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Thermodynamics

= Thermodynamics isthe study of the
relationship between heat and other forms of
energy inachemical or physica process.
+\We introduced the thermodynamic property of
enthalpy, H, in first-semester chemistry.
+\We noted that thechangein enthalpy equals
the heat of reaction at constant pressure.
+|n this chapter we will define enthalpy more
precisely, interms of the energy of the system.




First Law of Thermodynamics

= To statethelaws of thermodynamics, we
must first understand the interna energy of
asystem and how you can changeit.

+Theinternal energy, U, isthe sum of the
kinetic and potential energies of the particles
making up the system.

#|nternal energy isa state function. That is, a
property of a system that depends only on its
present state.

First Law of Thermodynamics

= To statethelaws of thermodynamics, we
must first understand the interna energy of
asystem and how you can changeit.

+Thus, 1 mol of water at 0 °C and 1 am pressure
has a definite quantity of energy.

+When a system changes from one state to
another, itsinternal energy changes.

DU = Ugina- Uinitia

First Law of Thermodynamics

= To statethelaws of thermodynamics, we
must first understand the interna energy of
asystem and how you can changeit.

+Changesin U manifest themselves as
exchangesof energy between the system and
surroundings.

+ These exchanges of energy are of two kinds;
heat and work .




First Law of Thermodynamics

= To statethelaws of thermodynamics, we
must first understand the interna energy of
asystem and how you can changeit.

+Heat isenergy that movesinto or out of a
system because of a temper ature difference
between system and surroundings.

#+Work , on the other hand, isthe energy
exchange that results when afor ce F movesan
object through a distance d; work (w) =F d

First Law of Thermodynamics

= To statethelaws of thermodynamics, we
must first understand the interna energy of
asystem and how you can changeit.

+Remembering our sign convention.
Work done by the system is negative.
Work done on the system is positive.
Heat evolved by the system is negative.
Heat absorbed by the system is postive .

First Law of Thermodynamics

= To statethelaws of thermodynamics, we
must first understand the interna energy of
asystem and how you can changeit.

+Thefigure on the next slideillustrates the
distinction between heat and work.
+The system in this figure gains internal energy

from the heat absorbed and loses internal energy
viathe work done.




|| Exchanges of heat and work with the surroundings ||

A gasisenclosed

Wyark in avessel with a
I piston. Heat flows
h: into the vessel
e : from the

surroundings.,
which areat a
higher
temperature. As
the temperatur e of
thegasincreases,
the gas expands,
lifting the weight
(doing work).

First Law of Thermodynamics

= To statethelaws of thermodynamics, we
must first understand the interna energy of
asystem and how you can changeit.

+In general, the first law of thermodynamics
states that the change in internal energy, DU ,
equals hest plus work.

DU=q+w

Heat of Reaction and Internal
Energy

= When areaction isrunin an open vessd (at
constant P), any gases produced represent a
potential source of “ expansion” work.

#+\When gases are produced, they exertforce on
the surroundings as pressure.

+|f thereaction isrun at constant pressure, then
the gases produced represent achangein
volume analogous to a distance over which a
forceis exerted.




Heat of Reaction and Internal
Energy

= When areactionisrunin an open vessel (at
constant P), any gases produced represent a
potential source of “ expansion” work .

+|t follows therefore, that
w = - PDV
+Y ou can calculate the work done by a chemical

reaction simply by multiplying the atmospheric
pressure by thechangein volume, DV.

Heat of Reaction and I nternal
Energy
= When areactionisrunin an open vessal (at

constant P), any gases produced represent a
potential source of “ expansion” work.

+For example, when 1.00 mol Zn reacts with excess
HCI, 1.00 mol H, is produced.

Zn(s)+2H,0(aq) ® Zn**(aq)+H,(g) Gp =-1524kJ

Heat of Reaction and Internal
Energy

= When areaction isrunin an open vessd (at
constant P), any gases produced represent a
potential source of “ expansion” work.
#At25°C and 1.00 am (1.01 x 10 Pa), this
amount of H, occupies 24.5 L (24.5 x 10*m3).
q, =-152.4kJ

Zn(s)+2H;0"(ag) ® Zn* (aq)+H, ()




Heat of Reaction and Internal
Energy

= When areactionisrunin an open vessel (at
constant P), any gases produced represent a
potential source of “ expansion” work .

+The work done by the chemical systemin
pushing back the atmosphereis

w =- PDV =-(1.01" 10°Pa)” (24.5 103m?)
=-247 10°J or -2.47kJ

Heat of Reaction and Internal
Energy

= When areactionisrunin an open vessal (at
constant P), any gases produced represent a
potential source of “ expansion” work.

+Relating the changein internal energy to the
heat of reaction, you have

DU=q,+w
DU =(- 1524k J) + (- 247k J)
DU =- 154.9kJ

Heat of Reaction and Internal
Energy

= When areaction isrunin an open vessd (at
constant P), any gases produced represent a
potential source of “ expansion” work.

+\When the reaction occurs, theinternal energy
changes as the kinetic and potential energies
change in going from reactants to products.

+Energy |leaves the systemmostly asheat
(q, = -152.4 kJ) but partly as expansion
work (-2.47kJ).




Enthalpy and Enthalpy Change

= |n first-semester chemistry, we tentatively
defined enthapy in terms of the relationship
of DH to the heat at constant pressure.

+We now defineenthalpy, H , precisely asthe
quantity (U—w) or U— (-PDV).

+Because U, P, and V are state functions, H is
also a state function.

Enthalpy and Enthalpy Change

= |n first-semester chemistry, we tentatively
defined enthapy in terms of the relationship
of DH to the heat at constant pressure.

+Thismeansthat at agiven temperature and
pressure, a given amount of a substance has a
definite enthal py.

+Therefore, if you know the enthalpies of
substances, you can calculate the changein
enthalpy, DH , for areaction.

Enthalpy and Enthalpy Change

= |n first-semester chemistry, we tentatively
defined entha py in terms of the relationship
of DH to the heat at constant pressure.

#|n practice, we measure certain heats of
reactions and use them to tabulate enthal pies of
formation, DHo;.

+ Standard enthal pies of formation for selected
compounds are listed in the appendix of your
text.




Enthalpy and Enthalpy Change

= |n first-semester chemistry, we tentatively
defined enthapy in terms of the relationship
of DH to the heat at constant pressure.

+The standard enthalpy change for areaction is

DH® = & nDH{(products) - § mDH?{(reactants)

Spontaneous Pr ocesses and
Entropy

= A spontaneous processisaphysical or
chemical changethat occurs by itself.

+Examples include:
A rock at the top of ahill rolls down.
Heat flows from a hot object to a cold one.
An iron object rustsin moist air.

+These processes occur without requiring an
outside force and continue until equilibrium
isreached.

Entropy and the Second L aw of
Thermodynamics
= Thesecond law of thermodynamics

addresses questions about spontaneity in
terms of aquantity calledentropy.

+Entropy, S , isathermodynamic quantity that
isameasure of the randomness or disorder of a
system.

+The Sl unit of entropy is joules per Kelvin
(J/K) and, like enthalpy, is a state function.




Entropy and the Second L aw of
Thermodynamics

= Thesecond law of thermodynamics states
that the total entropy of asystem and its
surroundings always increases for a
Spontaneous process.

+The net change in entropy of the system, DS,
equals the sum of the entropy created during
the spontaneous process and the change in
energy associated with the heat flow.

Entropy and the Second L aw of
Thermodynamics

= Thesecond law of thermodynamics states

that the total entropy of asystem and its

surroundings always increases for a
Spontaneous process.

+|n other words,

DS =entropy creat ed+%

(For a spontaneous process)

Entropy and the Second L aw of
Thermodynamics

= Thesecond law of thermodynamics states

that the total entropy of asystem and its

surroundings always increases for a
Spontaneous process.

+Normally, the quantity of entropy created
during a spontaneous process cannot be directly
measured.




Entropy and the Second L aw of
Thermodynamics

= Thesecond law of thermodynamics states
that the total entropy of asystem and its
surroundings always increases for a
Spontaneous process.

+|f we delete it from our equation, we can
conclude

ps>4
=

(For a spontaneous process)

Entropy and the Second L aw of
Thermodynamics

= Thesecond law of thermodynamics states

that the total entropy of asystem and its

surroundings always increases for a
Spontaneous process.

+The restatement of the second law is as follows:
for a spontaneous process, the changein
entropy of the system isgreater than the
heat divided by the absolute temperature.

Entropy Change for a Phase
Trangtion

= If during aphasetranstion, such asice
melting, heat issowly absorbed by the system,
it remains near equilibrium astheice melts.
+Under these conditions, no significant amount
of entropy is created.
+Theentropy results entirely from the absorption
of heat. Therefore,

DS= % (For an equilibrium process)
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Entropy Change for a Phase
Transition

= |f during aphasetransition, such asice
melting, heat isslowly absorbed by the system,
it remains near equilibrium astheice melts.

+Other phase changes, such as vaporization of a
liquid, also occur under equilibrium conditions.

+Therefore, you can use the previous eguation to
obtain the entropy change for a phase change.

A Problem To Consider

# The heat of vaporization, DI—L,ap of carbon
tetrachloride, CCl,,, at 25 °C is43.0kJmol. If 1 mol
of liquid CCl, has an entropy of 214 JK, what isthe
entropy of 1 mol of the vapor at thistemperature?

+When liquid CCl, evaporates, it absorbs heat:
DH,, =43.0kJmol (43.0 x 10° ¥mol) at 25 °C,
or 298 K. The entropy change, DS, is

DH ©10°
ps = PHue _ 4307 10° /mol
T 298K

=144J3/(molxK)

A Problem To Consider

# The heat of vaporization, DH,,, of carbon
tetrachloride, CCl,,, at 25 °C is43.0kJmol. If 1 mol
of liquid CCl, has an entropy of 214 JK, what isthe
entropy of 1 mol of the vapor at thistemperature?

+|n other words, 1 mol of CCl, increasesin
entropy by 144 JK when it vaporizes.

+The entropy of 1 mol of vapor equals the entropy
of 1 mol of liquid (214 JK) plus 144 JK.

Entropy of vapor =(214+144)J/K = 358J/K
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Entropy, Enthalpy, and
Spontaneity

= Now you can see how thermodynamicsis
applied to the question of r eaction spontaneity.

*+Recall that the heat at constant pressure, g, ,
equals the enthalpy change, DH.

+The second law for a spontaneous reaction at
constant temperature and pressure becomes

% _DH
=

DS>

(Spontaneousreaction, constant T and P)

Entropy, Enthalpy, and
Spontaneity

= Now you can see how thermodynamicsis
applied to the question of r eaction spontaneity.
+Rearranging this equation, we find
DH- TDS<O0 (Spontaneousr eaction, constant T and P)
+Thisinequality implies that for areaction to be
spontaneous, DH-TDS must be negative.

+|f DH-TDSis positive, the reverse reaction is
spontaneous. If DH-TDS=0, the reaction is at
equilibrium.

Standard Entropies and the Third
Law of Thermodynamics

= Thethird law of thermodynamics states
that asubstancethat isperfectly crystalline
at 0K has an entropy of zero.

+When temperature is raised, however, the
substance becomes more disordered as it
absorbs heat.

+The entropy of a substance is determined by
measuring how much heat is required to change
itstemperature per Kelvin degree.
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Standard Entropies and the Third
Law of Thermodynamics

= Thestandard entropy of asubstance or
ion, aso called itsabsolute entropy, S°,
isthe entropy valuefor the standard state
of the species.

+Standard stateimplies 25 °C, 1 am pressure,
and 1 M for dissolved substances.

Standard Entropies and the Third
Law of Thermodynamics

= Thestandard entropy of asubstance or
ion, aso called itsabsolute entropy, S°,
istheentropy valuefor the standard state
of the species.

+Note that theelements have nonzero values,
unlike standard enthalpies of formation, DHe ,
which by convention, are zero.

Standard Entropies and the Third
Law of Thermodynamics

= Thegtandard entropy of asubstance or
ion, aso called itsabsolute entropy, S°,
istheentropy valuefor the standard state
of the species.

+The symbol 2, rather thanDS, is used for
standard entropies to emphasi ze that they
originate from the third law.
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Entropy Change for a Reaction

= Y ou can calculate the entropy change for
areaction using asummation law, similar
to the way you obtainedDHe.

DS’ = § nDS°(products) - § mDS°(reactants
+Even without knowing the values for the

entropies of substances, you can sometimes
predict the sign of DS for areaction.

Entropy Change for a Reaction

= Y ou can calculate the entropy change for
areaction using asummation law, similar
to the way you obtainedDHe.

+ The entropy usually increasesin thefollowing
situations:

1. A reaction in which amolecule is broken
into two or more smaller molecules.

41

Entropy Change for a Reaction

= Y ou can calculate the entropy change for
areaction using asummation law, similar
to the way you obtainedDH°.

+ Theentropy usually increasesin the following
situations:

2. A reactionin which thereisanincreasein
the moles of gases.

42
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Entropy Change for a Reaction

= Y ou can calculate the entropy change for
areaction using asummation law, similar
to the way you obtainedDHe.

+ Theentropy usually increasesin the following
situations:
3. A process in which a solid changes to
liquid or gas or aliquid changes to gas.

A Problem To Consider

+ Calculate the change in entropy, DS, a 25 °Cfor the
reaction in which ureaiis formed from NH; and CO,.
The standard entropy of NH,CONH, is 174 J/(molK).
See the appendix in your text for other values.

2NH 4(g) +CO,(g9) ® NH,CONH,(aq)+ H,O(l)

+ Thecalculation issimilar to that used to obtain
DHe from standard enthalpies of formation.

44

A Problem To Consider

+ Calculate the change in entropy, DS, at 25 °Cfor the
reaction in which ureaiis formed from NH ; and CO,.
The standard entropy of NH,CONH, is 174 J/(molK).
See the appendix in your text for other values.

2NH 4(g) +CO,(g) ® NH,CONH,(aq)+ H,O(l)
S%  2x193 214 174 70

+ |tisconvenient to put the standard entropies
(multiplied by their stoichiometric
coefficients) below the formulas.

45
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A Problem To Consider

+ Calculate the change in entropy, DS, a 25 °Cfor the
reaction in which ureais formed from NH; and CO,.
The standard entropy of NH,CONH,, is 174 J/(motK).
See the appendix in your text for other values.

2NH 4(g) +CO,(9) ® NH,CONH,(aq)+ H,O(l)
+ We can now use the summation law to
calculate the entropy change.

DS° = & nDS°(products) - § mDS°(reactants)

A Problem To Consider

+ Calculate the change in entropy, DS, a 25 °Cfor the
reaction in which ureaiis formed from NH; and CO,.
The standard entropy of NH,CONH, is 174 J/(molK).
See the appendix in your text for other values.

2NH 4(g) +CO,(g9) ® NH,CONH,(aq)+ H,O(l)

+ \We can now use the summation law to
calculate the entropy change.

DS? =[(174+70) - (2° 193+ 214)JJ/K = - 356 J/K

47

Operational Skills

# Calculating the entropy change for a phase
transition

# Predicting the sign of the entropy change of a
reaction

# Calculating DS for areaction

Timefor afew review questions

48
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