Chemistry 102 Chapter 18

THERMODYNAMICS

l

l

Thermodynamics is concerned with the energy changes that accompany chemical and
physical processes.

Two conditions must be fulfilled in order to observe a chemical or physical change:

U The change must be possil{dgetermined by Thermodynamics)
U The change n8t occur at a reasonable spégetermined by Kinetics)

Important Terms in Thermodynamics:

- o)

Nature of Enerqgy:

Energy due to motion

1 Energy is the capacity to do work, and work is defined as force @
acting through a distance.

3

Energy transfer

1 Thereare many types of energy. Among them are kinetic
(moving) , potential (stored), thermal energy and chemical ene

1 Energy can be transformed from one type to another through
work.

3

System and Surroundings

1 System: The part of the universe weappen to bstudying
1 Surroundings: Everything outside the system

Three types of systems can be present:

Syste
1 Open: exchange of energy and matter
1 Closed exchange of energy but not matter
1 Isolated: No exchange of energy or matter Surroundings

Open  Closed
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THERMODYNAMICS

3. State Function

1 A quantity whose value depends only on the current state of the system, and does
not depend on thprior history of the system.

1 Two exampleof state functions are temperature, intermergy

A State Function
Change in altitude depends only on the difference between the initial and final values,
not on the path taken.

— 10,000 ft
Path A B
12 miles — 5,000 ft
— 0 ft

©2011 Pearson Education, Inc.
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INTERNAL ENERGY

1 InternalEnergy (B is the sum of the kinetic and potential energies of all of the particles that
compose the system.

1 Internal energys a state function.

Kinetic Energy Potential Energy
Internal Energy = of the particles + of the particles
making the system making the system

| !

Results from the
energy ofmotion of Results from
electrons atoms molecules
chemical bonding attraction
between atoms between
molecules
f Thef'Law of Thermodynamics is the ALaw of Co

thermodynamic systems.

1 When a system changes from one state to another (ex: warming), its internal energy
changes from one definite energy to another.

1 Change in Internal Energy DE = Eproducts = Ereactants
where: Eproducts = final value of the internal energy

Ereactants = initial value of the internal energy
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CHANGES IN INTERNAL ENERGY

C(s), Oy(g) (reactants)

C(s)+Q(9) - CO2(9)

Internal
energy AE < 0 (negative)

CO,(g) (product)

l System ) l Surroundingsil
: Energy flow :

AEy, < 0 (negative) AEg, > 0 (positive)
A
COz2(9) - C(s)+C(9) C(s), 0,(g) (products)
Internal
cnergy AE > 0 (positive)
COy(g) (reactant)

) j
e
, Energy flow E

AEy, > 0 (positive) AEg,; < 0 (negative)

& 2011 Pearson Education, Inc.

SUMMARY :

1 If the reactants have higher internal energy than prodfEtg,is negativeand energy flows
out of the system and into the surroundings.

1 If the reactants have lower internal energy than prodiEgsis positiveand energy flows
into the system from the surroundings.
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15T LAW OF THERMODYNAMIC S

T The changes i n arentore impaatdnt iretreenodynami¢s #h&n)the absolute
values of Internal Energy

1 The changes in IE are measured by notitegexchanges of energy between the system and
the surroundings.

1 These exchanges occur as one of two forhhsatandWork

Heat (q)
System Surroundings )I
——7  Work (w)

Heat (q) = the energy that moves into or out of the system because of a temperature
differencebetween the system and its surroundings

A A
v Y

U Whenheat is lostinternal energyE) decreaseand q is therefore assigned a
negative sign

U Whenheat is absorbednternal energyE) increasesand gis therefore assigned
apositive sign

Work (w) = the energ exchange that results when a force (F) moves an object through a
distance (d).
work = force x distance

U If work is done by the systenmternal energyE) decreaseandw is therefore
assigned aegative sign

U If work is done on the systermternal energyE) increasesandw is therefore
assigned gositive sign

According to thel® law of thermodynamicsthechanges in the internalenergg f t he sy st
are thesum of the heat transferred (q) and the work done (w).

eE = g + w

Examples:
Determine the sign of the work for eaahthe changes shown below (carried out at constant P):

1) 2SQ @+ (92 2SG(9) w =
2) CaCQ(s) @ CaO (s) + CQ(g) =
3) COz(g) + HO () + CaCQ(s)® Cé&'(aq) +2HCQ (aq)  w=
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1°T LAW OF THERMODYNAMIC S
(ANALOGY)

1 A-rolling billiard ball has energy due to its motion. When it collides with the second ball, it
doeswork, transferring energy to the second ball. The second ball now has now energy to
roll away from the collision.

1 The system can be defined as the first ball rolling across the table. The surroundings are the
second ball and the pool table. Assuna thhen the first ball collides with the second ball,
it loses all its energy and remains still at the point of collision.

1 After collision, the first ball loses all of
its energy and ther gdup Rt e e el §ien
All this energy is gained by the .
surroundig s . 5= (sRdE

1 In an actual situation, due to friction,
some of the energy of the first ball is lost
to the table as heafs a result, energy
change of ggtigthe sumaf |
heat and work.

- o
Kinetic energy after
collision = 0

(a) Smooth table

1 On a table with a rough surface, more .
energyis lost to heat due to friction, Initial kinetic .M.\V._ Kinetic energy at
leaving less available for work to transfer g i <olsion = 20)
energy to the second ball. However, the
sum of the heat and work still equals the
change in energy of the first ball.

1 Note that the amount of energy converted
to heat and worklepends on the details A - o
of the pool table and the path taken, whilg

the change in internal energy of the

rolling ball does not. (b) Rough table

© 2011 Pearson Education, Inc.

1 This is because internal energy is a state function and only depends on the initial and final
states of the ball. Heat and wae not state functions, and therefore are affected by the
details of the ballds journey across the t
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HEAT AND WORK IN A PHYSIC AL SYSTEM

Case 1:
1 A gasis enclosed in a vessel equipped with a
movablepiston, momentarily fixed in position.

1 Heat passes from the surroundings to the vessel
and the temperature is increased (g = + 165 J).

Piston

1 Inlifting the weight, the system does work
equal to the energy gained by piston and the
weight (w=-92 J). Heat Gas

iy

eE = 7+165Iw ([(92J)=+73
Case?2:

1 A gasis enclosed in a vessel equipped with a movable piston, momentarily fixed in
position.

1 Work is done on the system by pushing down the piston and thus compressing the gas
(w=+ 92 J).

1 The gas pressuracreases and causes the gas to warm up. This will cause heat to flow
out of the system (q F165 J).

®eE = qi165Jw (82J)(=i 73J

Examples:
1. A cylinder and piston assembly is warmed by an external flame. As a result, the system

absorbs 559 of heat. The content§the cylinder expand and perfor488 J of work
during the expansion. What is the change in integnatgy of the system?

2. A system releases 622 kJ of heat and does 105 kJ of work on the surroundings. What
is the change ithe internal energy of the system?
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PRESSUREVOLUME WORK

1 To calculate the work associated watlthemical reaction, wamit discussion to those associated
with a volume change and therefore cajpeessurevolume work Pressurezolume work occurs
when the force is caused by a volume change against an external pressure.

1 Assume a cylinder, where the pressure exerted by the atmosphgladsdewith a pistanvhose
downward force of gravity, F, creates a pressure emg#s equivalent to that of the atmosphere.

Volume change

Cross-sectional
area = A

Initial state Final state

©2011 Pearson Education, Inc.

1 When the volume of the cylinder increases, it pushes against the externallioecsork dondoy
the systenin expanding = (Force of Gravity) x (Distance the piston moves)

w=FXxAh :

) Atmospheric
sinceAV =AxAh / pressure(P)
wW=FX A_V = E AV

1 Since the volume of cylinder is increasingprk is done by the system and therefore assigned a
negative sign.

w=1PDV
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Examples:
In the reaction shown below, 1.00mol of Zn reacts with excess HCI to produce 1.00 mol of H

1.
gas. At 25C and 1.00 atm, this amount of biccupies 24.5 L. Calculate the change in Internal
Energy (e&@U) for this reaction. (1 Latm =

Zn (s) + 2H:0" (aq) —— Zn*'(aq) +2H,O(l) + H.(g) q=1152.4 kJ/mol

&eE=q +w g=1152.4 kJ w="?

w (done by systm) =1 PDV
=1 (1.00 atm)(24.5 L)(0.101 kJ/1 Latm)i 2.47 kJ

DE = g+ w=(i152.4kJ) + {2.47 kJ) = 154.9 kJ

2. What isB E when 1.00 mol of liquid water vaporizes at 100 8 H vap = 40.66 kJ/mol at
100 C)

3. Calculate the amount of work done in each of the following reactions. In each case, is the

work doneby or on the system?
a) oxidation of HCI at 200C

4HCI(Q) +Q(g & 2Ch(g) +2HRHO(9)

b) The decomposition of N{at 300 C

2NO(g)® Na(g) + & (9)



Chemistry 102 Chapter 18

Examples:
4. A cylinder equipped with a piston expands against an external pressure of 1.58 atm. If the
initial volume is 0.485 L and the final volume is 1.245 L, how much work (in J) is done?

5. When fuel is burned in a cylindeguipped with a piston, the volume expands from 0255
to 1.45 L against an external pressure of 1.02 atm. In addition, 875 J is emitted as heat.
What isDE for the burning of the fuel?

6. Which statement is true of the internal energy of gis¢esn and surroundings following a
process in WhiclDEsys= + 65kJ?

a) The system and surroundings both l05&db of heat.
b) The system and surroundings both gain 65 kJ of heat.
c) The system loses 65 kJ of energy and the surroundings gain 65 kJ of energy.

d) The system gains 65 kJ of energy and the surroundings lose 65 kJ of energy.

10
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ENTHALPY AND ENTHALP Y CHANGE

I Recall:
Enthalpy = The Heat of Reactiddi, at constant pressure (g)

Actually: Enthalpy= H=E+ PV

9 Since internal eergy (E) , pressurgP), andvolume(V) are state functionst follows that
enthalpy(H) is also a state function

1 Therfore, the change in enthal@®H) for any process occurring at constant pressure is given by
the expression:

DH =DE + PDV

DH = (¢ + w) + PDV
= ptWIi W

DH = q

1 The enthalpy oreaaction equals the Heat of Reaction at constant pressure

1 In practicecertain heats of reaction are measured and tabulatesh&sof formation Hs ).

DHi = Standard Enthalpy of Formation of a Substance

U Enthalpy change for the formation of one mole of substance in its stastdadrom its
elements irtheir reference form ( most stable form at@and1.00 atm)and in their standard
states dvailable in Appendix Il in your textbodk

1 The heat absorbdendothermic) or released (exothermic) during a chemical reaction is defined as
standard enthalpy changelH ).

1 DH for a reaction can be calculated from kndkif values for reactants and products.

DH =SnDH ; (products)i SnDH ; (reactants)

11



Chemistry 102 Chapter 18

Examples:
1. Givent h e ;vatks below, a@lculate the heat absorbed or evolved in the reaction between

NH; gas and C@gas thayields aqueous urea (N6l CO6 NH,) and liquid water.

2NH3(g) + CO(g) - CO(NHy)2(aq) + H2O () DH =777

DH; (kJ/mol) 1 45.9 1 393.5 1 319.2 1 285.8
DH =S nDH; (products)i SnDH ; (reactants)

DH = [(i 319.2) +( 285.8 kJ)Ji [2 X (i 45.9) + { 393.5)] = i 119.7 kJ

SinceDH is negative, we conclude that the reaction is exothermic.

2. Use data in appendix ith your textto find BH for the reactioashown below:

a) NH4NOs(s) 2 NOz(g) + 2HO ()

b) SiO,(s) + 3 C (graphite)? SiIC(s) + 2CO(g)

12
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SPONTANEOUS & NONSPONTANEOUS PRECESSES

1 Spontaneous Processedhysical or chemical changes that occurs by themselves, without outside
assistance

Spontaneous Physical Changéall rolling from the top of a hijl

high potential  e—
energy J

low potential
- -— energy

Spontaneous Chemical Changéreaction of solid potassiumith liquid watej

spontaneous

2 K(s) + 2 HO () > 2 KOH(aq) + H(9)
1 In order for spontaneous changes to go in the opposite directionwwait have to be expended, and
the changes would be called rgimontaneous.

Non-spontaneous Physical Changd&Rolling a ball uphil) J

Non-spontaneous Chemical Change Chand@btaining K(s) from KOH(aq)

nonspontaneous
2 KOH (aq) + H(9) > 2 K(s) + 2 BO(l)

U The Second Law of Thermodynamics determines if a reaction is spontaneous or not.

U Exothermic ReactiondDH < 0) are not necessarily spontaneous and Endothermic Rea®@dns())
are not necessarily nespontaneous

13
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ENTROPY (S)

Entropy is thehermodynamic quantity that is a measure of the randomness or disorder in a system
Entropyis a state function: thequantity of entropy in a substance depends only on variables that
determine the state of the substance (temperature and pressure)

Entropy ismeasured in J/K (Sl unit)

Entropy increases when the disorder in a sample of the substance increases:

E

Example: @nsider the melting of ice 8tC and 1 atm.

MELTING
ICE LIQUID WATER

1 H20 molecules occupy regular fixed positions 1 H20 molecules move about freely, giving a

(crystal lattice) disordered structure
1 Ordered crystalline structure 1 Lessordered structure

Lower Entropy Higher Entropy
S = Initial Entropy St = Final Entropy
= Entropy of Ice (41 J/K) = Entropy of liquid water (63/K)

melting at 0 C and 1 atm
H,0(s) > H,0(l) DS = 22 J/K
S =41 JIK S = 63J/K

1 In any natural process the degree of disorder (Entropy) increases.
9 Natural processes are changes that occur by themselves (spontaneous changes).

Second Law of Thermodynamics in reference to the system and its surroundings

The Total Entropy of a System andts Surroundings always increases for a Spontaneous Process

ENTROPY ENERGY

1 is created during a spontaneous char 1 can be neither created or destroyed
during a spontaneous change

14
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ENTROPY & 2"° LAW OF THERMODYNAMICS

1 The2"™ Law of Thermodynamicsstates thator any spontaneous processheentropy of the
universeincreases 5y > 0).

1 Therefore, theriterion for spontaneity is the entropy of the univers€rocesses that increase
the entropy of the universthose that result in greatéispersal or randomization of energy

occur spontaneously.

1 Consider the example below: the expansion of a gas into a vacuum (a spontaneous process with
no change in enthalpy).

- 3
L] b
9 i
@9

1 When the valve between the flasks opens, the gas in the left flastaspously expands into a
vacuum. Since the pressure against the expansion is zero, no work is done by the gas.

1 However, even though the total energy of the gas does not change g,

‘i R -
the entropy does change. This can easily be seen by the various - State A | -
ways the gs can distribute itself in the flasks (3 of which are shown

@90
below). L
(= I~
1 Probability analysis indicates that it would be more probable to find s ‘,—\ -
the atoms in state C compared to either states A or B. And it can | State B -
also be seen that state C has greater entropyeittzer state A or B. o
. . - o0
1 Therefore, the change of entropy in transitioning from state A to
state C is positive because state C has greater entropy than state % ( 1w
| State C il
&S il St
firal Snltlal P — @
®S > 0 o 9

15
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ENTROPY CHANGE FOR A PHASE TRANSITION

1 The entropy of a sample of matter increases as it changes state from a solid to a liquid or from a

liquid to a gas. This is due to the increase in disorder of molecules in liquid compared to solid
and gas compared to liquid.

T We <can
changg.

T In

c-CcC-CcCC:

Examples:
1. Predict t

l{ntmpy, S —

i Voo
J wwm

»‘U e

!3J e le el
B U«

Melting of solid

Evaporation
of liquid

gener al ,

he

a) the boiling of water

b) 12( g) 2(s¥

c) CaCQ( s)

¥

t herefore

entropy i

sign

Codgp

Temperature (K)

predict

Thephase transition from a solid to a liquid
thephase transition from a solto a gas
thephase transition from a liquid to a gas
an increase in the number of moles of a gas during a chemical reaction

of xS fo

(s)seSt CO

16

t

ncreases

r

he sign of @S for

(eSS > 0) for

each of the foll
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HEAT TRANSFER & CHAN GES IN ENTROPY OF SURROUNDINGS

1 The criterion for spontaneity is an increase in the entropy of the universe. However, there are
several spontaneous processes that include a decreas®pyefitor example, when water
freezes below (C, the entropy of the water decreases, yet the process is spontaneous.

1 The 2 Law of Thermodynamics states that for a spontaneous process, the entropy of universe
i ncr e ase®. Intee 8xamplabove, even though the entropy of water decreases, the
entropy of the universe must increase in order for the process to be spontaneous.

9 Similar to the distinction of a system and surroundings in thermodynamics, we can distinguish
between the entropy dii¢ system and the surroundings.the example of the freezing water,
®&§si s the entropy c hadisghe entdpy chaadge efthe suaonrdlings.h e &

1 The entropy change of the universe is then the sum of the entropy changes of tharsgdten
surrounding.

2 Qniv = %S' sufe S

T I'f a spontaneous pr o0 g thenitwould follovdtieastheee mdsebe a e a s e
greater il O r @a dee rjifo omr&ateh e &S

ASllni\' = AS\\\ + ASSUI'I'

ASSUI‘I'

Entropy

ASuniv

AS sys

1 Since freezing of water &n exothermic process, it would follow that the heat given off by the
process increases the entropy of the surroundings by a greater amount than the decrease of
entropy of the system, making it a spontaneous process.

M To summarize:

U An exothermic processicreassthe entropy of the surroundings.
U An endothermic process decreases the entropy of the surroundings.

17
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TEMPERATURE DEPENDENCE OFRy, &S

1T Because of t he gltherfrgegingiofrwater & appreandous atde® temperatures.
However, freezing of water is NOT spontaneous at high temperatures. Why?

1 Units of entropy are J/K. Therefore, entropy is a measure of energy dispersal (joules) per unit
temperature (K). The higher the temperature, the lower the amount of ectieomyefor a
given amount of energy dispersed.

T Water does not freeze spontaneous! yyiasmallhi gh
compared tos4femakgamegatiees &S

®&Giv= % su@®r water freezing)

Low Temperature: Spontanecus High Temperature: Nonspontaneous

l:‘;\l IrT
l':;'r'\.l Irr

Entropy

Entropy

'L'HI.ITII'-

J HIJI'I L

. AS,
J'h"-\"- A P §oacaon v :

ASuniv - ASsys £ ASsurr

/ \

Negative Positive and large at low temperature
Positive and small at high temperature

18
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QUANTIFYING ENTROPY CHANGE OF SURROUNDINGS & SYSTEM

1 We know that when a system exchanges heat with surroundings, it changes the entropy of the
surroundings. At constant pressurgscan be used to quantify the entropy change of the
surroundings.

1 Ingeneral,

U A process that emits heat into the surrongdi(gys= negativejncreasegshe entropy of
the surrounddnNngs (positive @S

U A process that absorbs heat from the surroundings=gositive)decreaseshe entropy
of the surroungings (negative &S

1 The magnitude of the change in entropy of the surroundings is proportional to the magnitude of
the gGys

&S U T Oy

1 It can also be shown that for a given amount of heat exchanged with the surroundings, the
magni t ugesinefselygrPortional to the temperature

S, U 1T

-q
1 Combining the above relationships: AS,,, =—>

1 Atconstant pressuregg=  @H Therefore,

-AH
ASSUI’I' = .
T

(constant P, T)

19
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Examples:
1. CalculateDSs, for the melting of ice (Heat absorbed = Heat of Fusi@Hgs = 6.0 kd/mol)
AS, = -AHy _- 6.0x1G J = 22 3
T 273K

2. Liquid ethanol, GHgO (I), at 25 C has an entropy of 161 J/(mol x KJ.the heat of vaporization
(DHyap) at 25 C is 42.3 kd/mol, what is the entropy of the vapadmilibrium with the liquid at

25 C?
AH
As,, = 220w ¥ 423 kImol, 10 J_ 145 37k me
Y T T 298 K 1kJ

Spas= Sig + &S 161 J/K + 142 J/K = 303 J/K

3. Consider the combustion of propane gas:
CsHs(9) + 5Q( 9) ¥(g) 84HDO (g) sys=1 2044 kJ ®eH

a) Cal cul asassotidtesl wite Shis reaction occurring at@5

b) Det er mine §he sign of @S

c) Det er mi ne {nh &Vill ghis igpaction He sparfaneous?

20
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GIBBS FREE ENERGY

1 The relationships betweamthalpy change in a system and the entropy chartge
surroundings is shown below:

-AH
ASSUIT = =
T

1 Also, for any process, ttentropy change of the universe is the sum of the entropy change of the
system and the entropy change of the surroundings.

e Qniv = @9‘ sue S
1 Combiningthe two relationships above leads to the following relationship:

AH
T

AS niv :A§ys -

u

1 Multiplying equation above withT, we arrive at the expression:
IT @&ge= FH Tegs

1 Willard Gibbs (American physicist) combined together the concepts of enthalpy (H) and entropy
(S) into a single thermodynamic function called Gibbs Free EnergyéBhed as shown below:

G=HTTS
T The change in free energy (a&®G) is expressed
s =aHT Tas
Gibbs Free ;inergy Determin:s the
. . . . . . Direction of Spontaneous Chan
1 Si n cug is@@iterion for spontaneitgeG i s al s 0@ o ororene e
criterion for spontaneity (but opposite in sign), and is - %, Nig) + 3 == 2NHyg)

o

commonly called chemical potential because it is
analogous to mechanical potential energy.

1 Just @ mechanical systems tendaard lower
potential energy, chemical systems tend toward lower
Gibbs free energy

21
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GIBBS FREE ENERGY

Summarizing Gibbs Free Energy (at constant T & P):

T &G i s proportiongil to the negative of
1 A decrease in Gibbfee energy( s GO0) sorresponds to gpontaneougprocess.

1 Anincrease in Gibbs free enerdyeeG > 0) ¢ ononsgostgneongaosesst 0

| 0 +
BG<O BG>0
U Reaction is spontaneous U Reaction is norspontaneous
U Productfavored reaction U Reactanfavored reaction
0 Forward reaction is favored U Reverse reaction is favored

Conclusion:

1 DG gives a composite of the two factors that contribute to spontadgitpitdDS)

22
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SPONTANEITY & FREE E NERGY

1 Consider the following situations:

Case 1:
{ DH is negative an®S is positive AG=AH—-TAS
(exothermic) (increase in entropy) / '\
Negative at Negative Positive
f Reaction isspontaneous at all temperatures é.l,l f_emperat“res
2NO (g) - 2N2(g) + Q(g) @e&eH=7163.2kJ
(2 mol gas) (3 mol gas)
Case 2:

1 DH is positiveandDS is negative A= AH\_ Ty
(enddhermic)  (decreasen entropy)
Positive at Positive Negative

L all temperatures
T Reaction is nonspontaneous at all temperatures =~ P

3%:0@ - 209 @& H=+285.4 kJ
(3 mol gas) (2 mol gas)
Case 3:

. : . , AG=AH-TAS
1 DH is negativeandDS is negative \
(exothermic)  (decrease in entropy)
Negative at low temperatures Negative Negative

. Positive at high temperatures
1 Reaction is spontaneous only at low

temperatures
HO () - HO(s) @H=16.01kJ
Case 4:
91 DH is postive andDS is positive AG=AH-TAS
(enddhermic) (increase in entropy) / \ \
Positive at low temperatures Positive Positive
f Reaction isspontaneous only at high Negative at high temperatures
temperatures oo =
HO () - H20/(g) @H=+40.7kJ (at 10@)

23
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SPONTANEITY & FREE E NERGY

TABLE 17.1 The Effect of AH, AS, and T on Spontaneity

AH AS Low Temperature High Temperature Example

— + Spontaneous (AG < 0) Spontaneous (AG < 0) 2 NoO(8) —> 2 Ny(g) + 05(8)

+ — Nonspontaneous (AG > 0)  Nonspontaneous (AG > 0) 30,5(8) —> 205(8)

= = Spontaneous (AG < 0) Nonspontaneous (AG > 0) H,0(l) —> H,0(s)

- + Nonspontaneous (AG > 0)  Spontaneous (AG < 0) H,0(/) — H,0(g)
Examples:

1. Predict the conditions (high temperature, low temperature, all temperatures or no temperatures)
under which each reaction below is spontaneous:

a) HO(g) - H0()

b) CO:(s) - CQG:(9)

c) 2NGO(g) - 2NO(g) + Q(g) (endothermic)

2. Fortheeacti on shown b el ©amddetermiheovhdthartthe reaet®niat 25
spontaneous. If the reaction is not spontaneous &, 2etermine at what temperature (if any)
the reaction becomes spontaneous.

CCli(g) - C (s, graphite) + 2 ¢lg) ®@H = +95. 2Sk3d 142.2 J/

24
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ENTROPY CHANGES IN CHEMICAL REACTIONS

9 Similar to theDH for a reaction, we can define teandard entropy change for a reactiod )
as the entropy for a process in which all reactants and products are in their standard states.

M The standard states are defined as:
Gas: jre gas at pressure exactlatm.

Liquid or Solid: pure substance at most stable form and pressure of 1 atm and
temperature of 2%.

Solution: concentration of 1 M.

1 Since entropy is a state function, the standard change in entropy of a reaction is:

DS =S productsT S reactants

1 The standard molar entropy §®f a substance is needed to calculateD®efor a reaction. The
standard molar entropy of a substance is measured against the absolute value of zero as defined
the 3° law of thermodynamics.

Third Law of Thermodynamics: Perfect crystal at 0 K
wW=1 §=0

1 The third law of thermodynamics states that:
The entropy of a perfectcrystal at absolute zero (0 K) is zero

1 A perfect crystal at 0 K has only one possible way to arrange its
components.

1 Standard molar entropy values for substances are tabulated in textbooks—
andavailable in Appendix I

25
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STANDARD MOLAR ENTRO PY

1 The standard entropy of any substance is affected by the state of the substance, molar mass,
molecular complexit and the extent of dissolution.

1 As themolar mas®f a substance increases, the vatistandard S°(J/mol-K)
molar entropyalso increases. For example, the standard molar entropy
of noble gases increases progressively from He to Xe. He(g) 1262 )
1 Similarly, the standard molar entropy of a substance depmemits Ne(g) 146.1 Q
state, as shown in the example below:
Ar(g) 154.8 Q
S° (J/mol - K)
H,O(l) 70.0 Kr(e) _ ‘
H,0(g) 188.8
1 Ingeneral, Xe(g) 169.4 Q

Sgas > Siq > S soiid

1 For a given state of matter, standard molar entropy also increases with molecular complexity.
For example, consider the following:

Molar Mass (g/mol) S° (J/mol - K) Molar Mass (g/mol)  §° (J/mol - K)
Ar(g) 39.948 154.8 CO(g) 28.01 197.7
NO(g) 30.006 210.8 C,oHy(g) 28.05 219.3
Examples:

1. Rank each set of substances below in order of increasing standard molar enfropy (S

a) |2 (g)! F2 (g)’ Br2 (g)! CIZ (g)
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CALCULATING DS FOR A REACTION

1 Recall that thentropy usually increases in the following situations:

(a) A reaction in which a molecule is broken into two or esmaller molecules.

Example fermentation of glucose (grape sugar) to alcohol:

CsH1206(S) —>\2 CHsOH(l) + 2CG; (%

1 large molecule 4 smaller molecules

(b) A reaction in whiclthere is an increase in moles of gas.
This may result from a molecules breaking up, in which Bage (a) andRule (b) are related.

Example the burning of acetylene in oxygen:

\ZCsz(g) + 302(9)J — \4002(9) + 2HzO(g)J

5 moles of gas 6 moles of gas
Dngas=6G 5=+1

1 The standard entropy chand@S() for a reaction can also be calculated fromstagdard entropies
of reactants and products as shown below:

DS = SnS (products) i SnS (reactants)

Examples:
1. For each pair of substances, choose the one with the higher expaaedf standard molar entropy.

Explain the reasons fgour choices.
a) CO(9) CO: (9)
b) CH3OH (1) CH3OH (g)

c) Ar(g) CO: (9)

d) NO:(g) CH3;CHCH;z (9)
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2. Predict the sign B S° for each reaction shown below. If you cannot predict the sign for any reaction,

state why.

a) CHa(9)+2H(9)* CoHes(9) BS =
b) N2(g)+Q(g) * 2NO(9) BS =
c) 2C(s)+Q(g* 2CO(g) BS =

3. Using tabulated Svalues in your text, calculaf@S for the reactions shown below:

4NHs(g) + 5Q(9) - 4NO(g) + 6HO(g)
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