
Thermodynomics

HOW OFTEN DOES THERMODYNAIJIICS APPEAR ON IHE
EXAT'I?
In the multiple-choice section, this topic appears in about 5 out of 75 questions. In the free-response
section, this topic appears every year.

THE FIRST AND SECOND IAWS OF THERMODYNAT|JIICS
The first law of thennodynamics says that the energy of the universe is constant. Energy can be
neither created nor deshoyed, so while energy can be conaerted in a chemical process, the total energy
remains constant.

The second law of thermodynamics says that if a process is spontaneous in one direction, then it
can't be spontaneous in the reverse direction, and that the entropy of the universe always increases
during spontaneous reactions.
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SIATE FUNCTIONS
Enthalpy change (AlI), enhopy change (AS), and free-energy change (AG) are state functions. That
means they all depend only on the change between the initial and final states of a system, not on the
process by which the change occurs. For a chemical reaction, this means that the thermodynamic state
functions are independent of reaction pathway; for instance, the addition of a catalyst to a reaction
will have no effect on the overall energy or entropy change of the reaction.

STANDARD STATE CONDITIONS
\{hen the values of thermodynamic quantities are given on the test, they are almost always given for
standard state conditions. A thermodynamic quantity under standard state conditions is indicated by
the little superscript circle, so the following is true under standard state conditions:

AH = AHo

AS = ASo

AG = AGo

Standard State Conditions
. All gases are at 1 atmosphere pressure.
. All liquids are pure.
. All solids are pure.
. All solutions are at 1-molar (1 M) concentration.
. The energy of formation of an element in its normal state is defined

as zelo.
o The temperature used for standard state values is almost invariably

room temperature: 25"C (298 K). Standard state values can be
calculated for other temperatures, however.

ENTHALPY

ErrunrpY Cnnnar, Afl
The enthalpy of a substance is a measure of the energy that is released or absorbed by the substance

when bonds are broken and formed during a reaction.

The Basic Rules of Enthalpy
When bonds are formed, energy is released.

When bonds are broken, energy is absorbed.

The change in enthalpy, AH, that takes place over the course of a reaction can be calculated by
subtracting the enthalpy of the reactants from the enthalpy of the products.

Enthalpy Change
Nf=H -HProducts reactilts
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If the products have stronger bonds than the reactants, then the products have lower enthalpy
than the reactants and are more stable; in this case, energy is released by the reaction, which is
exothermic.

If the products have weaker bonds than the reactants, then the products have higher enthalpy
than the reactants and are less stable; in this case, energy is absorbed by the reaction, which is
endothermic.

All substances like to be in the lowest possible energy state, which gives them the greatest stabil-
ity. This means that, in general, exothermic processes are more likely to occur spontaneously than
endothermic processes.

Hmr or FonmrrroN, AH;
Heat of formation is the change in energy that takes place when one mole of a compound is formed
from its component pure elements under standard state conditions. Heat of formation is almost al-
ways calculated at a temperature of 25oC (298 K).

Remember, AH! for a pure element is defined as zero.

. If. Nl'rfor a compound is negative, energy is released when the compound is
formed from pure elements, and the product is more stable than its constituent
elements. That is, the process is exothermic.

. If AH; for a compound is positive, energy is absorbed when the compound is
formdd from pure elements, and the product is /ess stable than its constituent
elements. That is, the process is endothermic.

If the AHivalues of the products and reactants are known, AH for a reaction can be calculated.

AHo = >,Nl"f products -DNlot reactants

Let's find AHo for the reaction below.

2 CH,OH(g) + 3 O,(g) -+ 2 CO,(g) + 4 H,O(g)

Compound AIl" (k/mol)

CH3OH(g) -207
Or(g) 0

co,k) -3e4
HrOk) -242

AHo = >, Ni7 products -E NI? reactants

AHo = t(2)(^Hicq)+ (+)(aHiHPlt- t(2)(^HicHPH) * (3)(^H;o,)l

AHo = l(2)(-3e4kl + g)(aazkDl- t(2X-201 kD + (3X0 kl)l

AHo = (-1,756 kD - (-402 kJ)

AHo = -1,354 kJ
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Bono ErrnoY
Bond energy is the energy required to break a bond. Because the breaking of a bond is an endothermic
Process, bond energy is always a positive number. When a bond is formed, energy equal to the bond
energy is released.

AHo = E Bond energies of bonds broken - E Bond energies of bonds formed

The bonds broken will be the reactant bonds, and the bonds formed will be the product bonds.
Let's find AHo for the reaction below.

z}{,r$ + qk) -+ 2 HPk)

H-H 436

O=O 499

o-H 463

AHI = X Bond energies of bonds broken - E Bond energies of bonds formed
AHo = I(2XH-H) + (1)(o=o)l- t(4xo-H)l
AHo = l(2)(436 kl) + (1)(4ee kDI- (4X463 kDI

AHo = (1,,37tkD _ (1,952 kJ)

AHo = -481 kJ

Hrss's Lrw
Hess's law says that if a reaction can be described as a series of steps, then AH for the overall reaction
is simply the sum of the AH values for all the steps.

For example, let's say you wanted to calculate the enthalpy change for the following reaction:

c,[tgl + Hp(/) + C,H,OH(/) AHo = ?

And let's say that you know the enthalpy changes for the following two reactions:

C,rLk) +3O,(g) +2CQk) +2lto(/) AFI. = -1,AlLkl

2Cor(g) + 3 Hp(l) + CfIuOH(l) + 3 Qk) AHo = +1,358 kJ

If you add the two reactions whose enthalpy changes you know (as though they were simultane-
ous equations) and cancel the substances that appear on both sides, you'Il get the reaction that you're
looking for. This means that you can add the enthalpy changes for the reactions that you know to get

the enthalpy change that you're looking for.

-L,41L k] + 1,368 kl = -43 k]
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Hrnr Cnplcrrv nno Sprclnc Hrlr
Heat capacity, Cn, is a measure of how much the temperature of an object is raised when it absorbs heat.

1-=M'*- LT
Cp = heat capacity

AH= heat added (J or cal)

AT = temperature change (K or "C)

An object with a large heat capacity can absorb a lot of heat without undergoing much of a change
in temperature, whereas an object with a small heat capacity shows a large increase in temperature
even if only a small amount of heat is absorbed.

Specific heat is the amount of heat required to raise the temperature of one gram of a substance

one degree Celsius.

4 = mcLT
heat added (J or cal)

mass of the substance (g or kg)
specific heat

temperature change (K or "C)

ENTROPY
The entropy, S, of a system is a measure of the randomness or disorder of the system; the greater the
disorder of a system, the greater its entropy. Because zero entropy is defined as a solid crystal at 0 K,
all substances that we encounter will have some positive value for entropy. Standard entropies, So,

are calculated at 25"C (298 K).
You should be familiar with several simple rules concerning entropies.

. Liquids have higher entropy values than solids.

. Gases have higher entropy values than liquids.

. Particles in solution have higher entropy values than solids.

. Two moles of a substance have higher entropy value than one mole.

Erurnopv Cnlnor, A5"
The standard entropy change, AS? that has taken place at the completion of a reaction is the difference
between the standard enhopies of the products and the standard entropies of the reactants.

Specific Heat ,

ASo=ISo -I So
Products reactants
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GIBBS FREE ENERGY
The Gibbs free energy, or simply free energy, G, of. a process is a measure of the spontaneity of the
Process.

For a given reaction

o if AG is negative, the reaction is spontaneous

o if AG is positive, the reaction is not spontaneous

r if AG = 0, the reaction is at equilibrium

Fnrr Errncv (nmcE, LG
The standard free energy change, AG, for a reaction can be calculated from the standard free energies
of formation, LG,, of its products and reactants in the same way that ASo was calculated.

AGo=EAG:. -EAG-o/ PftXtucts , reactants

LG, LH, AilD AS
In general, nature likes to move toward two different and seemingly contradictory states-low energy
and high disorder, so spontaneous processes must result in decreasing enthalpy or increasing entropy
or both.

There is an important equation that relates spontaneity (AG), enthalpy (AtI), and enhopy (AS) to
one another.

LGo = AIf- fASo
T = absolute temperature (K)

The chart below shows how different values of enthalpy and entropy affect spontaneity.

+

+

+

+

Low
High

Low
FIigh

Low
FIigh

Low
High

-)Always spontaneous

l)*.".r spontaneous

+ Not spontaneous at low temperature
Spontaneous at high temperature

Spontaneous at low temperature
+ Not spontaneous at high temperature

You should note that at low temperature, enthalpy is dominant, while at high temperature, enhopy
is dominant
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AG lro LG"
The standard free energy change, AGo, gives the spontaneity of a reaction when all the concentrations

of reactants and products are in their standard state concentrations (at L molar). The free energy

change, and thus the spontaneity, of a reaction will be different from the standard free energy change

if the initial concentrations of reactants and products are not 1 molar.
The standard free energy change, AGo, can be related to AG for other conditions by the following

equations:

AG= AGo+ RTln Q
or

AG= AGo+ 2.303RTlog Q
AGo= standard free energy change (J)

AG = free energy change under given initial conditions (|)

R = the gas constant, 8.31J/mol-K
T = absolute temperature (K)

Q = the reaction quotient for the given initial conditions

Smuonno Fnrr Errncy CHANGT Ar{D THr EouruBRrun Consmu
Let's look at the equation relating AG and AG'.

AG=AGo+RTlnQ
At equilibrium, AG = 0 and Q= K.

Knowing this, we can derive an equation relating the standard free energy change, AG? and the
equilibrium constant, K.

AGo= -RTln K
or

AGo= -2.303RTlog K

AGo= the gas constant,8.31J/mol-K
T = absolute temperature (K)

K = the equilibrium constant

Notice that if AGo is negative, K must be greater than 1, and products will be favored at equilibrium.
Alternatively, if AG"is positive, K must be less than 1, and reactants will be favored at equilibrium.
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ENERGY DIAGRAI{IS

Energy

EXOTHERMIC REACTION

The diagram above shows the energy change that takes place during an exothermic reaction. The
reactants start with a certain amount of energy (read the $aph from left to right). For the reaction to
proceed, the reactants must have enough energy to reach the transition state, where they are part of
an activated complex. This is the highest point on the graph above. The amount of energy needed to
reach this point is called the activation energy, E". At this point, all reactant bonds have been broken,
but no product bonds have been formed, so this is the point in the reaction with the highest energy

and lowest stability. The energy needed for the reverse reaction is shown as line E,'.

Moving to the right past the activated complex, product bonds start to form, and we eventually
reach the energy level of the products.

This diagram represents an exothermic reaction, so the products are at a lower energy level than
the reactants and AH is negative.

Activated Complex

Reaction Coordinate
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The diagram below shows an endothermic reaction.

ENDOTHERMIC REACTION

h this diagram, the energy of the producb is greater than the mergy of the reactanb, so AH is positive.
Reaction diagrams can be read in both directions, so the reverse reaction for an exothermic reac-

tion is endothermic and vice versa.

Reaction Coordinate
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Crmrvsrs mro Errnev Dncnuns

Energy

Uncatalyzed

Catalyzed

F
Products

Reactants

Reaction Coordinate

A catalyst speeds up a reaction by providing the reactanb with an altemate pathway that has a lower
activation energy, as shown in the diagram above.

Notice that the only difference between the catalyzed reaction and the uncatalyzed reaction is that
the energy of the activated complex is lower for the catalyzedreaction. A catalyst lowers the activa-
tion energy, but it has no effect on the energy of the reactants, the energy of the products, or AH for
the reaction.

Also note that a catalyst lowers the activation energy forboth the forward and the reverse reactior!
so it has no effect on the equilibrium conditions.
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CHAPTER 8 OUESIIONS

Muulrlr-Cxolcr Qursrlous

Ouestions 1-4

(A) Free energy change (AG)

(B) Entropy change (AS)

(C) Heat of vaPorization
(D) Heat of fusion
(E) Heat caPacitY

1. If this has a negative value for a process,

then the Process occurs spontaneously.

2. This is a measure of how the disorder of a

system is changing'

3. This is the energy given off when a sub-

stance condenses.

4. This is the energy taken in by a substance

when it melts.

5. 2AlG)+ s Clr(g) -+ 2AlCI,(s)

The reaction above is not spontaneous
under standard conditions, but becomes

spontaneous as the temperature decreases

toward absolute zero. Which of the
following is true at standard conditions?

(A) AS and AH are both negative.
(B) AS and AH are both Positive.
(C) AS is negative, and AH is positive.
(D) AS is positive, and AH is negative.
(E) AS and AH are both equal to zero.

Reaction Coordinate

\Atrhich of the following is true of the reaction

shown in the diagram above?

(A) The reaction is endothermic because

the reactants are at a higher energy
level than the products.

(B) The reaction is endothermic because

the reactants are at a lower energy level
ihan the products.

(C) The reaction is exothermic because the
reactants are at a higher energy level
than the products.

(D) The reaction is exothermic because the

reactants are at a lower energy level
than the products.

(E) The reaction is endothermic because

the reactants are at the same energy

level as the products.

>.
bo
!
0,

rI]
(n

o
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2 H,(g) + o,(8) -+ 2 Hp(g)

Based on the information given in the table
below what is AHo for the above reaction?

Bond Average bond energy (kllmol)

H-H 500

O=O 500

o-H 500

(A) -2,000 kl
(B) -1,500 kJ
(c) -soo kl
(D) +1,000 kJ
(E) +2,000 kJ

lA/hich of the following is true of a reaction
that is spontaneous at298K but becomes
nonspontaneous at a higher temperature?

(A) AS" and A.FI. are both negative.
(B) ASo and AHo are both positive.
(C) A5'is negative, and AH'is positive.
(D) AS'is positive, and A-FI" is negative.
(E) AS" and AHo are both equal to zero.

Which of the following will be true when
a pure substance in liquid phase freezes
spontaneously?

(A) LG, Nf , and AS are all positive.
(B) LG, M.l, and AS are all negative.
(C) AG and AH are negative, but AS is

positive.
(D) AG and AS are negative, but AH is

positive.
(E) AS and AH are negative, but AG is

positive.

\Atrhich point on the graph shown above
corresponds to activated complex or
transition state?

(A) 1

(B) 2
(c) 3
(D) 4
(E) 5

11. C(s) + q(g) -+ COr(g) AHo = -390 kllmol

H,(g) + )o;tl+ H,o(/) aH" = -2eokllmol

2C(s) +Hr(8) -qHrk) LH" = +23}kJlmol

Based on the information given above, r,r,hat
is AH" for the following reaction?

q

CrHr(g) + 
ioz@) 

-+2COr(s)+HrO(/)

(A) -1,300 kJ
(B) -1.,070kI(c) -840 kl
(D) -780 ki
(E) -680 kI

10.7.

bok
0)
a
tq
(c

OJ

E"

8.

9.

Reaction Coordinate
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15.t2. If an endothermic reaction is spontaneous at
298K, which of the following must be true
for the reaction?

I. AG is greater than zero.
II. AH is greater than zero.
m. AS is greater than zero.

(A) I only
(B) II only
(C) I and II only
(D) II and III only
(E) I,II, and III

The addition of a catalyst will have which of
the following effects on a chemical reaction?

I. The enthalpy change will decrease.
II. The entropy change will decrease.
III. The activation energy will

decrease.

(A) I only
(B) II only
(C) III only
(D) I and II only
(E) II and III only

C(s) + 2 4k) --, CH,(g) LHo = x

C(s) + Qk) -; co,(s) NI" =A

HJs) + 
*o,rrr-+ 

H,og) LIro =z

Based on the information given above, what
is AHo for the following reaction?

CHnk) +2Or(g) + COr(S) +ZHrO(l)

(A) x+y+z
(B) x+y-z
(C) z+y-Zx
(D) 2z+y-x
(E) 2z+y-2x

For which of the following processes will AS

be positive?

I. NaCl(s) --> Na.(aq) + Cl-(aq)
II. 2 Hr(g) + or(8) -+ 2 Hro(g)
III. CaCO.(s) + CaO(s) + COr(g)

(A) I only
(B) II only
(C) I and II only
(D) I and III only
(E) I,II, and III

In which of the following reactions is
entropy increasing?

(A) 2 Sor(g) * oJS) -+ z So,(8)
(B) CO(g) + H,O(g) -+ H,(B) + CO,(S)
(C) H,(g) + Cl,(g) -+ 2 HCI(g)
(D) 2 NO,(g) -+ z No(g) * o,(8)
(E) 2HrS(g) +3Or(g) -+2HzO(8) *2SOr(8)

When pure sodium is placed in an
atmosphere of chlorine gas, the following
spontaneous reaction occurs.

2 Na(s) + Clr(g) + 2 NaCl(s)

Which of the following statements is true
about the reaction?

AS>O
AH<O
AG>O

I only
II only
I and II only
II and III only
I, II, and III

t5.
13.

t7.

14.

I.
il.

m.

(A)
(B)
(c)
(D)
(E)
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18. HrQ)+F,G)-2HF(8) 20. 2S(s)+3O,(s)-+2SQk)

Gaseous hydrogen and fluorine combine in 
AH = +800 kllmot

the reaction aboveto form hydrogen fluo.r]le 2 SO.(g) _+ 2 Sek) + ek)
lvith an enthalpy change of -540 kJ. What.is m J jOOkJ/ril
the value of the heat of formation of HF(g)?

(A) -1,0g0 kIlmol Based on the information given above, what

(B) -540 kJlmol is AH for the following reaction?

(C) )70k1/mol S(s)+Qk)+Sor(S)
(D) 270kJ/mot
(E) 540 kllmol (A) 300 kl

(B) s00 kl

D. HPttl -rH,o(f (C) 600k1
(D) 1,000 kI

Which of the following is true of the reaction (E) 1,200 kI
shown above at room temperature?

I. AG is greater than zero.
[. AH is greater than zero.
m. AS is greater than zero.

(A) II only
(B) III only
(C) I and II only
(D) I and III only
(E) II and III only
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Pnorrrms

C.HrrO.(s)

o, (g)

COr(8)

rLO (D

212.L3

205

213.6

69.9

180

32

M
I8

Energy is released when glucose is oxidized in the following reaction, which is a metabolism
reaction that takes place in the body.

C.H,pr(s) + 5 qk) -+ 5 CQk) + 6 Hp(I)

The standard enthalpy change, AH", for the reaction is -2,801. k] at 298 K.

(a) Calculate the standard entropy drange, ASo, for the oxidation of glucose.

(b) Calculate the standard free energy change, AG", for the reaction at 298 K.

(c) Whatisthevalue of Krfor thereaction?

(d) How mudr energy is grven off by the oxidation of 1.00 gram of glucose?

c-H
O=O

C=O

G-H

415

495

799

463

CH.(8) + 2 o,(g) + CQk)+ 2 rLoG)

The standard free energy change, AGo, for the reaction above is +01 kI at 298 K.

(a) Use the table of bond dissociation energies to find AHo for the reaction above.

(b) Whatis the value of Knforthe reaction?

(c) What is the value of ASo for the reaction at 298 K?

(d) Give an explanation for the size of the entropy change found in (c).

2.

THERT()DYlIAIII(S I I27



3. Nr(g) + 3 Hr(s) <--s 2 Nu.(s)

Theheatof formation,AHi, of NHr(ilis-46.ZkJlmol.Thefreeenergyof formatiory LGo,, of
NH,(S) is -1.6.7 kllmol.

(a) What are the values of AH" and AGo for the reaction?

(b) What is the value of the entropy change, AS? for the reaction above at 29BK?

(c) As the temperature is increased, what is the effect on AG for the reaction? How does this
affect the spontaneity of the reaction?

(d) At what temperature can \, H, and NH, gases be maintained together in equilibrium, each
with a partial pressure of 1 atm?

Esslys

4. 2Hr(g) * oJS) -+zt\o(t)

The reaction above proceeds spontaneously from standard conditions at298K.

(a) Predict the sign of the entropy change, AS",for the reaction. Explain.

(b) How would the value of AS" for the reaction change if the product of the reaction was
H'o(g)?

(c) Whatisthesignof AGo at298K? Explain.

(d) Whatisthesignof AHo at298K? Explain.

5. CaO(s) + CQk) -+ CaCOr(s)

The reaction above is spontaneous at298K, and the heat of reaction, AHo, is -778k|.

(a) Predict the sign of the entropy change, AS7 for the reaction. Explain.

O) What is the sign of AGoat 298K? Explain.

(c) Vy'hat change , if. any, occurs to the value of AG" as the temperature is increased from 298 K?

(d) As the reaction takes place in a closed container, what changes will occur in the concentration
of CO, and the temperature?

H,o(r) * HPk)
At298 K, the value of the equilibrium constant, K, for the reaction above is 0.036.

(a) What is the sign of ASo for the reaction above at 298K?

(b) Whatis the sign of AHo for the reaction above at 2gBK?

(c) What is the sign of AGo for the reaction above at 298K?

(d) At approximately what temperature will AG for the reaction be equal to zero?
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