT

where dU = T'dS — pdV'. Thus,

dA = TdS — pdV —TdS — SdT
—pdV — SdT.

We are left with the fundamental equation for the Helmholtz free energy

dA = —pdV — SdT'|. (18.5)
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Recall now that we could have written the total derivative of A(V,T)

0A 0A
dA = <W>TdV + (6_T>VdT'

By comparison, we see then that

0A B
o), — F
0A
— = -5
(77),
We also know that from the exactness of the total differential
0%A 0% A

orov — 9voT
Y _ (08
oT )y, N ov ), '
This results in the third of four so called Maxwell relations

(%), = (59} (18.6)

The enthalpy, H

H = U+pV
dH = dU+ pdV + Vdp

where dU = T'dS — pdV

dH = TdS —pdV + pdV + Vdp
= TdS + Vdp.

We are thus left with the fundamental equation for the Enthalpy

|dH =TdS + Vdp| (18.7)

Recall that we could have written the total derivative of H (S, p)

OH OH
o= (22 9HN .
a (%)ﬁ“(ap)sdp
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By comparison, we see then that

OH\  _
oS »
H
(), -
dp ) g
We also know that from the exactness of the total differential
0*H 0*H

OpdS 0Sdp
ory (v
op)g  \OS -
This results in the fourth of four so called Maxwell relations

(g_g>s = (29),| (18.8)

The thermodynamic boat

So you’re probably wondering how will I ever remember all of these funda-
mental equations of thermodynamics and their associated Maxwell relations.
Well, there is a useful mnemonic I will describe below.

Remember the saying “Save that ship Gibbs.” Now construct a square
as follows

_|_ —
S UV
H A
p G T

The (+) and (-) sign are for the columns. Note that the functions U, H, A,
G, sandwiched by variables on the corners, are the functions whose funda-
mental equations we will find. Next, to construct a fundamental thermody-
namic relation choose one of these functions and take its derivative. Look
over to the opposing corners of the cube. For example, for G, we see S and
V. Multiply these variables by the opposing diagonal variables in derivative
form on either side of the function you have chosen. So for G again we have
dp and dT and they are multiplied with V' and S respectively. Add the sign
by using the column in which these variables in derivative form are located.
Since dp is in the positive column we have a plus in front of it. Since dT is
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in the negative column we have a negative in front of it. So again for G we
have

dG = Vdp — SdT.

Ok, I realize it’s hard to visualize what I have just written. It’s easier to
see it done in real life. Let’s do the rest to help you get the trick.

Let’s do A. So we call it dA. Next, we look for the variables on the
opposing corners of the cube. This time it’s S and p. We will multiply S
and p with its complementary opposing variable in derivative form on either
side of A. So for S we multiply it by d7T'. So for p we multiply it by dV.
Next we need the sign. Since both dV and dT are found in the negative
column, the signs will both be negative. Put it all together

dA = —pdV — SdT.

Let’s do H. Call it dH. Next, look for the variables on the opposing
corner. They are V and T. Multiply V' by its complementary variable in
derivative form on the opposing diagonal corner. We get Vdp. Multiply T’
by its complementary variable in derivative form on the opposing diagonal
corner. We get T'dS. Now for the signs. Both dS and dp are in the positive
column, hence both signs are positive. Put it all together.

dH = TdS + Vdp.

Finally, let’s end with U. Call it dU. Look for the variables on
the opposing corner. They are p and 1. Multiply 7' by its complementary
diagonal opposing variable in derivative form. We get T'dS. Multiply p
by its opposing diagonal variable. We get pdV. Next, get the sign by the
columns in which dS and dV are located in. For dS we see it’s in the positive
column, hence we have a positive T'dS term. Next, dV is in the negative
column so the product, pdV will have a negative in front of it. Put it all
together.

dU =TdS — pdV.
Now you’re basically done. If you need Maxwell relations, you can just

read it off of the total differentials that you have just derived using this
thermodynamic ship mnemonic.



Summary

Done.

185

— TdS — pdV
- T

= P
_ (%
- \os),

= TdS+ Vdp
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Chapter 19

Application of Free Energy
to Phase Transitions

Phase diagram

A phase diagram is a map of the pressures and temperatures at which each
phase of a substance is the most stable. The “phase” of a substance is a form
of matter uniform in its chemical composition and physical state. Generally
speaking, at high temperatures and low pressures we get a gas. At low
temperatures and high pressures we get a solid. And somewhere inbetween
we get a liquid. Drawing of phase diagram should go here

Note the following two points on the phase diagram. They are the triple
point and the critical point. Triple point The triple point marks the lowest
pressure at which a liquid phase of a substance can exist. The critical
point is the upper limit. The triple point also represents the temperature
and pressure at which three phases of the substance (gas, liquid, and solid)
coexist in thermodynamic equilibrium. The triple point of water is at 273.16
K and 0.006 atm.

Critical point This is the upper pressure and temperature at which a
liquid exists. Beyond this the liquid becomes another single uniform phase
called a supercritical fluid. There is no liquid phase anymore and hence
no barrier between the liquid and gas phases (i.e. the distinction between
gas and liquid disappears.) Decaffeinated coffee is made this way using
supercritical CO, to extract caffeine from coffee.
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Demo opportunity

There is an online video in youtube that shows the supercritical fluid tran-
sition of a substance.

Let’s continue

In this next section we will describe the transition of a pure compound
from solid to liquid or liquid to vapor or solid to vapor. A key point to
remember in what follows is that for a one component system, at a
phase transition the Gibbs free energy or chemical potential is
equal in either phase.

Preliminaries, Chemical potential of a pure sub-
stance

Recall that the chemical potential of a pure substance is synonymous with
its Gibbs free energy. It’s just a change of notation.

(n=a] (19.1)

In the expression, G is the molar Gibbs free energy (Again, I remind you that
what G is here is really a difference in free energy. By convention, one just
writes GG in these sorts of equations. But it opens up the possibility of people
forgetting that there isn’t an absolute value of G being discussed.). Now,
the place where our notation really changes over from the Gs we’re used to
-to p is in mixtures, which we will talk about in the next chapter. We’ll
see a preview of this when we derive the Clapyeron and Clausius-Clapeyron
Equations shortly.

Solid—Liquid

At equilibrium, the free energies of the substance will equal in either phase

Thus AGfyus = 0. But since G = H —T'S at a constant temperature, 15,
we get

AG pus = AHys — T ASpys = 0
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or
AH ys = Ty AS s
or
ASjpys = Bitue | (19.2)

We have already seen this expression earlier when talking about enthalpies.

Liquid—Gas
Again, the free energies will equal at the phase transition
G(l) = G(g).

Thus AGyep = 0. But since G = H —T'S at a constant temperature, T}, we
get

AGrap = AHyap — TyASpap = 0
or
AHvap = TbASvap

or

ASyqp = 2222 | (19.3)

This was seen earlier when talking about enthalpies.

Solid—Gas
Finally, we again have
G(s) = G(g).

Thus AGgp = 0. But since G = H —T'S at a constant temperature, Tg,p,
we get

ACysub = AI{sub - TsubASsub =0
or
AI{sub = TsubASsub

or

ASgyp = Sam | (19.4)

sub

Same comment here as above. We have already seen this expression when
first discussing various types of enthalpies.



190CHAPTER 19. APPLICATION OF FREE ENERGY TO PHASE TRANSITIONS

The solid-liquid boundary, The Clapeyron equation

Now, let’s consider the solid/liquid phase transition. We will derive a re-
lationship that allows us to evaluate all of the pressure temperature points
along the solid/liquid equilibrium line on a phase diagram. This is called
the Clapeyron Equation. Recall that at equilibrium, the Gibbs free energies
in either phase will equal. This time, let’s switch notation and write

Ha = Hb
where du, (or dG, if you prefer) is

d/lza == _SadT + Vadp
duy, = —8SgdT + Vidp.
Next if pg = pup we have
dpa = dpp
—S5odT + Vodp = —=SpdT + Vidp
(=Sa+Sp)dT" = (Vo — Va)dp
(Sp— Sa)dT = (Vi —Vy)dp

ASAT = AVdp.

We rearrange this to get

dp _ AS
T =AvL (19.5)

If we now recall that AS = ATH at constant pressure, we get

d, AH

Either expression is called the Clapeyron equation. Note that AS, AV,
and AH all represent changes due to the phase transition of a substance.
While the Clapeyron equation is an exact expression for the slope of the
phase boundary and applies to any phase equilibrium of a pure substance,
it is normally associated with the solid-liquid boundary. You will see that
modifications to this expression lead to what is referred to as the Clausius-
Clapeyron equation, which describes both the liquid-vapor and solid-vapor
boundaries. Note also that one can come up with an integrated form of the
expression:

p2=p1+ &I (19.7)
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where we have assumed that AH is temperature independent. This is an ok
assumption over a limited temperature range. However, if you really wanted
you could explicitly model the temperature dependence of AH through the
power series expansion in 7' as we showed earlier.

So at the solid-liquid boundary we have

d _ AI{fus
dp = Al (19.8)

AH . .
where ASfus = % at constant pressure. Now, in most cases in the

transition from solid to liquid the density of the material changes so that
AVyys is positive. As a consequence, the slope predicted by the Clapeyron
equation will often be positive. It also says that melting temperatures,
T, generally increase with increasing pressure.

But in some very special cases, on going from solid to liquid, AV will
be negative. Ice is a common example of this (think of why you never keep
Coke cans in the freezer, the stuff expands and blows up.) As a consequence,
the slope predicted by the Clapeyron equation will sometimes be negative.
This says that for special cases the melting temperature, 1,, decreases with
increasing pressure.

Example

The melting point of Na is 97.8°C' at 1 atm. The densities of solid Na and
liquid Na are

Na(s)p = 0.929g/cm?
Na(l)p = 0.952g/cm?®.

Also AHy,s = 3 kJ/mol. Calculate the melting point of Na at p=120 atm.
Ans: Employ the Clapeyron equation.

dp AH fys
dT TAV
dp (3kJ/mol)

dT (370.95K)(—0.6cm3/mol)
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As an approximation, dp — Ap and dI" — AT.

(120 — latm) (3kJ/mol)
(T, —370.95K)  (370.95K)(—0.6cm3/mol)
(119atm)(1.01 x 10°Pa/atm) —(3000.J /mol)
(Ty, — 370.95K) ~ (370.95K)(0.6cm3/mol)(1 x 10=6m3/cm3)

1.2x10"Pa —3000kg - m?/s?

T, —370.95K  370.95K(0.6)(1 x 10-6)m3
1.2 x 107 Pa

o~ = _134x10"Pa/K

Tp — 370.95K x 10°Pa/

—1.2 x 107

Ty —370.95K = ————— =0.80K

h —370.95 107 0.89

We are left with the final answer
T, =370.95 - 0.89K = 370.06K(96.9C).

For fun, why don’t you integrate the Clapeyron Equation and compare the
exact answer to this.

The liquid-vapor and solid-vapor boundaries, The
Clausius-Clapeyron equation

While the Clapeyron equation is, in principle, applicable to all phase changes
in single component systems, the equation can be recast into a more useful
form when one of the phases is a gas. The major difference here is that
AV will be huge because we are dealing with a gas. Recall that the volume
occupied by a gas is significantly larger than that of a solid or a liquid.

Starting with the Clapeyron equation, replace AV with V(g), the volume
of a gas, since V() and V (s) are much smaller and V' (g) dominates.

dp  AHup
dT  TAV
dp AHup
dr — TV(g)

Next, assume the gas is ideal so that V(g) = %(n = 1). This volume is

now the molar volume and some authors will denote it V,,,. Finally assume
that AH,,), is constant with temperature. Replace all of this into the above



Clapeyron equation to get
dp
dr
dp
P

12

12

12

lnp|§f

In P2
b1

12

AHvap __1

AHyqpp
T(RT)
AHyop dT

R T2
1>

R Ty

1
R \Th T.)

Al

The desired Clausius-Clapeyron expression is then

p1

InP2 — AHvap (L _ L)

T Ty
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(19.9)

and relates the pressure/temperature points along the condensed phase/gas
phase equilibrium line of a phase diagram. Basically, if you have a boil-
ing/sublimation 7" and p for a given substance, you can find its new boil-
ing/sublimation temperature at another pressure or conversely its new boil-
ing/sublimation pressure at another temperature.

Example

The normal boiling point of benzene is 80.1°C and the enthalpy of vapor-
ization is AH,q, = 30.8kJ/mol. Calculate the boiling point of benzene at

100 torr.
Ans:
100torr
n
760torr

In(0.132)
—2.025

—5.47 x 107*

1

—5.45 x 1074 —
% 353.25

leading to our answer

30.8k.J/mol 1
8.314.J/mol K (
30800.J/mol 1
8.314.J/mol K (

1 1
3704.6 - —
(353.25 T2>

1 1
353.25 Ty

Ty = 296.2K(23.05°C).

1

353.25K Ty

1

353.25K Th

)
)
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This is benzene’s new boiling point at 100 torr.

An alternative Clausius-Clapeyron expression

Alternatively, we could have taken the indefinite integral of

dp _ Ay dT
p R T?
to get
dap — ol (19.10)
giving

AH 1
Inp=-——22 (T) + const.

This is also sometimes called the Clausius-Clapeyron equation. Even more
progress can be made if we consider p = 1bar and T3 at 1 bar. Then this
expression becomes

AHygp (1
In(1) = — 7 L (ﬁ) + const = 0.

Therefore
AHyep  ASuap

const = =

RT, R

Thus, another way to write the Clausius-Clapeyron equation is

Inp = 2% _ Sy | (19.11)

From this equation you can find the entropy of vaporization by plotting

Inp vs % and looking at the intercept. It turns out that the entropy of

vaporization is similar for many liquids and is about 85 J/mol

ASyap = 85J/mol K |. (19.12)

This empirical finding is referred to as Trouton’s rule named after this
guy Trouton whose Chem. Ed. article we saw earlier. At the end of the
day, the Clausius-Clapeyron equation predicts a linear relationship between
T%, and p.

Now at the solid-vapor boundary the only difference is that AH ),
is replaced with AHg,,. Otherwise, it is the same expression as for the
liquid-vapor boundary.
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Recap

Let’s recap both the Clausius and Clausius-Clapeyron Equations with one
last example.

Example

Many of the highest mountains in the world are in excess of 25,000 feet. At
these altitudes p = 250 torr. Calculate the freezing point and boiling point
of water at this pressure.

Given:

e the density of ice is: pie = 0.92g/cm3

e the density of water is: pgao = 1.00g/cm3
e AHjpys = 6.01kJ/mol

o AH,q, = 40.7kJ/mol

Ans: Use the Clapeyron equation for fusion and the Clausius-Clapeyron
equation for vaporization. The Clapeyron equation gives

dp . AHfus

dT TnAViys
Making the approximation dp — Ap and dT — AT we get

(250torr — 760torr) (6.01kJ/mol)

Ty — 273.15K (273.15K)(—1.565¢cm3)’

Convert torr to Pa, convert J to kgm?/s? and convert cm? to m3. This gives

_ 67993.2Pa (6000kgm?/s?)
Ty, — 273.15K  (273.15K)(—1.565 x 10~6m3)
67993.2Pa
- — _14x10"Pa/K
Ty — 273.15K x 10" Pa/
and yields
AT = 0.005K

as the freezing point temperature change on the mountain.
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Next, use the Clausius-Clapeyron equation to find the solution to the

boiling point change.

In P2
b1
250

In—

760

—1.112

—23x107*

1

373.15
1

Ty

—23x1074 =

Our desired answer is

AHyp (11
R \T, T,
40700 /11
8.314 \373.15 T
1 1
4895.4 -
(373.15 T2>

L1
373.15 Ty

0.0029098.

T, = 343.7K(70.5C).

We see that the boiling point is lower on a mountain. From this example,
you see that the melting point difference is negligible but that the boiling

point change is significant.

Demo opportunity A vacuum boiling demo could go here provided 1

have this instrument.



Chapter 20

Mixtures

Chemistry deals with mixtures that potentially react. As a first step to
describe the thermodynamics of these systems, we will simply deal with bi-
nary mixtures that do not react. Note that up to now we have primarily
been working with closed systems of constant composition. For example,
our system is a gas and does some expansion whereupon we find the associ-
ated changes in free energy as well as other thermodynamic quantities. In
general, though, these thermodynamic state functions actually depend upon
the amount of stuff one has, which is especially important in the case of a
system with variable composition (i.e. mixtures and reactions as you will
see in the equilibrium section later).

Preliminaries, partial molar properties
First, an introduction into what are called partial molar properties.

Partial molar volume

The partial molar volume of a substance in a mixture is defined as

oV

where the subscript ¢ just refers to a species of interest. For a 2 component
binary mixture of species A and B, then, if the amounts of A and B are
varied, the total volume of the mixture changes by

dV:<av> dna+(@_v> dn,
Ona p, T,y a’l’Lb p,T\na

197
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The corresponding total volume is therefore

B a’l’La fta a’l’Lb 1t

where n, and np are the moles of A and B respectively.

Partial molar Gibbs free energy

Recall that the chemical potential in the case of a single component is the
same as the Gibbs free energy (1 = G) (actually it’s the molar Gibbs free
energy to be absolutely correct). In the case of mixtures,

_ [ 9G
My = <8ni

. 20.1
>p,T,nj ( )

The total Gibbs free energy of a binary mixture of species A and B at
constant 1" and p is then

|dG = padn, + pydny | (20.2)

such that

‘ G = pgng + ppne ‘ (20.3)

where n, and n; are the moles of A and B present in the mixture.

Next, to complicate things, recall that in general, the Gibbs free energy
will also depend on the pressure and temperature (you’ve already seen this
in previous sections). As a consequence, we write

dG = Vdp — SdT + padng + ppdng

for our binary mixture. Of course, if there are more than two components
you keep adding the little chemical potential terms at the end where at
constant pressure and temperature, this simplifies back to

dG = ,uadna + ,ubdnb.

The Gibbs free energy, G

In general, we have

dG = Vdp — SdT + 3, pudn; | (20.4)
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This may also be written as

dG = (%), dT + (g—g)po+zi € dn; (20.5)

>T,p,nj

where under constant 7" and p conditions the equation reduces to

dG = Zz ,uidni . (20.6)

The dependencies of other thermodynamic functions

Consider the dependencies of other thermodynamic functions with compo-
sition. fsWe will use the following (previously) derived relationships

G = A+pV
G = H-TS
H = U+pV.

The Helmholtz free energy, A

Since
dG =Vdp — SdT + > _ pidn;
and
A=G—-pV
we get
dA = dG—pdV — Vdp

= (—SdT +Vdp+) Mm) — pdV — Vdp

= —SdT —pdV + > pdn;
or that

dA = —=8dT — pdV + ), pidn; | (20.7)
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This may also be written as

dA = (g_?)vdT'i' (%)Tdv—i— 2 (gfi

>1Mm'

(20.8)

Furthermore, we can see that an alternative expression for the chemical

potential is

_ (oA
My = <8ni

>1Mm'

The enthalpy, H

Since
dG = —SdT + Vdp+ Y _ pudn;
and
G=H-TS
we get
dH = dG+TdS + SdTr

- (—SdT +Vdp+ > Mm) +TdS + SdT

= Vdp+TdS+_ pidn
or that

dH =Vdp+TdS + Y, pidn; |

This may also be written as

dH = (32) dp+ (3),ds + ¥, (42

>1Sm'

(20.9)

(20.10)

(20.11)

Furthermore, we see that an alternative expression for the chemical potential

1S

(20.12)
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The internal energy, U

Since
dH = Vdp+TdS + Y pidn;
and
U=H-pV
we get
dU = dH —pdV — Vdp
= (Vdp +TdS+ ) Mm-) — pdV — Vdp

or that

dU =TdS — pdV + >, pidn; | (20.13)

This may also be written as

dU = (g_g)vds + (g—g)st +2i (32{. (20.14)

>&Mm'

Furthermore, we see that an alternative expression for the chemical potential
is

i = (3—2{. (20.15)

>S,V,nj

More games
Since G = H — TS we get
G = H-TS
G = (U+pV)-TS
U = G-pV+TS
dU = dG —pdV —Vdp+TdS + SdT

where recall from above that in general dG = Vdp — SdT + pqdng + ppdny
for a binary mixture. Plug this into the above expression to get

dU = Vdp— SdT + pedng + ppdny — pdV — Vdp + TdS + SdT
= —pdV +TdS + pedng + ppdny.
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iy
a Ini 5,V,n;

The Gibbs-Duhem equation, a relationship between partial
molar properties

This again leads to

Recall that under constant temperature and pressure conditions for a binary
mixture

G = pana + pne.
But note now that you could write
dG = padng + nadpa + ppdny + npdp
whereas we previously showed that under constant T" and p conditions
dG = padng + ppdng.

Thus, for these two equations to equal

| nadpta + mpdpy, =01 (20.16)

This relationship is referred to as the Gibbs-Duhem equation. More gener-
ally

> midp; =0 (20.17)

and its significance is that the chemical potential of one component of a
mixture cannot change independently of the chemical potentials of the other
components.

So in our binary mixture, if one chemical potential increases, the other
must decrease.

nad:ua + ’I’Lbd,ub =0
’I’Lbd,ub = —nad,ua
n,
duy = ——d,.
ny

The Gibbs-Duhem equation is general. Note that one could also write n . =
na +npg with y4 = % and xyp = 2&. Thus

Ntot

dup = —&d,ua
Xb

where x, and x; are the mole fractions of A and B.
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Mixing of ideal gases

Let’s now move to mixing problems. The changes in Gibbs free energy as
well as internal energy, enthalpy, entropy, etc... can be calculated on the
basis of the following Gedanken experiment.

Picture a cylinder where you have two gases, call them A and B that are
separated by two semipermeable membranes (one is permeable to A only,
the other is permeable to B only). Gas A is on the left. Gas B is on the
right. The two semipermeable membranes are just about touching. The
external pressures on the right and the left are initially at the exact same
pressure as gases A and B. So at this point nothing moves.

Next, the mixing is carried out reversibly (and also isothermally) by
reducing the external pressure on either side by an infinitesimally small
amount. Gases A and B then initiate a mixing by slowly moving the semiper-
meable barriers apart until the volumes have doubled.

The work, heat and internal energy of this mixing process

The work done during the expansion is the sum of the work incurred by
both moving semipermeable barriers.

Wiz = WA+ WR
Va+Ve Va+Vp
= [ v [ ppav
VA VB
Va+Vp T Va+Vp T
_ _/ naR dV — / ngR Jv
Va 14 Vs 14
V. \%
= —nuRTIn w —ngRT In %
A B
Va VB
= RTIn ——— RTIn —————.
[ S A R

Note that the volumes are proportional to the number of moles of each gas
(verify this for yourself). Therefore, we can also write

Wmiz = nARTlnniA—FTLBRTlnniB
naA+np na+ng

= nuaRTIn A +ngRTIn )

Ntot Ntot

= naRTInxa+ngRITInxpg.

This leads to our final expression for the work involved during mixing

Wiz = Mot RT (xaInxa + xpInxag) | (20.18)
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Since the mixing is isothermal and both gases are ideal

20.1)

and

[ =) 020

Then by the first law of thermodynamics we know that
Amiz = —Wmiz

giving

Gmiz = —uat RT(xan x4 + xpIn xp) | (20.21)

The Gibbs free energy of mixing

We are now interested in the Gibbs free energy of mixing. There are a
number of ways to evaluate this. The easiest is to recall that when the
process is isothermal and reversible the entropy change is basically the heat
of the reversible process over the temperature. Then once you have AS,,;.
you can get AG from AG . = AH s — TAS. We will call this case 1.
Alternatively, there is a more advanced way to do this. It entails knowing
what the chemical potential of a substance is once mixed. One then subtracts
the original chemical potential of the substance from this value to get the
difference.

Case 1
Asmzm = q;fv
_ Amix
T
_ —nRT(xalnxa + xInxp)
T .
Then

ASpiz = —nR(xalnxa + xplnxg) | (20.22)
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To get AGir we know that AH,,;, = 0. We therefore employ
AG = AHi — TASniz
= nRT(xalnxa+ xplnxs)
to find

AG iz =nRT (xalnxa + xplnxs) | (20.23)

Case 2

Now this case foreshadows something we will demonstrate in an upcoming
section. If you knew what the chemical potential of the substance was after
it got mixed, you could subtract from this the original chemical potential
when unmixed to get the energy change on mixing. We already know what
the unmixed free energy change is. All we need is an expression for the
chemical potential of the substance once mixed. We will derive this shortly.
For now, just watch.
First, for a two component system

G = Nafla + Mblp
where, for an ideal gas, the unmixed chemical potential is
w=pu’+ RTIn %
p

with p° the chemical potential at 1 bar and 25° C and p is the pressure of
the gas divided by p° which is 1 bar.

This is derived in an earlier discussion within the free energy chapter.
Starting with

dG = Vdp — SdT
we now assume constant temperature conditions (d7' = 0) to get
dG = Vdp.
Since the gas is ideal, V = % (we are dealing with molar volumes here so
n=1).
T
iG = R_dp
p
AG = RTZ
b1

Gy = Gy —I—RTIDZE
P1
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and instead of using G we invoke . Thus, let Go — u, G1 — po, p2 — p,
and p1 — Ppo.

Here is the part which we haven’t talked about yet. What is the
chemical potential of a gas once mixed? Well, the chemical potential
of the gas once mixed is basically the same expression as before except with
p is replaced by p;, the gas’ partial pressure in the mixture. The chemical
potential of the mixed gas can then be written as

uw=pu’~+ RTIn p—i
p
Back to our problem. Before mixing we had

G =n, [,uz —I—RTlnpﬁ] + [,ug —I—RTln£]

o o

for the 2 gases separated with p the same in either container.
Ghrefore = Na [Mg + RT In ]%] + ny [Mg + RTIn ]%] )

Now, the two gases are allowed to mix, doubling the volume.
So after mixing we have p, + p, = p where p, and pp are the partial
pressures of A and B. The expression for G after mixing therefore becomes

Gafter = Na [NZ + RT'In %] + ny [ué’ + RTIn ]%] )

We can now find out what the change in free energy is on mixing the
two ideal gases

Aszm = Gafter - Gbefore
— g g0+ RIS oy (g + RTINEY
- a Mg n p° ny |y + n °
- n -0—|—RTln£ -n O—I—RTlnﬁ
a |Mq po b | Mp po

= ne[RTInp, — RT Inp| + ny [RT Inp, — RT Inp]

= ng RTln&] + ny [RTln@]
L D p
= naRTln@—l—anTln@.
p p

If we replace all pressures by mole fractions we get

AGmiz = XaMtot RT In Xq + Xpnot RT In xy,
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leading to

AG iz = nRT (X In xq + xp In x3) ‘ (20.24)

Notice that since x,5 < 1 both In terms will be less than zero. Thus
AG i < 0 is negative. This confirms that the mixing of ideal gases is
spontaneous.

Example

Calculate the Gibbs free energy of mixing. Note that this is being worked
out using the case 2 approach.

A container is divided into 2 equal compartments. One contains 3 mol
of Hy at 25°C. The other contains 1 mol of Ny at 25°C. Calculate the AG
of mixing.

Ans:
Gbefore = Ng [,UZ + RT In p] + ’I’Lb[,ug + RT In 3p]
= (1)[pg + RT Inp] + (3)[pg + RT In3p).

After mixing, the volume doubles so that all pressures initially drop by
half. We are assuming ideal gas behavior.

1
s
p 229
3
3p — =D.
P 229

Thus,
3
Gafter = (1) |:/LZ + RTIn g} + (3) [,ug + RT In 7p:| .

So the difference, final minus initial, is

9
AG, — RTWP? 4 3RTm %

b D
1 1
= RTln§—|—3RTln§
= —RTIn2-3RTIn2
= —4RTIn2
= —4(8.314J/molK)(298.15) In(2) = —6.87 x 1037

The answer is
AG e = —6.87kJ.

The value is negative so the mixing is spontaneous.
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The final chemical potential of a substance in a mixture

We just saw in the prior example that the chemical potential of a gas once
mixed has the form

p=p’+RTIn% (20.25)

where p; is the partial pressure of the gas in the mixture.
In this section, let’s just derive this result more formally. Start with the
fact that at constant temperature and pressure for a binary system

G =napa+npup.

Then realize that the free energy of mixing is just the difference of G after
minus that before

Aszm = szm - G;zmre
where

Gmiz = naApA +nNBUB
G;zmre = MNAUApure T MBUB pure-

Next, I previously showed you that for a pure single component substance
(a gas here) that the chemical potential could be written as

p
Hi,pure = ,UZQ + RT In ]?'
Let’s replace this into our AG,,;, expression above.
AG = o p o b
miz = NAMA +nBuB —na | 1% —I—RTln—O —np | up —|—RTln—0 .
p p
At this point, invoke AG.,ix = naRTInxa4 + ngRI'In xp which we
derived separately through the case 1 approach. We incorporate this into

the LHS of the above equality to get

naRTInxa+npRTInxp = mnapa+nppp —na (u%—l—RTln}%)
o b
— np (,uB—I—RTln —0>
b
na(RTInxa) +np(RTInxg) = na (,uA L RTln}%)

+ np (,uB — g — RTln%)
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Since the coefficients of n4 and np must equal on both sides of the equation,
we are left with

RTInxa = pa—ps —RTln%
p

RTInyxp

p
,uB—,uOB—RTlnE.

Solve for p14 and pup. We want these because they are the chemical potentials
of both substances after being mixed.

A = RTlnXA—I—,u%—l—RTln%
p
up = RTlnXB—I—,u%—l—RTln%.
p

Consolidate terms to get

XAP
XBP

where we know that the partial pressures are p4 = xap and pg = xpgp. This
then yields our desired expressions

A
A = u%—l—RTln%

U = Up —I—RTlnp—f.
So in general, the chemical potential of a substance (a gas here although
you will see a more general case next when we talk about liquids) once mixed

can be written as

pi = pf + RTIn B (20.26)

Other thermodynamic mixing functions involving ideal gases

Since (g_g)mlj = —S5 it follows from

AG iz = nRT (xaIn xq + xp Inxp)

that

ASmiz = —nR(xaIn xa + Xxp 10 xp) | (20.27)
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Notice that both In x, and In x; are less than zero. Hence AS,,;; is positive
and the process is favored. The system is more disordered. Alternatively,
you could have calculated this from

Asmzm = q?m

since the process was isothermal and was done reversibly, hence ¢z = Grev-
Next, from

From our previous results we then see that

(o =1) 2025)

Alternatively, note that H is only temperature dependent for ideal gases
and that the process was isothermal. Hence, we could have (and actually
did) immediately say that AH,,;, = 0.

Next, from
(5_G> _y
op )

Vo =0) (2029

showing that there is no volume change on mixing ideal gases (i.e. the
volumes are additive).

we get

The mixing of ideal liquids

Let’s do liquids now. Consider a binary mixture again for simplicity. The
derived results will be general. Also assume constant temperature and pres-
sure conditions so that

G = ngftg + nppp

where

pi = p + RTIna; | (20.30)
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Here a is called the “activity” and the above expression is for the chemical
potential of the substance once mixed.

So what is this activity business? Let’s illustrate. Consider the
vapor-liquid equilibrium of a single substance. We have seen that at equi-
librium the chemical potentials are the same in either phase

We know from a previous section that for gases in a mixture

o Di
pi(g) = pi(g) + RT In p

where p; is the gas’ partial pressure, p° is 1 bar, and g is the chemical
potential of the gas in its standard state. I'm now asserting that a similar
expression holds for liquids using this so-called activity.

wi(l) =pi(l)+ RT Ina,;.

This results in the following equality at equilibrium

ulg) = pl)
u;?(g)+RT1n]% = 42(l)+ RTIna;

This equation can be applied to a pure liquid where the activity is defined
as 1(a=1)

#(9) + RTIn i— = 12 ().

The asterisk signifies that this particular pressure is for a pure substance
and p° is the standard pressure of 1 bar. Thus p; is the pure liquid vapor
pressure.

Subtract one equation from the other to get

RTWm? —RTW = RTIa

Po p
RT'lnp; — RTlnp° — RT'Inp; + RT'lnp® = RTIna
RTIm2 = RTIng.

7

Therefore, one finds that the activity is

a; = 2| (20.31)

=
Ty
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This ratio also equals y;

a; = B — Xi | (20.32)

=
Ty

The last equivalence relating the partial pressure to the mole fraction is
basically called Raoult’s Law and will be discussed below (the ratio of the
partial pressure to the pure vapor pressure is equivalent to the
mole fraction of a given component or alternatively that the activity is
the mole fraction of a substance in a mixture). For now just hold this to be
true. You will see more about activities shortly in the equilibrium chapter.

Now back to the point before we went on this tangent about
activities. In a binary mixture of liquids at constant 7" and p,

G = Nafla + Ny Ub
where

i = p+ RTIna;
= u)+ RTIny;.

So before mixing (constant 7', p) we have
Ghefore = Nallg + Npjtg-
After mixing, we get
Gafter = Nalptg + RT In xo] 4+ np[py + RT In xp].
The free energy change on mixing is therefore

Aszm = Gafter - Gbefore
= ny.RT'Inyx, +npRT In xp.

If n = ng + np then we can re-express AG,i; in terms of mole fractions

AG iz = nRT [ xa Inxa + X In xp)- ‘ (20.33)

Again, since x, and xp are both less than 1, Iny, and Iny, are negative.
The Gibbs free energy of mixing ideal liquids is therefore negative and hence
the process occurs spontaneously.

In addition, since

oT

> = _Asmzm
p
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it follows that the entropy of mixing ideal liquids is

ASpiz = —nR[xq In xa + X In ] | (20.34)

You can see that AS,,;; > 0. The entropy increases with mixing.
Next, we get the enthalpy of mixing from

thus

o =1] 03

showing that there is no enthalpy change on mixing liquids to form ideal
solutions.
Finally, since

V=0 2030)

This means that the volumes are additive.

Demo opportunity There is a demo that can be done here. Take a
very large column of pure 200 proof ethanol. Add to it some water carefully.
Initially you will see that the volumes look additive. Now invert the column
and let the liquids mix. When brought back to its original state you will
notice that the total volume has decreased and that the volumes are in fact
not additive. This is non-ideal behavior. What is this telling you? A video
of this can be found on the web.

Raoult’s Law

The French chemist Francois Raoult found that the ratio of the partial vapor
pressure of each component in a mixture (p,) to its vapor pressure as a pure
liquid (p}) equals the mole fraction of the component

Pa — ol (20.37)
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Mixtures which obey Raoult’s Law are called ideal solutions. They generally
consist of two similar liquids. For example, toluene and benzene come to
mind.

To illustrate, consider a solution composed of a volatile solvent and one or
more involatile solutes. If the pure solvent (say A) is placed in an evacuated
container (not all the way full though), the liquid will evaporate until the
space above the liquid is filled with vapor. During the entire process the
temperature is kept constant. At equilibrium, the pressure established in
the vapor phase is p} which is the vapor pressure of the pure liquid. Now
if an involatile solute is dissolved in the liquid, and the entire experiment
is repeated, the equilibrium pressure p4 over the solution (the solute is
involatile so the vapor consists purely of solvent vapor, A) is observed to be
less than p}. This is then the basis of Raoult’s observation. We generalize
this to multiple volatile liquids.

Henry’s Law

However, William Henry found experimentally that for real solutions at
low (dilute) concentrations that although Raoult was basically correct for
a solute, a, the constant of proportionality between p, and ¥, is not really
Xa- Basically

Pa 7 pZXa'

Henry instead found that
Pa = KaDp (20.38)

where k, is a fudge factor.
Mixtures for which the solute obeys Henry’s Law and the solvent obeys
Raoult’s Law are called ideal-dilute solutions.

Colligative properties

Finally, let’s use what we learned about mixtures to describe what are called
colligative properties. Here we will consider a substance (our solvent) into
which we will introduce a nonvolatile solute. What we want to see is what
happens to certain properties of the solvent. Namely, there are 3 colligative
properties for solute/solvent mixtures that are typically discussed. We will
cover the first two.
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e Elevation of the boiling point
e Depression of the freezing point

e Osmotic pressure

Elevation of the boiling point

The equilibrium that we are interested in during the boiling process is be-
tween the solvent vapor and the solvent at 1 bar (basically 1 atm). Let’s
call the solvent A and the added solute B. A real world example would be
adding salt to water to try and increase its boiling point. Does this actually
work? Or is this just urban legend. Another example involves using ethy-
lene glycol in your car’s radiator to increase the boiling point of water. In
fact, the boiling point increases 0.5 °C for every 76 grams added to 1 liter
of water.
The equilibrium is established at a temperature where

pa(g) = pa(l)

since it’s A that’s doing the boiling. Next, we need expressions for the left
hand side and the right hand side of the equation.
On the LHS we have

pa(g) = walg)-

If you wanted to rationalize this, you would recall that the chemical potential
expression for a gas is

o p
pa(g) = pu(g) + RTIn o

where its pressure p is just the same as p° (i.e. p = p°).
On the RHS we know that

pa(l) = (1) + RTn 24
Py

where p4 is the partial pressure of the solvent in the presence of some solute.
By Raoult’s law we then have

pa(l) = u% (1) + RT nya.

Combining the left and right hand side expressions, we get

pa(g) = pu(l) + RT Inx 4
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and, in terms of the solute (i.e. x4 =1 — xp) we have

15(9) = po(l)+ RTIn(1 — yp)
[,uA(g)R—TﬂA(l)] = In(1-xB)
L[t a0

7|77 T = In(1- xB).

At this point, take derivatives of both sides with respect to 1" under
constant pressure conditions. We basically find terms like the following on
the left hand side

o (p\ 1 (0 1
aT (?) T <6T>p+“< T2>
where from dG = Vdp — SdT we have (g—“) = —S5. Thus,
p
9 (%) = S
oT \T T T2
At this point, we replace p = H — T'S to get
9 (&) = e
oT \T T2
and find that

1 9 [pxle)  wpu0) d
- Z _ — 2 1n(1 —
OT[ T T |~ ar o xe)
becomes
1 [ Ha(g) , Ha(l) d
— |- - (1 —
R[ ™ 72 | qr '~ xs)
[Halg) ~ Ha()] = —=n(1 - xp)
77 Haly A =l —xs
AH gy d
- = —In(1- .
RT2 g7~ xs)
We can integrate the expression (assuming AH,,, to be independent of
temperature) to get
T
AHyop /XB /
- =-dT = dln(l —xp)
/Tb RT™ xB=0 b
AHyap|*
= In(1-
BT |, n(l—xp)
b

AHyp (11
— =) = (- ya)
22 (1) = mi-w)
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If xp is small then In(1 — xp) ~ —xp. This gives

_AHyy (11
XB="p"\T, T)

Finally, if T' >~ T,

AHyq, (T — Tb> AHyqp AT
XB = =

R TT, R T2

Rearranging things gives our desired expression for the change in the sol-
vent’s boiling point with mole fraction of solute added

2
AT =~ (jf&) X5 | (20.39)

The constant of proportionality in parenthesis is called the boiling point
constant, k;. Numerical values for k; of some solvents can be found in the
following table where recall that molality is moles of solute per kilogram of
solvent.

Solvent ky (°C/molal)
benzene 2.53
phenol 3.04
water 0.51
ethanol 1.07
cyclohexane 2.79
acetic acid 3.08
Example

Say you had the idea that adding salt to water raises its boiling point. This
would allow you to cook your pasta faster. How much salt would you need
to add to raise the boiling point of water by 10 degrees? Let’s assume that
we are trying to boil 1L of water.

10 = (0.51) (M) ‘

1 kg water

From this we find that z = 19.61 moles of NaCl. This is 1.15 kg or 2.53
1bs of salt. Even if you were to do this I doubt this would make your pasta
palatable.
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Old derivation of boiling point elevation formula

I’'m leaving this older derivation of the boiling point elevation formula here
for historical purposes. The derivation begins the same way by invoking

pa(g) = pa(l).

We then find expressions for the left and right hand sides of the equality.
We find

alg) = o)+ RTmay
%) = Ha()+RTInx.

where x4 +xp = 1 and where p% = p° since the solute, B, is involatile. You
can see this through the following gedanken experiment. Imaging that you
have a flexible cover over the neat liquid (think of something like a balloon).
The outside pressure is 1 bar. Under these conditions, the vapor in the
balloon is exclusively the neat vapor of compound A. The associated vapor
pressure is 1 bar since otherwise the outside air pressure would collapse the
balloon. Likewise the balloon doesn’t blow up either.
Now, rearrange the original expression above as

#a(g) = pwa(l) + RTIn(1 — x)
or

po(g) — pi () — AGy,
(1 —xp) = = = T

where AG,qp is the molar Gibbs free energy of vaporization. At the same
time

AGoyap = AHyap — TyASyap.

If we invoke that T" ~ Tj, then we can replace AG,q, into our expression to
find

AHyep  ASyap
RT R

In(1 —xp) ~

Now when there is no B present (only A) then xp = 0 and we get

AHyep  ASuap

=0
RT, R

In(1) =
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where T}, is the boiling point of A.
The difference then when some B is present is

AHuy  AHug

In(1—xp)—In(1) = T R,

which reduces to

AH,, 1 1
1n(1—XB):Tp (f—ﬁ)-

Now assume that yp (our solute) is small. xp < 1. Then
In(1 —xB)~—x5

leaving

_AHyy (1 1
XB = R

or

_AHyy (11
XB="p\T, T)

Finally, because we have already assumed that 1" ~ Ty

1 1\ T-T, T-T, AT
T, T) T — T} T}

Thus

AH,apAT
XB = RTbQ

and we write

RT?
AT = ( b > XB-
AHyqp

Depression of the freezing point

The heterogeneous equilibrium now of interest is between a pure solid solvent
(A) and the solution with a solute (B) present within it at mole fraction xg.
A real world example is adding salt to roads during the winter to prevent
ice from forming. We can go about deriving the melting point depression
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formula in the same manner as we did for the boiling point elevation. I'll
let you do that on your own. What follows is my original derivation.
At the freezing point, the chemical potentials of the two phases equal
pa(s) = pa(l)
where

pa(l) = p(l) + RT In x4

and we use pa(s) = pu%(s) on the left hand since the frozen solid is pure
A (i.e. we implicitly assume that the solute B does not freeze out). The
activity of a pure solid is @ = 1 or x4 = 1 and thus the RT Iny term
that would have been on the left hand side of the equation dies. Putting
everything together gives

pa(s) = pa(l)+ RTInxa

where x4 + xp = 1. We now do the same rearrangement/manipulation as
before and instead of AH,,, we use AHy,,. We also assume that 7'~ T,

pa(s) = pa(l)+ RTIn(1 - xB)
Hals) = 14 ()

BT = In(1-xp)

In(1—yg) = WZ_A]?;S
(- yg) = — [AH fus ;% ;mAsfus]
In(l1—xp) = _Ag%us+A§é”us‘

If xp =0 (no solute, pure A) then

AH us AS us
_ f + f

(1) = =—7- R

=0

where T}, is the melting point of A.
The difference between In(1 — xp) — In(1) is then

AHpys  AHpys
RT RT,,

_ AHp, (1 1
N R T T,

In(1 —xp) =




where if yp is small, yg < 1 and In(1 — xp) ~ —xp. Thus,

—XB =

XB =

XB =

XB =

AHps (11
()
AHps (11
R (Tﬁ>
Afus (Trn —T
v ()
AI{fus(_AT)
RTT,,

Finally, recalling that we assumed T ~ T,,

and

XB

_ AHy,s(—AT)

RT2

RT?
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(20.40)

This gives you the melting point depression when some solute B is put

into a solvent A with an associated mole fraction xp.

The constant of

proportionality is called kf, the freezing point constant. The table below
lists ky for some solvents.

Solvent ks (°C/molal)

benzene 5.12

phenol 7.72

water 1.86

ethanol 2.00

cyclohexane 20.0
Example

How much salt does it take to lower the melting point of water by 5° C.?
Assume we are dealing with 1 kg of water for convenience.

5= —1.86 <X moles NaCl>

1 kg

so that z = 2.25 moles of NaCl. This is 120 grams.
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Demo

A demo that can be done here is to make homemade ice cream using rock
salt. You just need milk and sugar and some containers. Mix the milk and
sugar in one small container. Mix the salt and water in a separate (larger)
container. Then put the milk/sugar container into the salt water slurry and
let it sit. Shake occasionally for best results. Better yet, have a student
shake it for you during the entire lecture.



Chapter 21
Equilibrium

So far AG has been used to simply predict the spontaneity of a process or
some reaction. But AG is more useful than this. It will be related to a
reaction’s equilibrium constant.

The reaction quotient, ()
To begin, we need some definitions. For a generalized reaction
aA+ BB —~C+ 6D

the reaction quotient () is defined as

_ (ac)'(ap)’
Q= (ea)o(an)? (21.1)

where a,, is called the activity (seen in a previous chapter) and can be
expressed as

o ax [[))((—O] where [X,] is 1 M

e a = L (ideal gas)

S

e a=-L (real gas where f is the fugacity)

S

® g = ]% (liquids in a mixture, where p} is the pure substance vapor

7

pressure)

223
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At equilibrium

or

The equilibrium constant, K
Consider the reaction
aA+bB = cC+dD

The equilibrium constant is defined as

_ [CFD)f
Ke = Gemp

EQUILIBRIUM

(21.2)

(21.3)

where the subscript ¢ means that it is defined in terms of molar concentra-

tions.

Alternatively, in discussing gas phase reactions, it is often convenient to
write the equilibrium constant in terms of partial pressures. When you ex-
press the equilibrium constant for gaseous systems in terms of their partial
pressures you call it K. In what follows, we will focus on so called “homo-
geneous” reactions for simplicity. “Heterogeneous” or mixed phase systems

will be discussed later.
For example,

CO(g) +3Hz(g) = CHy(g) + H20(g)

(%5) (")
(52) (5#)

K, =

Now, in general, the value of K, differs from that of K.. To illustrate,
let’s consider the ideal gas case. For an ideal gas, the molar concentration

of some species can be expressed as

P
RT’
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Consider the generic reaction
aA+ 3B —~C + 6D

From this we get

Thus
K.= RT™""K, (21.4)

or

K, = RTA"K,| (21.5)

Remember here that An is the change in moles of gas molecules in the
reaction. We take final minus initial.
The equilibrium constant for a sum of reactions

If a given chemical equation can be obtained by taking the sum of other sub
reactions, the equilibrium constant for the given equation is the product of
the equilibrium constants of these sub reactions.

Consider the following reactions

CO(g) + 3Ha(g) = CHy(g) + H20(g)
and
CHay(g) + 2HyS(g) = CSa(g) + 4H2(g).
If you sum these two reactions, together you get the overall reaction

CO(g) +2H2S = CS2(g) + H20(g) + Ha(g).
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The equilibrium constant for this reaction is therefore

[CSo][H20][Ho]

et = TCOH,SP?

I claim that this is the product of each individual reaction’s equilibrium
constant. Namely,

K _[CH,4][H0]
b T [COJ[Ho?

o CS][H]"
2,eq [CH|[HS]?

Take the product of Ky ., and K5 ., and see what happens

[CHyl[
Kl,qu2,eq — [CO][
[H20][CSy][Ho
[COJ[H»S]?
= Ko

H0] [CSy][Ho]*
o3 [CHy|[H»S)2
)

Good.

Other rules that K., follows

There are a bunch of rules for the equilibrium constant. I don’t really want
to go over them in any great detail because you should have already seen in
this in general chemistry many years ago. I'm also a bit tired. So I'll just
summarize things in bullet form.

The “rules”

e Pure solids and pure liquids are never ever included in the equilibrium
constant expression. Don’t do it. If you recall doing weak acid/base
problems where you were asked to find the pH for a give concentration,
remember you always set up your (R)ICE table and then ran the
numbers. At the end, when relating the concentrations at equilibrium
to K, you never ever included the concentration of the water solvent.

e The equilibrium constant depends on the way the reaction equation
is written. So basically, you will get a different looking equilibrium
constant if the reaction stoichiometries of the reaction are all changed.
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For example, if you double all of the coefficients in your equation, K,
will change. Or if you halve all the coefficients, K., will differ again.
T’ll let you play with this idea on your own.

e The equilibrium constant written for a reaction one way is just the
reciprocal of K for the opposite way. So if you flip the orientation of
the reaction, take the inverse of the old equilibrium constant to get
the new equilibrium constant. Again, you can play with this idea on
your own if interested.

e K. and K, do not equal. We’ve just seen how they are related. Note
that when you get equilibrium constants from AG, as you will do in

a minute, what you actually get are K, values by convention. Some
texts seem to omit this fact.

e For consecutive reactions, the overall equilibrium constant is simply

the product of their individual equilibrium constants. We just saw this
worked out above.

The relationship between free energy and the equi-
librium constant

You’ve already seen a preview of this in one of our preceding examples. But
we will do this again under a more generic scenario.
Consider the reaction
A+B—C+D
The net change in chemical potential is

Ap = (pc + pp) — (pa + pB)

where in terms of activities we have (we basically have a mixture, right?)

HA = #%—FRTID&A
“B = ,UOB—FRTID(IB
pe = pe+ RTnac

up = pup+ RTInap.
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Putting it all together then gives

Ap = [pe+ RTlnac+ pp + RTInap] — [p% + RTInaa + u% + RT Inap]
= [(u& + 1D) — (0 + pB)] + RT'Inacap — RT'Inasap
= Ap’+ RTIn dcab
asap
= Ap’+ RTInQ.

At equilibrium, Ap =0 and @ = K¢

0 = AG°— RTInK,,
= Ap’—RT'InK,

or

AG® = —RTIn K., | (21.6)

I want to point out that the temperature listed above is tied to the AG value
being used. So if you see AG®, this means that the value of T" you have to use
is T'= 298 K. You cannot just randomly put another temperature in there.
If we have AG at another temperature, then you use that temperature for
T. So basically

AG°(Ty) = —RT1 In K(Ty)
AG°(Ty) = —RT3In K(T?)
AG°(T3) = —RT31n K4(T3)

etc...

An alternate expression commonly seen is

—AG°

Keqg=e RrRT | (21.7)

An important side note here is that by convention we get K, (not K.) values
from this expression.

Let’s mix things up a little. What if we had the general reaction with
more complicated stoichiometries

aA+ (BB — ~vC +6D.
The difference in chemical potentials is then

Ap = (pc + pp) — (pa + pB)
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where as the reaction proceeds

pe = ype+yRTInac
up = 6pp+O6RTInap
ua = auly +aRTInay
up = Pup+PRTInag.
Therefore,
Ap = [yps&+~yRTInac + oup + dRT Inap] — [ap% + aRT Inaa + fug + BRI Inap]

v + RT nal, + 6p$ + RTIna) — [apd + RT na% + fu% + RT Ina)
s+ 0ud + RTnala) — [apd + Bu% + RT Ina%ay)
(v + 0p) — (o + Bu%)] + RT nalay, — RT Inafaf,

[
[
[
[

al.al
= (o + ) — (i + Byip)] + RT In 22,
ap0p
We get
Ap=Ap’+ RTInQ
with
)
_ ‘%“D'
afjaly

At equilibrium, Ap = 0 and @) = K, so that

Ap® = —RTInK,
AG° = —RThK,
or that
—AG°

Key = e BT,

Again, as an aside, note that K., here is actually K, (not K.).

The chemical potential and equilibrium

Next, let’s show how the chemical potential and equilibrium are related for
a reaction. Start with our previous expression for the Gibbs free energy
change under constant 7" and p conditions

dG = pidn;
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where changes in the number of moles (dn;) are the result of a chemical
reaction.

Then note that these changes in moles of a species are not independent
because they are related by the stoichiometry of the reaction. We express
this for a given species as

n; =ng + v

where n{ is the number of initial moles of a species, v; is a coeflicient re-
flecting the stoichiometry of the reaction and £ is called the advancement
coefficient and has units of moles. Note that v; is a negative number for
reactants and is a positive number for products.

To be a little more specific about &, for some generic reaction

aA+ 3B —~yC + 6D
the advancement coeflicient is

n = n°+uy€

dn = Vi df

or d§ = Cll/—fl where v, = —a, vg = —f3, Vo = 7, and vp = J.
This gives:

¢ = —d?TA(for species A)

d
= —ﬂ(for species B)

g
dnc .
= —|—T(for species C)

dnp

5 (for species D)

= +

and in general

de = dni | (21.8)

From the above relationship, we get
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Thus, since dG = pgdng + ppdnpg + pedne + . ..

dG = > pvide

This can get rearranged to

(%), - (Zn)

= —apq — Bup +ypc + opp
= [ypc +dup] — [apa + Bug).

The equation reflects the rate of increase of the Gibbs free energy with the
advancement, &, of the reaction.

o if (%—?)T < 0, the reaction goes right, towards products
7p

o if (24 > 0, the reaction goes left, towards reactants
9% )T

o if (a—(g)T = 0, the reaction doesn’t go anywhere, it’s at equilibrium
7p

Note that the last equilibrium expression can also be written as

oG
- = Vi = 0.
<86>T,p Eu:'uy

Thus you see that the derivative (%—?)T has the form of a change in
7p

Gibbs free energy since it is the sum of the chemical potentials of the prod-
ucts (positive ;) minus the sum of the chemical potentials of the reactants
(negative v;).

Consequently, people often write AG = (a—(g)T and call it the
p

reaction Gibbs free energy. Sometimes people will write AG, or A.G to
make this clear.

AG =3, pivs (21.9)
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So at equilibrium

a—G = = = =
<a§>m AG = AG, = AG =0| (21.10)

All expressions are valid.
Now back to our equilibrium considerations Consider a model generic
reaction

A — B.

In addition, assume that A and B are gases. If we solely consider A then we
get

G=G"° —I—nARTlnp—i1
p

where p° = 1 bar and from where we also get
G ) — (2 4 prim 22
ong ong p°

bA
A = 1% +RTIn' 2.

or

We can do the same with B (assuming it’s alone) to get
bB
up = pp + RT In PoE

Now back to the reaction A little bit of A (dna) reacts to form a little
bit of B (dnp). Here dn = |dn4| = |dnp|. Then the free energy change of
the system due to this little reaction under constant 7" and p conditions is

dG = —padn+ ppdn
— (4 RTln%)dn + (U + RTln];—f)dn

— dn(uy — pp+ RTm 22 — RTIn 24
p p

8G> PB
- = (u%—py) + RTIn—
<8n - (1 — 1) oa

)

— AG°+ RTImEE
pA
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This term (%) 1., 18 referred to as the reaction Gibbs free energy and is
essentially the slope of the Gibbs free energy plotted against the extent of a
reaction. If (%)Tp is negative, the forward reaction will be spontaneous. If

(%)T,p

At equilibrium, (%) = 0 or alternatively “AG = 0" and

is positive the backward reaction to reactants will be spontaneous.

AG® = —RTWE
pA
= —RTInK,,

Alternatively,

—AG°
Keq = e RT

Finally, as mentioned before, K., here is K, (not K.) by convention.

These are the expressions you see all the time everywhere. Also apart
from re-deriving these important expressions we come to another important
conclusion.

dG = —padn+ ppdn

dG
an = —pa+pp=0.
n Tp

Therefore,

1)

at equilibrium. The chemical potential of A equals the chemical potential
of B at equilibrium. “A chemical reaction comes to equilibrium at
constant 7' and p when the chemical potential of the reactants
equals the chemical potential of the products.”

More equilibrium stuff, definitions and such

Definition: A homogeneous equilibrium is an equilibrium that involves
reactants and products in a single phase.
Definition: A heterogeneous equilibrium is an equilibrium involving reac-
tants and products in more than one phase.

For example: Consider the reaction

3Fe(s) + 4H,0(g) = F304(s) + 4Hy(g).
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This reaction involves both solids and gases. The equilibrium constant is

[Ho]*

K. = .
[HyO)*

Note that the equilibrium constant omits the solids and liquids because the
volumes of solids and liquids are basically constant. Their activities are
therefore 1. The activities of solids and liquids equal 1.

Examples
Write the equilibrium constant for the following reaction
CO(g) + 3H2(g) = CHu(g) + H20(g)
or its reverse reaction
CHy(g) + H20(g) = CO(g) + 3Ha(g)
or this reaction
Na(g) + 3Ha(g) = 2N Hs(g)

all in terms of K. and K.

Ans:
_ [CHY[H0)
¢ [CO][HoJ3
_ PCH4PH,0
i pcopyy,
% [CO|[Ho)?
¢ [CH|[H20]
K, — pcopy,
PCH,PH0
2
K, - V3
[N2][HoJ?
K. = p?VHg

PNPYy,
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Example

Formulate an expression for the equilibrium constant, K, of the following
reaction in terms of its degree of dissociation

Ni(CO)4(g) = Ni(s) +4CO(g).
Ans: The equilibrium constant of this heterogeneous equilibrium is
4
pco
(5#)

PNi(CO)4
pO

K

4
Pco
pNi(CO)4
where we have divided out the units. All the pressures are just numbers.

The total number of moles of gas molecules is 1 + 3a. Therefore the
partial pressures are

B 4o
bco = 1+ 3aptot
-«
PNi(cO)y — 1+ 3aptot-
Plug everything into K, to get
(40[)4]9?015

Kp = (1—a)(1+3a)?

Example

Consider the reaction
Na(g) +3H2(g) — 2N H3(g)

at 298K. Show how K., is related to the partial pressures and free energy
change of the species at equilibrium.

Ans: From freshman chemistry, you know how to answer this question
immediately. However, let’s do it a little differently to emphasize what we
have been learning.

UNH; = [2G?VH3 + 2RT In (LNH3]
HUNy = [ ?Vg + RTlnaNz]
pH, = [3GY, +3RTInay,]
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where
_ DPNH;s
THs T T
PN,y
anN, = p—o
_ Py
ag, = pra
Preview The change in free energy is
Ap = 2p8pm, — (Bx, +3up,)] +2RT Inany, — RT'Inay, — 3RT Inay,
2
a
= AG°+ RTln—%
(INZ(IHZ

2

aNf-‘* At equilibrium, Ap = 0 and @ = K¢;. Thus,

2.
AN5 A,

where @) =

0=AG°+ RT'In K,
and this gets rearranged to

p?VH —AG°
Keq = Kp = 33 — e RT
pngH2

which is unitless, recall because each one of those partial pressures has al-
ready been divided by p°.

The temperature dependence of the equilibrium con-
stant
The temperature dependence of the equilibrium constant is found using the

vant Hoff equation, which we saw earlier when first introducing the Gibbs
free energy. In this section, we derived

_AGe
K, =e BT .

relating K, with AG°. However, this expression cannot be used to find
K, at different temperatures using AG° expressed at 298 K. Namely, it
might be tempting to use the above expression and insert into it a different
temperature to get K, at the new temperature. However, this only works if
we know what AG° is at the new temperature.
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I won’t derive the vant Hoff equation again. Rather, I'll just list it here
and if you are interested you can go back to the free energy chapter to see
it derived. The vant Hoff equation is

In K(1y) _AH (i _ i)
K(Ty) R \Ty T
As an aside, you may have noticed in the past that the vant Hoff equation
looks very similar to the Clausius-Clapeyron equation which we invoke when
talking about phase diagrams. You have reason to notice the similarity
because the vant Hoff and Clausius-Clapeyron equations are related.
Consider the following equilibrium

The associated equilibrium constant of this phase transition is K, = p(H20).
We don’t include the pure liquids or solids in the expression. Remember?

Also we have AH,,), for the enthalpy of the transition. Then inserting this
into the vant Hoff equation gives

L P(T) _ AHug ( 11 > |

p(11) R T Ty

which is the Clausius-Clapeyron equation.

Example

Consider the following reaction
PbCOg(S) = PbO(S) + 002(9)

where K, = 2.7 x 1078 at 25°C. AH° = 88.3 kJ/mol. Calculate K, at 1000
K.
Ans: The vant Hoff equation is

Wi S (1)

"KiT R \T, T
Plugging numbers into the equation then gives
K> 88,300 1 1
In— = —— — — — | =25.019.
e 8.314 (1000 298>

Solving for K» gives
Ky = K1*>%1 = 1.98 x 10°.

So one sees that the equilibrium constant went from 10~® to 10% by changing
the temperature. One could have already predicted this trend qualitatively
by recalling LeChatelier’s principle.
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Example

Calculate the equilibrium constant, K, for the following reaction, first at
298 K, and then at 900 °C

1
CHy(g) + 502(9) = CH30H(l). (21.12)
Given:
Compound  AH$ (kJ/mol) AG$ (kJ/mol)
CH, (g) -74.87 -50.8
CHsOH (1) -277.0 -174.7

Ans: We first need to find out what AG,.., and AH,,, is at 298 K using
the provided information in the table.
AGren = AGH(CH30H,l) — AG$(CHy, g)
—174.7+ 50.8
= —123.9kJ

AH,., = AHY(CH30H,l)— AH(CHy, g)
= —277.0+74.9
= —202.1kJ.

Using this, we can find K, at 298 K

_AGrgn
RT

K, = e

123.9x 103
= ¢ (8.314)(298)

= 5.22 x 10"

To get K, at the 1173 K, we use the vant Hoff equation and assume that
AH,,, remains temperature independent.

K R \T, T
202,100 /1 1
~ 8314 (T?:s a %)

= —60.848.
Then
Ky = K798 = 1 .96 x 107°.

Note that we could have qualitatively guessed this knowing LeChatelier’s
principle.
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Example
Silver (I) oxide forms from silver and oxygen by the following reaction
44g9(s) + O2(g) = 24920(s).

What is the pressure of Os in equilibrium with AgoO and Ag at 25°C7 At
what temperature would the pressure of Oy be equal to 1 atm.

Given:
Compound AH¢ (kJ/mol) AG$ (kJ/mol)
Ag20 (3) 311 11.32

Ans: First, evaluate what AG,.,, and AH,,, are at 298 K.

AGyzn = 2AG5(Ag20, s) = —22.64kJ
AH,p, = QAH]?(AQQO, s) = —62.2kJ

Think about why we only included AgsO in the calculations. Why were

Ag(s) and Oaz(g) left out? Presumably you come to the conclusion that

AG? and AH]? for things in their standard states is defined to be zero.
Next, we calculate K,

AG
Kp = e_ ngzn

22.64x10°
= ¢ (8.314)(298)

= 9302.

Finally, how is K, linked to the pressure of oxygen? We know that pure
liquids and solids are never included in the equilibrium constant. As a
consequence,

K,=—.
" po2
Solving for poo then gives
po2 = 1.07 x 10 *bar.

Part 2 of the problem wants us to get the temperature where K, = 1.
Using the vant Hoff equation

hl& _ _AHrmn (i _ L)
K1 R \T, T,
Lo Lo 62:2(1000) (L_L>
9302 8314 \T, 298

we solve for Ty to get

Ty = 468.5K.



240 CHAPTER 21. EQUILIBRIUM

Equilibrium, kinetic perspective

From a kinetics perspective (something we will see in a few chapters), the
chemical equilibrium is the state reached by a reaction mixture when the
rates of the forward and reverse reactions equal.

Consider the reaction

N204(g) = 2N O2(g).
The rate of the forward reaction is
k§[N2Oy).
The rate of the reverse reaction is
k[N O3]?.

In the rate expressions, ky and k, are called rate constants. Again, we will
see more of this later in the kinetics section.
At equilibrium, the forward and reverse rates equal

k[ N204] = k,[NO3)*.

The equilibrium constant is then the ratio of the forward and reverse rate
constants. We can see this explicitly

K. = ﬂ = 7[]\702]2‘1 .
kr [N2O4]eq

Similarly, consider another generic reaction
A+B=C
The rate of the forward reaction is
kr[A][B].
The rate of the reverse reaction is
k. [C].

At equilibrium, the forward and reverse rates equal
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The equilibrium constant is then the ratio of the forward and reverse rate
constants

An analogous argument can be used in either example to relate K, (partial
pressures instead of concentrations) to the forward and reverse rate constants
of a process.

Just like above, if the overall reaction occurs by a multistep mechanism,
one can show that the equilibrium constant equals a product of the ratio of
rate constants with one rate constant ratio for each step of the mechanism.
Finally, write the equilibrium constant without units here to stay consistent
with the above thermodynamic treatment using unitless activities.

Using the equilibrium constant

The equilibrium constant of a reaction can tell you a number of things.

e By looking at it, you can tell whether a particular equilibrium favors
the products or reactants. Obviously the bigger the equilibrium con-
stant is the more the products are favored. So if you see numbers that
are much greater than 1, say 108, then we know that the products are
favored. If you see numbers that are smaller than say 102 you know
that the reactants are favored.

e When the equilibrium constant is about 1 (neither large nor small)
neither reactants nor products are strongly favored.

e By looking at it and the reaction quotient, Q, you can tell the direction
of a reaction.

e You can calculate the equilibrium concentration of a species of interest
using it.

Example 1

Consider the synthesis of N H3 from its elements

Na(g) + 3H2(g) = 2N H3(g).
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At 25 °C K. = 4.1 x 10® (obviously the products are favored). Suppose the
equilibrium mixture is 0.01M N» and 0.01M H,. Using K. we can get the
concentration of N Hg

[N H3)?

V108,
(0.01)(0.01)3 <10

K.=

We find that
[N Hj) = 2.025M.

There is a whole lot more product than there are reactants at equilibrium,
as predicted by the large K. value. Conversely if the reaction had an equilib-
rium constant of 4.6 x 103! you would immediately say that at equilibrium
there is a whole lot more reactants than products.

Example 2

Suppose a gaseous mixture from an industrial plant has the following com-
position at 1200 K.

CO(g) + 3Ha(g9) = CHa(g) + H20(g)
e 0.01M CO
e 0.02M H,
e 0.001M CHy
e 0.001M H>O.

The equilibrium constant is K. = 3.92 at that temperature (not particularly
large). Which way does the reaction go?

Ans: We first determine the reaction quotient Q and relate it to K.. The
reaction quotient @ has the same form as the equilibrium constant but has
concentration values that are not necessarily those at equilibrium. In this
particular case,

[CH4|[H50]
[CO][H,]?
(0.001)(0.001)
(0.01)(0.02)3
(0.001)2

0.08
= 12.5.

Q
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Compare this with K.. You see that ) > K, so the reaction will proceed
left towards more reactants.
To summarize, for a generic reaction

aA+ B =~C+ 6D

If
o () > K4, the reaction goes left
o () < K.y, the reaction runs right

o () = K.y, the reaction doesn’t move since its already at equilibrium

Example 2a, another reaction quotient problem

A 50 L reaction vessel contains 1 mol Ny, 3 mol Hy and 0.5 mole N Hs. Will
more N Hg be formed or will it dissociate when the mixture goes to equilib-
rium at 400 °C. The equilibrium constant is K. = 0.5 at this temperature.

Na(g) +3Hz(g) = 2N H3(g)

Ans:
_ [NHy)?
@ N HP

The concentration of the various species are

B 0.5mol

NH;| = =0.01M
[NHy] = =57
1.0mol
= =0.02M
[IV2] s — 00
3.0mol
Hsy| = = 0.06 M.
[H2] 0L
Put it all together
.01)?
Q= OOU" g5

(0.02)(0.06)?

So ) > K. therefore the reaction runs left.
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Example 2b, another reaction quotient problem

Carbon monoxide and hydrogen react in the presence of a catalyst to form
methanol

CO(g) + 2H»(g9) = CH30H (g).

An equilibrium mixture of these three substances is suddenly compressed so
the final volume is half the initial value. In what direction does the reaction
go as a new equilibrium is established?

Ans: Initially

(CH;0H]

Bea = Ke = (coNmP

After compression, the volume decreases by half, hence the old equilib-
rium concentration of each doubles.

2[CH30H]
2[CO)A[Hy)?
1 [CH30H]
4[CO][H]
1

— ZKeq.

Q =

Since @) < K., the reaction goes to the right, more products.

Example 3, determining equilibrium concentrations

In aqueous solution, iodide anions and molecular iodine reach an equilibrium
in which triiodide is formed

I (aq) + Ir(aq) = I5 (aq).

The equilibrium constant is K. = 759 at 25 °C. Calculate how much iodine
remains in the solution as Is if 0.025 mol KI and 0.05 mol Iy are dissolved
together in 1 dm? of H>O.

Ans: Starting values

o /|7 =0.020M

o [o =0.06M
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I +0L «= I3
(0.025M — «)(0.05 — «v) o

From the equilibrium constant, we get

K. =

_ = 759.
(0.025 — «)(0.05 — o)

This can be solved for «

a = 759(0.025 — @)(0.05 — )
= 759(0.00125 — 0.075a + o?)

to get
a? = 0.0751 + 0.00125 = 0.
This is a quadratic equation, which we all know how to solve. We get
a = 0.0376 £+ 0.0126.

For this to be physical, we must take the negative solution (think about it).
Thus

a = 0.025M
and the desired concentration is
[I] = 0.05—«
0.05 — 0.025 = 0.025M.

Example 3a, determining equilibrium concentrations

Consider the gas phase reaction
N204(g) = 2N O2(g)

If 1 mol of NoOy is introduced into a container and is allowed to reach
equilibrium at a total gas pressure of p;,; bar, what are the equilibrium
concentrations of each species.
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Ans:

N2O4(g) = 2NO2(g)
(1—-a) 2a

The total moles of gas molecules is (1 — ) +2a = (14 «). Thus the partial
pressures of the different species are

l—«
Pnyo, = ﬁpmt
2c
P = — .
N02 (1 + a)ptot

Divide each partial pressure by 1 bar to make the numbers unitless since we
deal with activities.

2

b
Kp o NOo
PN204

(ﬁ—aaptot> i
(ﬁ—gptot>
40 prot
(1-a?)
We get

4a2ptot

Kp = 1= ooy

Hence if you know K, from thermodynamic data (AG data), the value of
a can be found and the equilibrium concentrations of each species can be
determined.

Additional examples

Example, applying stoichiometry to an equilibrium mixture

Carbon monoxide and hydrogen react according to the following equation
CO +3Hy; = CHy + Hy0.

When 1 mole of CO and 3 mole of Hy are placed in a 10 L vessel at 927
°C and are allowed to come to equilibrium, the mixture contains 0.387 mole
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H>0O. What is the molar composition of the equilibrium mixture. That is,
how many moles of each substance are present?
Ans:

CO+3Hy = CHy+ HyO
(1-a) 3(1-a) a o

But we know o = 0.387mol. Trivially then

° [CO] — 0.611(]3£n0l

° [H2] — 1.8138)2101

° [CH4] — 0.318(’]7£nol

° [HQO] — 0.318(’]7£nol

Example, degree of dissociation

Estimate the degree of dissociation at equilibrium for the following reaction

H,0(g) — Ha(g) + 505(9).

The standard Gibbs energy of reaction for the decomposition is AG = 118

kJ/mol at 2300K. Make reasonable simplifications or assumptions about a.
Ans:

1,0(g) — Hy(9)+ 50x(9)

(1-a) a g

The total number of moles of gas molecules is

e o
ntot:(l—a)—l—(a)+§:1+§.
The partial pressures are then
o
pPo, = 2 Ptot
- O
> (1+3)
o
PH, = Ptot
’ 1+
l-«
PH,O = Ptot
’ 1+
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where p;oy = 1 bar. The equilibrium constant is
3
K, — PP
PH0O
Note that we have divided all pressures by p° so it is unitless

3

K @
V2 /TSl -a)

We now make a simplification, namely that « is small so that

K,

12

12

When this is worked out

a? =+/2(0.002) = 0.0029
a = 0.0205,

meaning that approximately 2 percent of the water has decomposed.

Example, degree of dissociation

The standard Gibbs free energy of reaction for the decomposition of water
1
H0(g) — Ha(g) + 502(9)

is 135.2 kJ/mol at 2000K. Suppose steam at 200 kPa is passed through a
tube furnace at that temperature. Calculate the mole fraction of Oy present
in the output gas stream.

Ans:

1 1
H>O(g) — Ha(g) + 502(9)1 —a a sa

1
2
H.
K, = Lol
PH0O
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where again we have already divided each partial pressure by p° = 1 bar to
make this unitless and also where the total moles of gas molecules is (1+ %)
The partial pressures are

» %ptot
Oy = 75 —av
2 (1+3)
pE, = QPtot
2 (1+3)
PHO = (1 - a)ptot
2 (1+9)

Putting it together gives

where p;py = 2 bar. This yields

3 —AG° —135200
Keq:oﬁ:e RT = e RT
thus
a® = 0.00029
o' 0.0044.

But we’re not completely done yet. We need %a for O4 so

1
§oz = 0.00221.

This is the desired mole fraction of Oy. Note that if you run the problem
the same way using the Vant Hoff equation you will find the same answer.

Catalysts and the equilibrium position

Catalysts do not change the position of equilibrium. This can be
shown mathematically below.
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Let €.+ be the reduction in activation energy due to the catalyst. Now
let the forward and backward activation energies with no catalyst be el and
€/ respectively. What follows is basically a preview of the kinetics section of
the class since we will take a kinetics perspective to equilibrium and of the
equilibrium constant.

The Arrhenius equation (shown later, but assume it for now) for the
forward and reverse rate constants in the presence of the catalyst is

7(€£7€ca )

kf = Ae— mrt

*(ngeca )
k, = Ae ’

The equilibrium constant is the ratio of the forward to reverse rate constants

€

—fa fcat
k‘f Ae BT ¢ BT

K = ‘+ = —
k —€q  €cat
r AeRT e RT

S

e RT

= 755

e RT

k¢(no catalyst)

k. (no catalyst)

Thus, we see that K does not change with the presence of the catalyst. The
equilibrium position is maintained. The only difference is that the catalyst
has made it easier to achieve the equilibrium point by lowering all barriers
to reaching it.

Le’Chatelier’s Principle

I’'m getting tired. So I’'m sure that you can motivate Le’Chatelier’s principle
for yourself. Let’s just walk through the various scenarios.

Le’Chatelier, changing the volume

If we are dealing with gases, decreasing the volume has the effect of increas-
ing the pressure of the system. In the ideal gas scenario, we’ve already seen
that Boyle’s Law describes an inverse relationship between a gas’ volume
and pressure. Note that we are implicitly saying that the pressure of both
the reactants and products will change. What we then find, if we look at
an equilibrium constant, is that increasing the pressure will favor moving
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the reaction towards the direction that produces fewer molecules. So for
example, if we have the generic gas phase reaction

A(g) + B(g) = C(9),

decreasing the volume of the container will increase the pressures of species
A, B, and C and the reaction will favor moving towards the products in
response to this change. Conversely, increasing the volume of the container
will decrease all of the pressures and the resulting equilibrium constant will
suggest that the reaction will move towards the reactants.

Similarly, increasing the volume has the same effect as decreasing the
pressure of the system. The reaction moves in the direction which produces
more molecules. In all cases, the equilibrium constant does not change.

Example

Consider an increase in the pressure of the generic reaction (this means we
are magically, decreasing the volume of the container)

A<=2B
where
2
b
K., =2
bA

In response, le’Chatelier’s principle simply says that the reaction will go to-
wards more reactants in order to reduce the overall number of gas molecules.
We can show this quantitatively. Starting with

Ag)
1—a

2B(g)
200

1T 1

the total number of moles in the reaction is
Nt = (1 —a) +2a = (1 + ).

At equilibrium, the mole fractions of A and B are

l1—«
1+«
2c0

1+«

XA =

XB =
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and the partial pressures of each species are

_ l1—a
ba = 1t a Ptot
B 20
b = 1+ a Ptot
where piot = pa + pp. The equilibrium constant is then
2
K, = 2
bA
2
uﬁ#)zp?ot
(ﬁ) Ptot
B 402
- (1+O[)(1—a)pt0t
B 402
= 1_70[2 Ptot
or
402
Keq = 1 azptot'
Now solve for «
(1 - az)Keq = 4a2ptot
Keq - OZzKeq = 4a2ptot
Keq - OZzKeq = 4a2ptot
Keq = azKeq + 4a2ptot
Keq = az(Keq + 4ptot)
to get
o = Keq
Keq + 5ptot
1

4ptot *
1+ et
We choose the positive solution since the negative solution of the square
root is unphysical. Note that K., is a constant here

1

ik

o =
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You can see here that if piot = pa + pp increases then « just decreases and
more of the reactants are left. The reaction effectively shifts to the left.

Another example
Consider the reaction
Na(g) + 3H2(g) — 2N Hs(g).

The overall number of gas moles decreases with the reaction moving towards
products. Le’Chatelier’s principle therefore says that an increase in the
pressure due to both reactants and products will push the reaction to the
right. Let’s see this quantitatively. Starting with

e partial pressure N H3 = XN HyPtot

e partial pressure No = XN, Ptot

e partial pressure Hy = X H,Ptot,

the equilibrium constant can be written as

2
Py
Ko = s
pszH2

2 2
XN H;Ptot
3 3
XNoDtot X'y, Ptot

2
= 3 5 | -
XN2XH, \Piot

XX
Let k, = $- ), then

XNy X,

ks

2

Keq = .
Piot

So you can see that if p;os = pn2 + pu2 + pnH3 increases two times, then
k. must increase four times to allow K., to remain the same. Next, if k,
increases four times then xnypg, must increase meaning that the reaction
shifts to the right.
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Le’Chatelier, changing the temperature

The effect of changing the system’s temperature depends on whether the re-

action involved is exothermic or endothermic. If it is exothermic, le Chatelier

says that heating the system will shift the reaction in the direction which ab-

sorbs energy (i.e. the endothermic direction). If the reaction is endothermic,

heating the system will move the reaction towards more products products.
This can be shown mathematically.

AG° = —RTIn K.,

thus
AG°
InKey = — =T
where AG° = AH° — TAS° and
AH° AS°
InK.,, = ——— .
e RT 'R

Now, if you make the assumption that AH° and AS? are independent of T’
over the range studied

dln K¢ AH°
mee RI;Q. (21.13)

Recall that this is called the Vant Hoff equation. But it’s really the same as
the Gibbs-Helmholtz equation seen earlier.

You can seen that for an exothermic reaction AH? is negative. K., will
therefore decrease giving you more reactants. Conversely, if the reaction is
endothermic, AH° is positive and K., will increase giving more products.
Let’s integrate the Vant Hoff equation to see what happens

In Kl = — S
InKepp —InKey1 = _ARHO (Tig — Ti1> .
Therefore
In Kogp = In Ko + =531 (4 = ) | (21.14)

This describes how the equilibrium constant will change with temperature.
Alternatively, sometimes people write

Keqz _ —AH° (1 1
DTZ? =R (T—2 — T_1> . (2115)
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Le’Chatelier, adding and removing reactants or products

This will shift the reaction left or right, depending on what you add or what
you remove. For example, adding products to a system at equilibrium will
shift the reaction towards reactants. Likewise, removing reactants will shift
the reaction to the reactants side. Adding reactants will shift the reaction
towards products. Likewise, removing products will shift the reaction this
way. One can quantitatively see this by looking at the equilibrium constant
and playing with the values in the numerator or denominator.

Le’Chatelier, changing the pressure with an inert gas

One can change the pressure of a reaction using an inert gas. The case of
adding a reactive gas is the same as adding more reactant or more product
to the mix so we don’t consider it here. In the inert gas case, increasing or
decreasing the overall pressure with it will not change the equilibrium con-
stant since this term is not present in either the numerator or denominator
of K¢4. So nothing happens.

Example

A and B react to produce C according to the following generic chemical
reaction

A+B —C.

Additional amounts of A and B are added to an equilibrium mixture of A,

B, and C such that when equilibrium is again attained, the amounts of A

and B are doubled in the same volume. How is the amount of C changed?
Ans: Originally

Kog= ———.

At the new equilibrium point, you have 2[A] and 2[B]. Since K., does not
change, for the ratio to stay the same, we must have [C]pew = 4[C].
Le’Chatelier, catalyst

Adding a catalyst has no effect on the equilibrium position. You just get
there faster.
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Chapter 22

Recap

I want to recap everything before moving into the kinetics part of this class.
At this point, we should be able to take data from the literature in
terms of AH ]? as well as heat capacities and calculate AH and AS at any
temperature as well as calculate AG and K., (actually K),).
We will run though 2 such examples where you will “put it all together”.

Example 1

Silver carbonate decomposes on heating. Calculate the equilibrium constant
at 110° C for the reaction

AgoCO3(s) — Ag20(s) + CO2(g)

given (units of kJ/mol)

AH;(AQQCOg(S)) = -—5014
AH$(Ag20(s)) = —29.07
AH?(COs(g)) = —393.5

and (units of J/mol K)

ASO(AQQCOg(S)) = 167.3
AS°(Ag20(s)) 121.7
AS(COs(g)) = 213.7

257
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and (units of J/mol K)
CP(AQQCOg(S)) = 109.6
Cp(Ag2O(s)) = 68.6
Cp(CO2(g)) = 37.1.

Ans: We have to get AS and AH at 383K (110° C).
T

Ty
AHsgs = AHS$ys + Cp(To — Ty).

ASggg = Asggg + C_pl’l’L

But first we want ASs9s and AHygg to allow the above Kirchoff type eval-
uation. Plugging in the numbers from our table we get

ASSs = (213.7) 4 (121.7) — (167.3) = 168.1J /K

and
AH3yg = (—393.5) — (29.07) + (501.4) = 78.83k.J.
Next,
- 383
A =168.1 In —
S383 68.1 + Cp n 208
where

Cp =37.1468.6—109.6 = —-3.9J/K.
We therefore have
ASsg3 = 167.12J /K.

At this point, we go after the enthalpy to get

3.9
AHsgs = 78.83 — ——— (383 — 298
383 = 78.83 1000( )

giving
AHsgs = 78.5kJ.

Now, we need to calculate the free energy change at 383K

AGzgz = AHszgz —TAS33
— 785 — (383.15)(0.167)
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yielding
AGsg3 = 14.67kJ.

The equilibrium constant at 383 K is therefore

—AG3g3
Kp = e RT

Plugging in the numbers, we get
K, 383 = 0.01.

Note that if you evaluate this using the Vant Hoff approach, you will (or
should) obtain the same answer. Presumably you can do this on your own
in your leisure time.

Example 2

The standard enthalpy of formation of H2O is AHSyg = —241.8 kJ/mol.
Use the mean heat capacities and standard entropies listed to estimate the
percent dissociation of water vapor at 2000 °C and 0.01 bar.

The reaction of interest is

1
H0(g) = Ha(g) + 502(9)-
We have

where the entropies are (units of J/mol K)

ASSs(H:0(g)) = 188.3

along with the following heat capacities (units of J/mol K)

Cy(H:0(g)) = 33.6
Co(H(g)) = 28.8
Co(Oa(g)) = 204,
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From this, we get the net entropy change

1
ASSs = (5(205.1)+130.7) — 188.3
— 44.95J/K.

Likewise, we can find the standard free energy change

AGaogs = AHogg — To9gASa9g

298
= 241.8 — ——(44.95
8 1000( )

= 241.8-13.38

= 228.4kJ.

From the table, the net heat capacity of the reaction is

1
Cp = 5(29.4) +28.8—33.6
= 9.9J/K.

Now, let’s get the enthalpy and entropy at 2273K using a Kirchoff type
approach. First, the enthalpy

AHgys = AHgg+ Cy(Ty — T1)
= AHZq +9.9(2273 — 298)
= 241.8+19.6
= 261.35kJ.

Next, the entropy

0 0 5 13
AS5yr3 = ASyg+Cpln T

22
= 44.95+991In 2273

298
= 65.06J/K.
Finally, the free energy change at 2273K.

AG = AH-TAS
AGayyrs = 261.35— 2273(0.065)
= 113.46kJ.
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At this point, use AGao73 to get the equilibrium constant at 2273 K

_ 60
Thus,
K, = 0.0025.

One can calculate this number using the Vant Hoff approach. You will (or
should) get an identical number.
We’re not done yet. Gotta find the partial pressures at equilibrium

1

_ i
pOZ (1 + %a)ptot
P, = APtot
? (1+ %oz)
1l—a
b0 = 1t laptot-
2
Plug this into K,
pOg
K, — 2%
PH>O

[ 7o ]%[ opior ]
(+LayProtl* [y Tay

1—a
[@ptot]

3 1
_ VO592Piot  _ 4 0025,
(1—a)(1+ %oz)

N

To simplify this expression, assume that « is small compared to 1 so the
denominators drop out.

K, ~ v0.502(0.01)2 = 0.0025

or

(MY

= 0.0353
0.1076.

Q

Done.
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Chapter 23

Kinetics

Definition: The rate of a reaction is the amount of product formed or the
amount of reactant used up per unit of time (an increase in molar concentra-
tion of the product per unit time) or (a decrease in the molar concentration
of a reactant per unit time). The units are in mol/l - s.

Dependence of the rate on concentration

FEmpirically it has been found that a reaction rate depends on the concen-
trations of reactants. So for example, considering the reaction

2NOs(g) + Fa(g) — 2NO2F(g)

the reaction rate doubles when the NO9y concentration doubles. Alterna-
tively, doubling the concentration of F» doubles the rate. We empirically
find that the experimental rate is described by the equation

Rate = R = k‘[NOQ] [Fg]

where k (the rate constant) is a proportionality constant and is constant
at a fixed temperature. However, it varies with temperature as we will
see, causing the rate to change. We will return to this later. Finally, the
units of k£ will depend on the actual rate law (the above equation with the
concentrations of reactants).

In general for a reaction

aA+bB — cC +dD

we have the following

R = k[A]™[B]" (23.1)
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where m and n are frequently integers but not necessarily so. m and n must
be determined experimentally and cannot be obtained by simply looking at
the balanced equation. The overall order of the reaction is the sum of all
the exponents (i.e. m+n).

Recall for the previous reaction we had

2N Os(g) + Fa(g) — 2NO2F(g).
The associated rate law was
R =k[NOy'[F]".
Thus, you see that m = 1 and n = 1 has no relation with the reaction’s
actual stoichiometry. This is a second order (m-+n=2) process.
Reaction order

Definition: The reaction order at constant temperature with respect to a
given species is the exponent of the species in the rate law. So for example

R = k[NOy[F?]

is 1st order in NOy and 1st order in Fy. The overall order of the reaction is
2 since this is the sum of the exponents.

Examples of reaction order
A. The conversion of cyclopropane to propylene
C3Hg(g) — CHy = CHCH3(g).
The rate law is found to be
R = k[C5Hg].

The reaction is 1st order in C3Hg and 1st order overall.
B. The reaction of nitric oxide with hydrogen.

2NO(g) + 2H2(g) — Na(g) + 2H20(g).
Experimentally, one finds that the rate law is

R = k[NOJ?*[Ho)
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which is 2nd order in NO and 1st order in Hs, so the reaction is 3rd order
overall.

Although these reaction orders happen to have whole numbers, they can
be fractional numbers, negative (i.e. the reaction rate slows down when a
reactant is present), or even zero (i.e. the reaction rate is independent of
the reactant).

The rate of a reaction

By convention, the rate of a reaction, R, is defined in terms of the rate of
change of the concentration of a reactant or a product.

R =

dXi] _ 1 d
T = yin_f (23.2)

S

where

o u; reflects the stoichiometry of the species in a reaction

[X] is the concentration of the species of interest

V is a volume

¢ is called the extent of reaction and has unit of moles

So for example, the rate of
A+2B=X

can be described by
d[A]  1d[B] d[X]

dt — 2dt  dt’

This definition has the advantage that the same rate of reaction R is
obtained no matter which reactant or product is studied. However, the
rate of reaction does depend on how the stoichiometric equation
is written. In discussing kinetics, equations with fractional stoi-
chiometries are avoided even though this is completely legitimate
in thermodynamics.

To summarize

e If the reaction goes forward, R is positive

e If the reaction goes backwards, R is negative
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e If the reaction is at equilibrium, R equals zero

We will generally be concerned with reactions occurring at constant vol-
ume (not to be confused with the thermodynamics version.) We are still
conducting the reaction at constant pressure. All we mean here is that the
volume of the reaction vessel does not change.

Example, rate of reaction

The reaction
Hy + Bry — 2HBr

is carried out in a 0.25L reaction vessel. The change in the amount of Bro
in 0.01s is -0.001 mol.

e (a) What is the rate of conversion %

e (b) What is the rate of reaction, R

e (c) What are the values of d[ZZ], d[gtrz], and @

(a) % = 800 — 0.1mol/s
(b) R= 1% = -L_(0.1mol/s) = 0.4M/s

dlH)]  —1d§
T - v —0.4M/s

d[B’r'g] . —1 df .

dHBr]  2d¢
S = g = T08M/s.

Example, dependence of reaction rate on the chemical reac-
tion

Show that different rates are obtained when the same reaction is written
different ways

24+ B — 2C
1
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Ans: According to the first stoichiometric reaction we get
1d[A]  d[B] 1d[C]
2 dt  dt 2 dt’
According to the second stoichiometric reaction we get

a4 _diB) _ d[C)

R=

Cdt dt dt

This problem of varying reaction rate definitions is avoided by not using
fractional numbers for the stoichiometry.

Time-dependent concentrations

Rate laws are differential equations. You have to integrate them if you
want to find the concentration of a species as a function of time. They are
frequently complicated though. As a consequence, if one cannot solve them
analytically (paper and pencil), one must do it numerically. Here are some
simple cases for reactions that are zeroth order overall, first order overall,
and second order overall. These we can treat analytically. We will also
consider some special higher order reactions.

Zeroth order overall

A reaction is zeroth order if the reaction rate is independent of the concen-
tration of the reactants.
Consider the generic reaction

A— B

where the reaction rate is
d[A]
dt

This expression can be integrated to find the time-dependent concentration
of A.

=k.
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Now if t; = 0 then [A;] = [A,].(relabel [As] as [A(t)]) The final expression
is

[A)] = [A,] — kt.
This plots as a straight line with a negative slope of k and an intercept of

[Ao].

First order overall, style 1

Consider the generic reaction
A— B.

From the previous section along with knowledge that the reaction is 1st
order overall, we find that

d[A]
= ——— = k[A].
R o [A]
This can be solved for the concentration of A as a function of time.
d[A]
——— = k[A
o [A]
d[A]
——— = kdt
[A]
d[A]
—— = —kdt
[A]
[As]
In—= = —k(tyg—t
fag T Hemn
@ — e kta—t1)
[A4]
Now if t; = 0 then [A;] = [A,], the concentration at time zero. The final
solution is an exponential decay.
[A(1)] = [AoJe ™.

First order overall, style 2

Consider the reaction

aA — B.
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From the previous section along with knowledge that the reaction is 1st
order overall, we find that

1 d[A]
= ———— =k[A].
a dt [4]
This can be solved to yield the concentration of A as a function of time. I
think you can already guess how this will turn out.

dlA]
g = ak[A]
dlA] - _
A = —an
Now let kepr = ak
% = —keypgl[A]

and the rest can be solved like before to yield

[A(t)] = [Aoe™err"

Other miscellaneous things, 1/e time, half life and lifetime

The lifetime of the decay is defined as % or ﬁ in the second case. For the

1/e time this is where [[j((é))]] = e~ 1. One then finds that k&t = 1 or t1 = %

The halflife is defined as the time it takes for one to lose half the initial
population of the species of interest. This is easily determined to be

[A] —kefrty
=05 = e 2
[Ao]
In(0.5) = —k‘efft%.
The halflife is then

In(0.5)

t1 = .

2 —hess

This is a general result.
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Example

Consider the following reaction
2N205(g) — 4N O2(g) + O2(g).

The experimentally determined rate law is

 1d[Ny05]

R=—0—"u

— k[N, Os).

We must integrate this equation to get the concentration (or population)
of N9Os as a function of time

d[N20s]
——= = = 2kdt.
[N2Os]

Integrate this to get

— In[N2Os] = 2kt + const

[N205] = Ae_zkt
where A = [N20s5]o(t = 0). The desired solution is then
[N205(t)] = [N2Osoe**

which is an exponential decay.

Second order overall, style 1

A reaction is second order overall if the reaction rate is proportional to
the square of the concentration of one reactant or to the product of the
concentrations of two reactants

Consider the reaction

A — B.

We know from the intro to this section and from the fact that the rate is
second order overall that

_ a4l 2
R=—=2% = KA.
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This can be solved to obtain an expression for the concentration of [A] as a
function of time.

d[A]
—— = —kdt
AP !
dAl [
[A]2
1|4
- — = —k(ta—t1)
[A] | 4,
1 1
e = —k(ta—t).
Ag] T Al (2= t)
Now, if t; = 0 then [A;] = [4,] and
1 1
-+ = —kt,
[A(t)]  [Ao]
giving our final solution
1 1
— = + kt.
[A(D)]  [Ao]
Note that a plot of ﬁ versus t is linear. The intercept is ﬁ and the slope
is k.
The halflife is given by the time when [A] = §[A,]
1 1
= + kt
31 4o] [Ao]
2 1
- = kt
[Ao]  [Ao]
1
= kt.
[Ao]
Thus,
1
t1 =
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Second order overall, style 2

Consider the reaction
aA — B.

We know from the intro to this section
second order overall that

. 1dA

a dt
A

[A]?
-/

dA
[A]?

1

[A] |4,

Az
(62~ a0)

CHAPTER 23. KINETICS

and from the fact that the rate is

k[AJ?

akdt

/ akdt

akt

akt.

If t = 0 then [A1] = [A,] the concentration at time zero. We get

1 j—

[A®)] ~ [AJ)

_|_

akt.

You can see that this solution is a line with a slope of k£ and an intercept of

1
(©

hN

Alternatively, one can rearrange the expression to get

[A®)] =

where the halflife is given by

Al
1+ akt[A,)

1 1 It

T4, T4 2
1

= akt

4]~ M
such that
1
t1 =
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Second order overall, style 3

Another type of second order reaction is one that is first order in A and first
order in B and thus second order overall. Note that we have an analogous
style 4 where there are coefficients in front of each reactant. (maybe this is
a HW problem) The generic reaction of interest is

A+B —C.

Its experimentally determined rate law is

R = k[A][B]
d[A]
S = kA)B)
where
[A] = [A]—=
Bl = [Bo]—=
= b—=x
With this notation change,
d[A]  dx
Cdt dt

Putting everything together gives

dx
il k(a —z)(b— )
dx
@o-o

[ o5 = [
z dz
= | e

At this point, from a table of integrals we find

dx 1. v
- = — ln —
UV U
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where u = (a —x) and v = (b—z) and k = (b — a). So with regard to our
problem, we get

kt =

b—a) " bla—x)
where a = A, and b = B,. This gives

1 Ay(B, — )

ket — 1
B, — A, " Bo(A, — 1)

where again A, —x = [A] and B, —z = [B], resulting in our final expression

1 A[B]
kt = B, — A, In BolAl

As you can see life gets nasty pretty fast. What is the halflife of this process?

Reversible first order, approach 1

All of the rate laws considered so far disregard the possibility of a reverse
reaction. Namely, none of them describes the overall rate close to equilib-
rium. This is because at equilibrium the products may be so abundant that
the reverse reaction must be taken into account. As an example, consider

A= B

where the forward rate constant is k; and the reverse rate constant is k_;.
The forward and reverse rates are therefore

Ry = kA
R, = k_i[B].

Near equilibrium, the concentration of [A] is reduced by the forward reaction.
However, it is also replenished by the reverse reaction. The net rate of change
of A is thus the sum of these two terms

dA

— = —-kiA+k_B.
L 1A+ Kk_1
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Now, note that if there was never any B present initially at ¢ = 0 then
A+ B=A,or B=(A,— A). Replace this into the above expression.

dA
e = —k A + k_ AO - A
dt ! i )

= —kiA—k_1A+Ek_1A,.
To simplify things, let k = (k1 + k—1) and a = k_1 A,. We get

dA

o —kA+a
which is called a linear first order non-homogeneous (does not equal zero)
differential equation.

The solution to this can be assembled from the solution to the homoge-
neous version of the same equation along with a particular solution to the
non-homogeneous part.

Homogeneous part

(fi—j;l = —kA
% = —kdt
InA = —kt+ const
giving
A= Ce M

where C' is a constant.

Particular part Assume that A is a constant. This allows us to account
for the “a” term. This approach is called a trial function or otherwise known
as educated guessing.

A = const
dA
il 0
obviously. So now if we have

dA

— = —kA

I +a
0 = —kA+a
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yielding the so-called particular solution

a
A=—.
k
Put both the homogeneous solution together with the particular solution
a
A=Ce™™ 4 —.
e + A

At this point, we must satisfy the initial boundary condition which states
that at t =0 A = A,.

At=0)=A,=C+ 7
therefore
a
— A, — =
¢ k
and
. Aok —a —kt a
A= ( k > e + .

Now let’s consolidate the terms. Recall that k = (k1 + k—1) and a = k_1 A,
to get

Ao(kl + k—l) - k—le e—(k1+k—1)t + k—le
(k1 + k_1) (k1 + k1)

The desired solution is then

A=

ke~ (Fith—1)t g
A=A, et (23.3)

and since A + B = A, we can find B from

B=4,[1- [’flef(f;lf,iit)“ﬁlﬂ . (23.4)

Finally, as t — oo we get the equilibrium value for A

Aok_

and if A+ B = A, then B = A,— A, which we can use to find the equilibrium
value for B

By oy — A, (,ﬁf—}f) : (23.6)
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The associated equilibrium constant for the reaction is therefore
[B]eq ( k1 >
K., = =(—.
“ [A] eq k-1

But you could have already seen that at equilibrium, the forward and reverse
rates equal so that

- ()

Reversible first order, approach 2

Consider the reversible first order reaction
A<= B

with a forward rate constant ki and a reverse rate constant ks. The rate
law for this reversible reaction can be written as
dlA
% = —k1[A] + ko[B].

Now, if the concentration of B is zero initially ([B,] = 0), [B] = [4,] — [4]
we get

DAL 1A) 4 ka4l — [A))

dt
—k1[A] + k2[Ao] — ko[ A]
= —(k1 + ko)[A] + ko[ A)]

ko
—(k1 + Kk Al —
(k1 + k2) |[A] .

[Ao]] -

At this point, we will depart from the brute force way of solving this problem
(see the last section). We recall that the equilibrium constant of the reaction
is defined as

b [Be) _ [Ad] ~ [Aeg]

R = T A = [Adg
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Therefore
(4~ 4] _ b
[Aeq] ko
[Aolka — [Aeglka = k1[Acq]
[Aolka = (k1 + k2)[Aeg],
yielding
ko
Al =14, .
(A = (ol

Use this result in the main expression where we left off to get

U+ k) 1)~ (4]
d[A] _
A - [Ag] —(k1 + ko)dt
d[A] _
[ty = [ e
In([As] — [Aeg]) —In([A1] — [Aeg]) = —(k1+k2)(t2 —t1).

If t; = 0 we get [A1] = [A,]. The expression then becomes

[A] — [Aeq] _
lnm = —(k‘l + k‘g)t

[A] = [Aey] = ([Ao] — [Aeg)) e Rrtha)t

where [Ay] — [Aeq] = %[Aeq] from the definition of the equilibrium constant.
Thus,

(4] = [Aeg] = lAcgle bt
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(4] =[] (14 Fhe- st
2

and where recall that [A.,] = klszkg [A,]. The desired final expression for the

time dependent concentration [A(t)] is therefore

AW)] = (12) (14 e tarmt) | (23.7)

What happens when t — oco? This should look familiar.
Next, we find the time dependent concentration of [B]. Since [B] =
[Ao] — [A] we find

[B] = [A] —[4]

ko ki _
A — —21A,] [ 1+ Lo (ktha)t
(4] k‘1—|-k‘2[ ]< +k‘26

(k1 + ko ko ( K1 kg +k
= [A4, — 14 2= (k1+k2)t
(4] k1 + ko ki + ke k‘ze

— (4] k1 + ks ko Jeye~ (kuthe)t
R T N T ki + k2
[k ki
= [A4, — ( 1+k2)t] )
(4o | k1 + ko k‘1—|—k‘26

This results in our desired final expression for [B(t)]

[B(t)] = fE[1 — ekl | (23.8)

What happens when t — oco? This should look familiar.

Consecutive elementary reactions

Some reactions proceed through the formation of an intermediate (I) as seen
in the following consecutive reaction

A—-T—P

with a first rate constant k, and a second rate constant k. More specifically,
one could consider a radioactive decay process such as

U(239) — Np(239) — Pu(239).
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We will get back to this “elementary” terminology in a moment.

To determine the way in which the concentrations of the substances
in such a mechanism depend on time, the rate equations are first written
down for each species. It is then necessary to obtain the solutions of these
simultaneous differential equations.

Variations of the concentrations with time: The rate of decompo-
sition of A is

d[A]
——— = k4[A].
dt 4]
The rate of forming I is
d[I]
—— = kqo[A] — kp[1].
= kA - Rl
Likewise, the rate of forming P is
d[P]
— = ky[1].
o bl1]

At t = 0 we have the initial conditions

e [A,] is the initial concentration of A

To begin, we solve the first equation to get

[A(t)] = [Ao]e et | (23.9)

Note that this is an exponential decay. Next, we substitute this into the
second equation to get

d[1] —kat
i ko[ Ag)e Fat — ky[I]
I+ kIl = kaAo)e e,

We re-write this in simpler notation as
I' + kyl = Cekat

where C = kq[4,].
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This is a 1st order non-homogeneous linear differential equation. We will
solve it via the integrating factor route. (Look back to our math interlude)
Here p(t) = ky, and r(t) = Ce *a? The generic solution for some function y
using integrating factors is found to be

y=e Jrdr [/ efpdmr(:n)dzv + const] .

So in our specific case, we get for I

I = et /ekbtr(t)dt—l—const]
= ¢ ht /C’ekbte_k“tdt—l-const]

= ekt /C’ekb_k“tdt—l—const]

Ce(kb—ka)t
(kb - ka)

Ce—kat A
= — — +conste ™

(kb - ka)

okt

+ const]

t

where C = k,[A,]. This gives the general solution

ko[A,)eFat

—kyt
7(]% ) + Che .

[1] =

We can determine what C; is through the constraint that I(t =0) =0

kqo[Ao]

I(t=0)=——""-+(Cy=0.
( ) U —k) 7O
Therefore
B kqo[Ao]
Cy = T — )

Putting it all together, we get the final desired solution for [I(¢)]

[1(t)] = el (e7ht — ehot) (23.10)
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Finally, we can find out what [P] is because at all times, [A] 4 [I]+ [P]

CHAPTER 23. KINETICS

[A,]. Thus
Pl = (Ao [A]- (1)
o )
- 41 e‘k“t—%blf_iam(e—’%t—e—kbt)]
= A 1 et (kbk_iame—’fat + (kb’ii“ka)e—kbt]
= W[ e - (R ) e
- 0 [t ey ]

Our final expression for [P(t)], the
is therefore

time-dependent product concentration,

[P()] = [40] [1+

(kaefkbt_kbefkat)

(kp—ka)

(23.11)

it

Note that you could also do this by integrating % = kpl given that you

have I(¢). You can do this on your

Parallel reactions

own. You should get the same answer.

Here we have two parallel reactions of the initial reactant. Consider the

simultaneous reactions

A — B(With
A — (C(with

We solve this as follows.
The rate equation for A is

[A]

a rate constant, k)

a rate constant, ko).

—k1[A] — ka[A]
— (k1 + k2)[A]
—(ky + ky)dt.
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This leads to the final expression for A(t)

[A(t)] = [Ao]e~(hatha)t] (23.12)
Next, the rate equation for B is
d[B]
—— = kA
Bl— g
d[B] _
— k AO (kl—l—kg)t
dt 1[ ]e Y
which is integrated to obtain
k1[A,
[B] = T Ee 13_ k‘] e~ (k1tka)t + const.
1 2
Now, if at t = 0 we have [B] = 0 we can find the constant of integration
k1
t=—"-—[A,]
cons T k‘z[ ]

We put all of this together to get our final expression for B(t)

[B(t)] = foel [1 — etk | (23.13)

Finally, the rate equation for C is

d[C]
—— = kA

G~ b
= k‘g[Ao]e_(kl"'kQ)t.
We integrate this to get

_ kolAo] (k)
O Tk

Next, if we look at the initial conditions, we notice that at ¢t = 0, [C] = 0.
This allows us to find the value of the integration constant giving

t 4 const.

const = M
(k1 + k2)
We put it all together now to get our desired final expression for [C(?)]
k2[A0] —(k
C(t)] = e |1 — e (k) 23.14
CW) =g oy 11 (23.14)

It’s apparent from these equations that the ratio of concentrations of B
and C is always given by g—; which is referred to as the branching ratio.
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Temperature

As noted earlier, the rate of a reaction (in particular, the rate constant)
depends on temperature. In most cases, the rate will increase with temper-
ature. Consider the following reaction

NO(g) + Cla(g) — NOCl(g) + Cl(g).
The rate constant for this reaction at 25 °C is
kosc = 4.9 x 107°L /mols.
But at 35 °C the rate constant becomes

kssc = 1.5 x 107°L/mols.

Explanation of the temperature dependence

This will lead to the empirical Arrhenius equation first developed in 1889. A
collision theory picture of reactions assumes that reactants must collide with
some energy greater than a minimum value and with the proper orientation
for the reaction to proceed. This minimum collision energy for the reaction
to occur is called the activation energy ¢,.

In collision theory, the rate constant, k, for a reaction is given as a
product of 3 factors k = zfp where

e 2z — collision frequency
e f — fraction of collisions with € > ¢,
e p — fraction of collisions with correct orientation.

Here f = e~ ®F. One then finds that

k= AeFt (23.15)

which is referred to as the Arrhenius equation after Svante Arrhenius. The
symbol A is related to (pz) and is called the frequency factor. This factor
has a slight temperature dependence but it is usually not huge and can be
ignored.

Next, if

Ink = InA-—- —
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A plot of Ink versus % then gives ¢, from the slope. Such a plot is called

(what else)-an Arrhenius plot.
Alternatively, you can express things a little differently to find the
activation energy. Take the temperature derivative of the last expression.

dink ¢
dT" RT?
giving
€ = RT?48E | (23.16)

This is another expression for the activation energy.

Example
The rate constants for the formation of HI
Hy(g) + I>(g9) — 2HI(g)
at two different temperatures are (both are forward rate constants)

ki = 2.7x107*L/mols(T = 600K)
ko = 3.5x1073L/mols(T = 650K).

Find the activation energy ¢,

Ans:
ki = AeTwon
ky = AeR@0.
Then
k1 eRZfieOO)
k2 B eszieoO)
= e_e_ﬁ(ﬁ_ﬁ)
k‘l €q 1 1
h—= = —2(——-_—
ko R \ 600 650
| 2.7x 1074 —€, 1 1
n——— = - .
3.5 x 103 8.314 \ 600 650

(Does this formula look familiar?) This yields

€q = 1.66 x 10°J.
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Example

Acetaldehyde CH3C HO decomposes when heated as follows
CH3CHO(g) — CHa(g) + CO(g).
The forward rate constant at two different temperatures is

ks = 1.05x 10731/VMs
kezg = 2.14 x 10721/VMs.

What is the activation energy for this decomposition process?
Ans:

—eq
k‘l = AeERT1

—€a
k‘g = AeRT2,

The ratio of the two rate constants is then

—eq

k‘l e FT1
ko o 5
g e_%<TL1_7}2>
mko_ e« (L _L>
ko R\TW T,
1.05 x 1073 —€, 1 1
"o14x102 T 8314 (ﬁ - %) '

Solving for the activation energy, we get

€ =2 % 10°J.

Elementary reactions

The overall chemical reactions seen previously hide information. Though
simple in appearance, what happens at the molecular level might be more
involved. In this respect, the overall reaction might be the result of several
steps.

For example, the reaction

NOs(g) +CO(g) — NO(g) + CO2(g)
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is thought to take place in 2 steps (called elementary reactions)

NOy;+NOy — NO3+NO
NO3+CO — NO3+CO9

with NOg3 as a reaction intermediate.

When dealing with elementary reactions, the rate is proportional to
the product of the concentrations of each reactant molecule.

Example,
A— B+C.
The rate is
Rate = k[A].
Example
A+B—-C+B
The rate is
Rate = k[A][B].
Example
A+B+C—-D+FE
The rate is

Rate = k[A][B][C].

Thus any overall reaction that you see is likely to consist of several
elementary steps. This is why you cannot predict the rate law by looking
at the overall reaction equation.

Definition: The molecularity of an elementary reaction is the number
of molecules coming together to react in an elementary reaction. It can be
unimolecular, bimolecular etc...
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Rate law and the underlying mechanism

Let’s illustrate why the actual mechanism of a reaction cannot be observed
directly from its overall equation.
As an example, take the overall reaction

2NOs(g) + F2(g) — 2NO2F (g).

If you follow the rate of disappearance of F5, you observe that it is directly
proportional to [NOs| and [Fh]. The experimentally determined rate is
therefore

R = k[NO,|[F3].
Assume now that the underlying elementary reaction is
NOy+ NOs + Fy — NOoF + NOSF.
But from this elementary reaction, the associated rate is
R = kE[NOo)?[F)].

This, however, does correspond to what is seen in the experiment so the
hypothesized mechanism must be wrong.

In fact, the reaction of NOs with F5 is believed to occur through the
following set of reactions. The first step is called a rate determining step
(i.e. a slow first step) and as its name suggests, it will control the overall
reaction kinetics seen.

NOy+ Fy, — NOsoF + F(slow, rate constant, kq)
F+ NOy — NOsF(fast, rate constant, ks).

From these two elementary reaction, we get the overall reaction
2NOg + F5 — 2NOsF.

Since the first step happens to be slow and is called the rate determining
step, the second reaction doesn’t really factor into the overall behavior of
the reaction. As far as we are concerned, once the first reaction occurs, the
second one happens immediately. Thus, the overall predicted reaction rate
is

R = k1[N O9][F3]
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and matches the experimentally determined rate law.

It’s apparent that when dealing with elementary steps, things can get
complicated pretty fast. A reaction scheme with many steps is nearly al-
ways unsolvable analytically. One way around this problem is to use a
computer to get the answer numerically. Alternatively, people sometimes
make approximations that lead to analytical solutions. There are a num-
ber of approaches used to simplify life, which we describe below. These
approximation techniques include

e Rate determining step
e The steady state approximation
e The rapid equilibrium approximation

We will see examples of these approximations in what follows.

Rate determining step

Suppose that for the consecutive reaction seen earlier
A—-T—P

we have ky > k, or basically that k, is small and the first step is slow. Recall
from our previous discussion about consecutive reactions that the solution
for the time-dependent product concentration was

P(0) = (4 |1+ o T

(kb - ka)

Now since k > k, we can drop a few terms in the above expression.

Po) > 14 |1 - B

Ky

Thus, we get our final approximate expression

[P(t)] = [A](1 — e7*") (23.17)

and you can see that the product formation depends only on the slower of
the two rates, (associated with k,). Again, this slower reaction is called the
rate determining step.
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Alternatively, you could have seen this as follows. The first step is slow
so basically you have

A— P
Then
dA
— = -k A
dt
A = Ay

where A+ P=A,s0 P=A,— A and

P=A,— A Fat
P=A, (1 — e_k“t) .

Example, rate determining step (slow 1st step, fast 2nd step)

Determine the rate law from a mechanism with an initial slow step. The
overall reaction equation is

O3(g) + 2N O2(g) — O2(g) + N20s5(g).
The proposed mechanism in terms of elementary reactions is

O3+ NOy — NOs3+ OQ(SIOW)
NOs+ NOy — N205(fast)

where NOj3 is an intermediate. What is the rate law predicted by this
mechanism?
Ans: The rate determining step is
O3+ NOy — NO3 + Oy
such that the predicted rate is

R  k[O3][NO]

and this should hopefully match the experimentally observed rate law.
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Example, rate determining step (slow 1st step, fast 2nd step)

The iodide ion catalyzed decomposition of hydrogen peroxide HoO5 is be-
lieved to follow the mechanism

HyO+ 1~ — H0+ IO (slow, rate constant, ky)
Hs09+ 10~ — Hs0 + O+ I (fast, rate constant, k)

with IO~ and I~ acting as intermediates. The overall reaction is
2H202 — 2H20 + 02.

What is the rate law predicted by this mechanism?
Ans:

R = ka1 [H2O][I7]

since the 1st step is the rate determining step.

The steady state approximation

The second of our life-improving approximations is the steady state approxi-
mation. This approximation says that the rate of change of all intermediates
in the reaction is zero after some finite induction time.

Steady state approximation, style 1
Consider one such reaction, which we have previously seen
A—IT—P

with rate constants k, and k; for the first and second steps respectively.
Recall that I is an intermediate here.
Let’s write down the different rates for each species.

dA

2 A
dt

dl

— = k,A—kI
dt b
dP

— = kl.

dt b

This time, invoke the steady state approximation which says that % =0
if we wait long enough. Thus
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or
k
I1==[A].
1= 214
Plug this result into % = ky[I] to get
dpP k
O kZerA] = k(A
R A = 4]

We know from solving the first order equation for A that [A] = [A,]e *at.

As a consequence,
dP

= kaAp)e et
which we integrate to get
e—kat |t
Pl = kel S|

= —[A,] (e‘k“t - 1) .

This is our final result for the time dependent population of the product

[P(t)] = [A] (1 — et} | (23.18)

Notice that this result is the same as that from the rate determining step
approximation (look back to previous section) which results when ky > k.

Steady state approximation, style 2
Consider the following reaction where now we include reversible steps
A=1=B.

Obviously, things get more complicated. But the claim is that invoking the
steady state approximation will simplyf life. Let’s see. In the reaction, the
first forward and reverse rate constants are k1 and k_; respectively. The
second forward and reverse rate constants are ko and k_s. We now write
down the rates for each species

% = —k‘l[A] + k—l[l]
% = ky[A] — k1 [T] = ko[I] + o[ B]
d[B]

7 = k‘z[l] - k—2[B]'
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Using the steady state approximation, we now set % =0

d[I
U a4~ (heor + o)1)+ slB) = 0
Therefore
(ko + ko)1) = ky[A] + k_s[B]
or that
k1[A]+k_o[B
[1] = —1([&%25 g (23.19)

Substitute this result into equations 1 and 3.

First [A]
A g Al olB)
I
= al - e T e
- —nla [ e
giving our desired expression for [4]
dc[z?] - _(k_]jlf—zkg) Al+ %[ I
Next [B]
U = R+ kalB) ~ kalB]
= W i s B kel

B 1k B k_1+Fky— ko
(k-1 + k) Al =kl ( (k1 + ko) > ’
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yielding the desired expression for B

d[B]  kiks _ kakoy |
dt (k-1 + ko) (ko1 + ko)

Now, given that we have eliminated the intermediate, put the remaining
two equations together. To simplify things, let

P k1ko
! (k—1+ k2)
ko= k_1k_o
(k—1+ k2)

be effective forward and reverse rates. Our two equations for A and B
therefore become

1 e
d[B] _
5 = kAl k(B

This clearly reduces the entire problem to a standard reversible 1st order
reaction

A= B,

which we have already solved previously, provided certain initial condition
constraints.

Pre-equilibrium, style 1

Let’s now take a look at the third approximation that will simplify life.
Consider the reaction

A=1—-B

with initial forward and reverse rate constants k1 and k_1 respectively and
a second rate constant ko. Furthermore assume that k_1 > kg such that a
pre-equilibrium is established between A and I.

Now, if a pre-equilibrium is established we ignore B and recognize that
what we effectively have is A = I. At equilibrium, the corresponding for-
ward and reverse rates equal, giving
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Then
k1

U]:k—_l

[A].

and this is introduced into the rate of product formation

R = koI
k1ko
= —=[A].
k—l[ ]
Let kepp = % giving
R = keyr[A]

Finally, we get [A] from the previous section where we solved for A in the
A = B type of reaction. In this case, we find A for A = I, provided certain
initial condition constraints.

Pre-equilibrium, style 2
A weak complex, AB, is formed in the reaction

A+B=AB—-C

where the first forward and reverse rate constants are k; and k_1 respec-
tively. The second rate constant is ko. Assuming that k_1 > ko write the
rate law describing the formation of C.

Ans: Assume pre-equilibrium so that the forward and reverse rates in
the first step equal

ki[A)[B] = k_1[AB].

We then see that
k1

[AB] = - [4][B].

The rate of formation of C' is now
diC]

dt
where replacing our pre-equilibrium derived expression for AB gives

0]  kik
ﬁ;i%w.

= ko[AB]



296 CHAPTER 23. KINETICS

Example, pre-equilibrium
Consider the overall reaction

2N305(g9) — 4N O2(g) + O2(9)-
This reaction has the proposed following mechanism

NyO5 = NO3+ NOs(fast, equilib, rate constants, k1 and k_1)
NOy+ NO3 — NO + NOs + Oy(slow, rate constant, ko)
NOs+ NO — 2NOs(fast, rate constant, k3).

The experimentally determined rate law is
R = k[N>O3).

We will now show how the elementary rates match up to what is mea-
sured experimentally. From elementary reaction 2

R = k2[NOo|[NOs).

But [NOs] is an intermediate. This rate can’t be compared with the exper-
imental rate since we don’t see the intermediate. Thus, our immediate goal
is to eliminate [INOs] from the above expression.

From reaction 1

Ry = ki[N20Os]
R = k_1[NOJJ[NO3.

Next, once equilibrium is established the forward and reverse rates equal.
Thus,

Ry = R,
k1[N2Os] = k_1[NO3][NOs]
or
k1[N2Os)
NO3| = ——=.
[NOs] 1 [NOY
Substitute this into the above rate for reaction 2
k1[N2Os)
= ko|[NOy| ——"—=
R= kINOL =0

k1ks [N O2][N2Os]
k-1 [NO
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The final desired result that can be compared to the experimentally deter-
mined rate law and is

ki k
R= #[Ng()f)].
-1

You can see that it matches the experimentally rate law. Furthermore, note
that the apparent rate constant is really a product of 3 microscopic rate
constants.

Example, pre-equilibrium

Nitric oxide can be reduced with hydrogen gas to give nitrogen and water
vapor, according to the overall reaction

2NO(g) + 2H2(g) — Na(g) + 2H20(g).
A proposed mechanism, using elementary steps, is

2NO = NyOs(fast, equilib, rate constants k1 and k_1)
NyOs + Hy — N3O + HyO(slow, rate constant ks)
NyO + Hy — N+ HyO(fast, rate constant, ks3).

What is the rate law predicted by this mechanism?
Ans: Start with the slow rate limiting step

R = ko[N2Os|[H2]

where N2> is an intermediate. Now from reaction 1 where a pre-equilibrium
situation exists

k1[NOJ? = k_1[N,Os].

Therefore

and our predicted rate, which can be compared to experiment, is

koky
R= k—[NO]z[Hz]-
-1
Again, one can see that the experimental rate constant is complicated and
is really a product of three microscopic rate constants.
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Example, pre-equilibrium

Nitric oxide, NO, reacts with oxygen to produce nitrogen dioxide via the
overall reaction

2NO(g) + O2(g) — 2N Oa(g).
The proposed mechanism, using elementary steps, is

NO + 0Oy = NOs(fast, equilibrium, rate constants ky and k_1)
NOs+ NO — NOy+ NOs(slow, rate constant ko)

Here, NOj is an intermediate. What is the predicted rate law for the overall
reaction.
Ans: Start with the slow rate limiting step

R = ko[ NO3J[NO.

Note that NOj is an intermediate. Using reaction 1, we then have the
following equilibrium so that

k1[NOJ[Oo] = k_1[NOs].

We can therefore get an expression for [N O3] using this

N0y = T-(NO][0])

When inserted into the rate of the rate limiting step, we get our predicted
rate, which can be compared to the experimental rate

kik
R= ;—fwoﬂaﬂ.

Again, the experimental rate constant is complicated as it consists of a
product of three microscopic rate constants.

Some important examples

Finally, let’s end this chapter with two important examples.
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Case study 1: Unimolecular reactions

A number of gas phase reaction follow 1st order kinetics. The problem
with this is that presumably the energy to allow the reaction comes from
collisions (presumably, these are bimolecular events). So how can we see 1st
order rate laws?

One mechanism was proposed by Lindemann in 1921 and was followed by
work by Hinshelwood. The result today is what is known as the Lindemann-
Hinshelwood mechanism. This is outlined below briefly. Consider the case
where a molecule becomes excited by a collision with a fellow molecule, the
excited molecule is denoted by A*

A+ A — A"+ A.

The rate of excited state formation is
d[A*]
dt

Now, the excited molecule could suffer a collision with a normal molecule to
deactivate it

= kq[A]%

A+ A" - A+ A

This occurs with an associated rate
d[A*]
dt

Alternatively, the excited molecule can react with itself to form the product
(the unimolecular step).

— K, [A][A].

A" — P.
This occurs with a rate
d[A*]
= —kp[A*
7 b[A”]
or with a rate of product formation
d[P]
—— = kA%,
a P

Now, if kp is rate limiting you will get what is effectively 1st order kinetics
as seen experimentally. But this can be demonstrated more explicitly by
taking the steady state approximation to A*, the intermediate so to speak.
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Putting all the formation and deactivation pathways for A* together we
get
d[A*]
dt

= kal A]? — k[A][A"] — ky[A"] = O
or that
kal A]? = (ku[A] + ko) [A7].

Solving for the intermediate gives

ka[A]?
A* = ST -
AR

Plug this expression into that for the rate of product formation to get
dP
— = kA"
= b[A”]
B kpkq[A]?
(ka[A] + k)

Now, if k‘; > ky
ar kpka[A]?

dt K, [4]
kpkq

A

k/ [ ]7

a

leading to the final expression for the predicted rate of product formation

% = kegslA]

k,gk“, which can be compared to the actual experiment.

/
a

where k.pp =

Case study 2: The Michaelis-Menten mechanism

This is another example of a reaction where an intermediate is formed. It
describes enzyme action. In particular, the rate of an enzyme (E) catalyzed
reaction in which a substrate (S) is converted to product (P) is found to
depend on the concentration of (F). Experimental studies reveal that the
rate law follows
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where [S] is the substrate concentration and k, K are constants.

The proposed mechanism to explain this rate law was derived by Leonor
Michaelis and Maude Menten in 1913. Their mechanism is a 2 step process
that involves the formation of an intermediate called FS. The mechanism
is

E+S+=FES—P+FE

with forward and reverse rate constants k, and k, respectively and the
second rate constant being k. The intermediate is the so-called bound
state £S. Before beginning our analysis note the following. The rate of
product formation is

Pl
—= = h[BS]

From the conservation of enzymes (whether free or bound),
FEir = E+ ES.

Now, let’s begin our analysis by taking the steady state approximation.
We set the rate of change of the intermediate bound state to zero

d[ES]
dt

= ko[E][S] -k [ES] - ky[ES] = 0.
Therefore,
kalB[S] = (ks + ko) [ES].
Rearrange this expression to get

_ (kg + k) [ES]
N

so that
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k i +k
Call k,,, = ( a k: b), the Michaelis constant. This gives

Eior = km%+[Es]
= % +1)[ES]
Etot

Replace this into the rate of product formation

d[P]

5 kp[E£5]

to obtain the desired rate of product formation.

dlP] _ kp[Etor]
v ()|

Now, rearrange this equation by inverting it

1 (’fﬁ+1>

(%) k[ Eyor]

which, in turn, yields an equivalent expression

1 km 1

(22~ RlS] T oolBwd

KINETICS

(23.20)

It’s apparent that you can plot 1/rate versus 1/[S]| to get a straight line
with a slope of —+2— and an intercept of ——=—. Such a plot is called a

k 1
kb[Etot]

: ky[Etot]
Lineweaver-Burke plot.

Michaelis-Menten mechanism, style 2

Just to show you that you can make things difficult for yourself, sometimes
the following is derived, which is valid for early times of the reaction.
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Return to the Michaelis-Menten mechanism made slightly more general
with a reversible 2nd step

E+S+=ES+=P+E.

The forward and reverse rate constants are k; and k_; while the second
forward and reverse rate constants are ko and k_o respectively.
We write the explicit rates for each species.

% — B [E][S) + k_1[ES]
d[zs] = k1 [E][S] — (k—1 + k2)[ES] + ko[ E][P]
% = ko[ES] — k_s|E][P].

In all cases Eyor = [ES]+ [E] since the enzyme is not consumed by the
reaction. Rearrange this to get

[E] = [Eltot — [ES]

and replace this into the E'S rate expression

d|ES
[dt ] = k1[E]tot]S] + k—2[Eltot[P] — [ES](k1[S] + k—1 + ko2 + k_o[P]).
Next, take the steady state approximation d[dEtS] = 0. (remember that

the implicit goal for doing this is to allow us to eliminate [ES] from all other
expressions). We have

K [E ot S] + k2| Elrot|P] = [ES](k1[S] + k—1 + ks + k_s[P])

which can get rearranged to give

(k1[S] + k_2[P])[E]tot

|[BS] = k1[S]+ k-1 + ko + k—2[P]

Shove this expression for E.S back into our first equation for the rate of
change of the substrate

B hms)+ k)
k_1(k1[S]+ k—2[P])[E]sot

k‘l[S] + k14 ko + k‘_g[P] '

= —k[E][S]+
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Here, replace [E] with [E] = [E] — [ES] using the conservation of enzyme.
We get
d[S] k—1(k1[S] + k—2[P])[Eltot

= RSl Ele — [ES]) +

k1[S]+ k_1 + ko + ko[ P]

= —ki[S][E]iot + k1 [S][ES] + :1—[;(]11[?]_? +k7<:22 [i];[_b;][tgy

Ok, this gets complicated. Let’s consolidate all terms. First, we need a
common denominator, call it stuff.

stuff = k‘l[S] +k_1+ ko + k‘_Q[P]

We get

d[S] . (—k‘l[SHE]tot(Stuff) k‘%[S]z[E]tot k‘lk‘_g[S][P] + k‘lk‘_l[S]> k‘_lk‘_g[P]
dt (stuff) (stuff) (stuff) (stuff) (stuff)

You can now evaluate the stuff in parenthesis (a little tedious) and find that
it equals

 kiko[S][El ot
(stuff)

So that when you put it all together you get

d1S] [ kikalS]  kik_olP]
o (‘ o) T (st >[E]t0t'

This gives our final expression for the rate of change of the substrate

d[S] _ (<kiko[S]+k_1k_o[P)[E]ror
dt T ki[;]+k—14}k2jk72[P] : (23.21)

Now if the reaction does not progress very far (an important key as-
sumption which simplifies the result but ultimately limits it to short times)
then
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where [S,] is the initial substrate concentration. We then get

dis] _  kika[So][Eliot
dt k1[So]+ ko1 + ko
k2 [So] [E]tot

(s + ()

Now, let ky, = % which is the Michaelis constant. The final expression
we have for the rate of change of the substrate is then

d[S k2[So][E]tot
23 = elSll Tt | (23.22)

Notice that this is virtually identical to the previous expression except that
we have made an early time assumption so that [E] — [F,]. Otherwise they
are identical. The above equation also shows that the initial rate for an
enzyme catalyzed reaction is

e first order at low substrate concentration (k,, > [S,])
e zeroth order at high substrate concentration (k,, < [S,])

Finally, we can get some more information from this expression. At high

substrate concentration conditions

dls

% = _k2[E]tot = Rmam
and is the maximum rate of the Michaelis-Menten mechanism. Next, the
turnover number is defined as Ry, /conc. of enzyme active sites. This is
the maximum number of substrate molecules converted to product per unit
time. If the enzyme has a single active site, the concentration of active sites
equals [E]o. Therefore the turnover number is

Rmam k2 [E]tot

turnover-number = = = ko.
[E]tot Eltot 2

Inhibitors

The ability of enzymes to catalyze reactions can be hindered by inhibitor
molecules. One of the mechanisms by which an inhibitor works is by compet-
ing with the substrate for binding to the active site of the enzyme. We can
include this inhibition reaction in a modified Michaelis-Menten mechanism
for enzyme catalysis. Let’s do it and see what we get.
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The standard enzyme substrate reaction is
E+S+=FES

with forward and reverse reaction rates, k1 and k_q respectively. Now, we
have the inhibitor (I) reaction that interferes with the above reaction

E+1+=EI

It produces an inhibitor-enzyme complex, F1 with forward and reverse rate
constants ko and k_s. Finally, we have the product forming reaction

ES—-FE+P

with a rate constant ks.
We now determine the rate laws for all the species, [S], [ES], [EI], and

[P].
% — o[BI - k_o[EI|
% = —k[B)[S] + k_1[ES]
d[ZS] = k[E][S]— (k-1 + k3)[ES]
aip]
S = wms)

To simplify things, consider the case where the 1st and 3rd reactions are
always in equilibrium.

For the first equation we find at equilibrium that the forward and
reverse rates equal

Kol B[] = ko[

or that

[E1]eq ko
—— = —— = K.
[E]eqmeq k2 “
From this, we get

[E]eq = Keq[Eleg[I]eq-
Next, for the third equation we get

ki[E[S] = (k—1 + k3)[ES]
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such that
E][S
] LELS)
km,
where k,,, = % Use this expression as a means of getting rid of this

intermediate in the other rate equations.
Now the rate of product formation is

d[P]

5 = FslES]
where [ES] = % So we get

ap (B[]

dt 5k

At this point, we aim to get rid of [F] in this expression. We can do this by
realizing that the amount of enzyme is conserved

[Ele = [E]+[ES]+[E]]
= )+ BB

This leads to an expression for [E]
[Eo)
1+ 12+ Ko [1]

which we use in our main expression for the rate of product formation.

[E] =

arl _ . [E)s
dt on (14 2+ Ko 1)
k3[Eo] [S]

(km =+ [S] + km Keg[I])”

Finally, let &' = k(1 + Ky[I]) to get our desired expression

d[P] _ ks[Eo][S]
arl = Z’+[s] ' (23.23)

At short times, [S] ~ [S,] and we get

d[P] _ k3[Es][So]
T —_— m . (23.24)

Finally, if there is no inhibitor present [I] = 0 and k" = k,,. This returns
us to the original Michaelis-Menten equation.
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