Chemical
Thermodynamics

Visualizing Concepts

19.2 (@)  The process depicted is a change of state from a solid to a gas. AS increases
because of the greater motional freedom of the particles. AH increases because
both melting and boiling are endothermic processes. Since AG = AH - TAS, and
both AH and AS are positive, the sign of AG depends on temperature. This is true
for all phase changes. If the temperature of the system is greater than the boiling
point of the substance, the process is spontaneous and AG is negative, If the
temperature is lower than the boiling point, the process is not spontaneous and
AG is positive.

(b)  If the process is spontaneous, the second law states that ASuniv 2 0. Since ASqy,
increases, ASq.; must decrease. If the change occurs via a reversible pathway,
ASuniv = 0 and ASsur = -AS.ys. If the pathway is irreversible, the magnitude of
ASsys is greater than the magnitude of ASqy., but the sign of ASqyy, is still negative.

19.3 In the depicted reaction, both reactants and products are in the gas phase (they are far
apart and randomly placed). There are twice as many molecules (or moles) of gas in the
products, so AS is positive for this reaction.

195 (@)  Analyze. The boxes depict three different mixtures of reactants and products for
the reaction A, + B, = 2AB. '

Plan. Box 1 is an equilibrium mixture. By definition, AG = 0 for box 1. Calculate K
and AG® for the reaction from box 1. Boxes 2 and 3 are nonequilibrium mixtures.
Calculate Q and AG for boxes 2 and 3.

2
Solve. K = i[ﬁilg[%] Use number of molecules as a measure of concentration.
2
Box1: K= —(3-)- =1.
(3)(3)

AG=AG°+RTInK;O=AG°—RTln(1),O=AG°—O;AG°=0

Box2: Q= b (0625006
@@ 16

AG=AG°+RTInQ=0-RT In(0.0625) = 2.77 RT = 3RT

0. D _46_
Box3: Q= ——(1)(1) :

AG = AG® + RT InQ = 0 - RT In(49) = -3.89 RT = -4RT o
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(b)

19.6 (a)

(b)

The magnitudes of AG (ignoring sign) are: box 1, 0; box 2, 2.8 RT; box 3, 3.9 RT.
The order of increasing magnitude of AG is: box 1 < box 2 < box 3.

The signs on AG indicate in which direction the reaction is spontaneous. The
mixture in box 2 will react spontaneously in the forward direction, toward
products. The mixture in box 3 will react spontaneously in the reverse direction,
toward reactants. The driving force for the reverse reaction in box 3, the magnitude
of AG, is greater than the driving force for the forward reaction in box 2.

The minimum in the plot is the equilibrium position of the reaction, where
AG = 0.

X is the difference in free energy between reactant and products in their standard
states, AG®.

Spontaneous Processes

19.8 (a)

(b)
(©

b (d)
()

e

i 1912 (a)
' (b)
i
. (c)
f
i (@
i
iie
1914  (a)
(b)

Spontaneous; a gas, in this case perfume vapor, expands to fill its container, the
room.

Nonspontaneous; a mixture cannot be separated without outside intervention.

Nonspontaneous; an inflated balloon doesn’t burst without external stress, such
as a pin prick, a squeeze, or adding more gas.

Spontaneous; see Figure 8.2.

Spontaneous; the very polar HCl molecules readily dissolve in water to form
concentrated HCl(aq).

19.10 Berthelot's suggestion is incorrect. Some examples of nonexothermic spontaneous
processes are expansion of certain pressurized gases, dissolving of one liquid in
another, and dissolving of many salts in water.

Exothermic. If melting requires heat and is endothermic, freezing must be
exothermic.

At1 atm (indicated by the term “normal” freezing point), the freezing of 1-propa-
nol is spontaneous at temperatures below -127°C,

At 1 atm, the freezing of 1-propanol is nonspontaneous at temperatures above
-127°C.

At 1 atm and -127°C, the normal freezing point of 1-propanol, the solid and
liquid phases are in equilibrium. That is, at the freezing point, 1-propanol
molecules escape to the liquid phase at the same rate as liquid 1-propanol
solidifies, assuming no heat is exchanged between 1-propanol and the
surroundings.

A process is irreversible if the system cannot be returned to its original state by the
same path that the forward process took place.

Since the system returned to its initial state via a different path (different qr and
w: than qr and wy), there is a net change in the surroundings.
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19.16

19.18

(©

(@)
(b)

(©

(@)
(®)

(©)

(d)

The condensation of a liquid will be irreversible if it occurs at any temperature
other than the boiling point of the liquid, at a specified pressure.

AE(1->2)=-AE(2->1)

We can say nothing about the values of q and w because we have no information
about the paths.

If the changes of state are reversible, the two paths are the same and
w (1 - 2) = -w (2 — 1). This is the maximum realizable work from this system.

The detonation of an explosive is definitely spontaneous, once it is initiated.

The quantity q is related to AH. Since the detonation is highly exothermic, q is
large and negative.

If only PV-work is done and P is constant, AH = q. Although these conditions
probably do not apply to a detonation, we can still predict the sign of q, based on
AH, if not its exact magnitude.

The sign (and magnitude) of w depend on the path of the process, the exact
details of how the detonation is carried out. It seems clear, however, that work
will be done by the system on the surroundings in almost all circumstances
(buildings collapse, earth and air are moved), so the sign of w is probably
negative.

AE = q + w. If g and w are both negative, then the sign of AE is negative,
regardless of the magnitudes of g and w.

Entropy and the Second Law of Thermodynamics

19.20

19.22

19.24

@
(b)
(©)

(@)
(b)

(@)
(b)
(©

When a liquid freezes, the entropy of the system decreases.
AS is negative.

Entropy being a state function means that AS is independent of the path of the
process. AS defined in terms of a reversible path must equal AS for any path.

Cs(l) — Cs(s), AS is negative

Imol Cs . 2.09kJ

AH=15.0gCs x
1329gCs  molCs

=0.2359 = 0.236 k]

AS =

AH 2359 k) < 1909) 1

aH =0.782 J/K
T 1K (273.15+284)K 4

For a spontaneous process, ASuniverse > 0. For a reversible process, AS yniverse = 0.

ASsumroundings 1S positive and greater than the magnitude of the decrease in ASgystem.

ASgyeem = 78 ] /K.
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19.26 According to Boyle's law, P,V = P,V, at constant n and T.
0.900 atm x V; =3.00 atm x V ,; V,/V; =0.900 atm/3.00 atm = 0.300
ASes=nR In (V,/V;) = 0.500 mol (8:314 ]/ moleK)(In 0.300) = -5.0049 = -5.00 J/K

Check. An increase in pressure results in a decrease in volume at constant T, so we
expect AS to be negative, and it is,
The Molecular Interpretation of Entropy

1928 (a)  AHuap for H,0 at 25°C = 44.02 kJ/mol; at 100°C = 40.67 KJ/mol
s = drev _ #402K] 1000] L1

‘ =148 J/mol e K
mol k] 298 K

e Qrev _ 40.67 kJ N 10007 « 1 =109 [/mol « K
T mol kj 373K

(b) At both temperatures, the liquid — gas phase transition is accompanied by an
increase in entropy, as expected. That the magnitude of the increase is greater at
the lower temperature requires some explanation.

In the liquid state, there are significant hydrogen bonding interactions between
H:O molecules. This reduces the number of possible molecular positions and the
number of microstates. Liquid water at 100° has sufficient kinetic energy to have
broken many hydrogen bonds, so the number of microstates for H20(1) at 100° is
greater than the number of microstates for H20(1) at 25°C. The difference in the
number of microstates upon vaporization at 100°C is smaller, and the magnitude
of AS is smaller. .

19.30 (a)  Solids are much more ordered than gases, so AS is negative.

(b)  AS s positive for Exercise 19.7 (@), (b), and (e). [At room temperature and 1 atm
pressure, H:O is a liquid, so there are more moles of gas in the products in
part (e) and AS > 0.]

19.32 (a)  When temperature increases, the range of accessible molecular speeds and
kinetic energies increases. This produces more microstates and an increase in
entropy.

(b)  When the volume of a gas increases (even at constant T ). there are more possible
positions for the particles, more microstates, and greater entropy.

(c)  When a solid dissolves in water, there are both more possible positions for the
particles (ions or molecules) and more motional freedom. The number of
microstates and entropy increases.

19.34 (@)  Since CO- has more than one atom, the thermal energy can be distributed as
translational, vibrational, or rotational motion.
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z

O0=C==0 —= 0==C==0 O=C=0
{ translational ,
! i rotational
’ O==C=0
i —~-— . . —
‘ O=C=0 =~ 0==C===0 ~—> 0=C==0 +—»0=C=0
symmetric asymmetric - bend ~
stretch stretch
L : |
vibrational

(b) According to Boltzmann's Law, S = k InW. The number of microstates, W, is
directly proportional to entropy, S. Thus, if the number of microstates for a
system increases, the entropy of the system increases.

19.36  Melting = -126.5°C; boiling = 97.4°C.

N

[l

200 100 0 —-100 —-200
T(°C)

19.38 (@ 1 molof Asi(g) at 300°C, 0.01 atm (Ass has more massive atoms in a comparable
system at the same temperature.)
(b) 1 mol H,0O(g) at 100°C, 1 atm (larger volume occupied by H,O(g))

(¢) 0.5 mol CHy(g) at 298 K, 20-L volume (more complex molecule, more rotational
and vibrational degrees of freedom)

(d) 100 g of Na,50,(aq) at 30°C (more motional freedom in aqueous solution)

19.40 (@) Fe(l) > Fe(s); AS is negative (less motional freedom)
(b)  2Li(s) + Cl,(g) — 2LiCl; AS is negative (moles of gas decrease)
() Zn(s)+ 2HCl(ag) - ZnCl 2(aq) + Hy(g); AS is positive (moles of gas increase)

(d) AgNOs(ag) + KBr(agq) — AgBr(s) + KNOs(aq); AS is negative (less motional
freedom)
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19.44 (a)
(b)
(©
(d)
19.46 (a)
(b)
19.48 (a)

Entropy Changes in Chemical Reactions

1942 Propylene will have a higher S° at 25°C. At this temperature, both are gases, so there are
no lattice effects. Since they have the same molecular formula, only the details of their
structures are different. In propylene, there is free rotation around the C—C single
bond, while in cyclopropane the 3-membered ring severely limits rotation. The greater
motional freedom of the propylene molecule leads to a higher absolute entropy.

CuO(s), 42.59 ]/ moleK; Cu,0(s), 92.36 J/molsK. Molecules in the solid state have
only vibrational imotion available to them. The more complex Cu» 0 molecule has
more vibrational degrees of freedom and a larger standard entropy.

1 mol N204(g), 304.3 J/K; 2 mol NO:(g), 2(240.45) = 480.90 J/K. More particles
have a greater number of arrangements.

CH30H(g), 237.6 ]/ moleK; CH 30OH(l), 126.8 J/ moleK. Molecules in the gas phase
occupy a larger volume and have more motional freedom than molecules in the
liquid state.

1 mol PbCOs(s), 131.0 J/K; 1 mol PbO(s) + 1 mol COx(g), (68.70 + 213.6) =

282.3 J/K. The second member of the pair has more total particles and half of
them are in the gas phase for greater total motional freedom. Note that 1 mol of
PbCOs(s) has greater entropy than 1 mol of PbO(s), because of the additional
ways to store energy in the more complex CO,2- anion,

C(diamond), S° = 2.43 J/molsK; C(graphite), S° = 5.69 J/moleK. Diamond is a
network covalent solid with each C atom tetrahedrally bound to four other C
atoms. Graphite consists of sheets of fused planar 6-membered rings with each C
atom bound in a trigonal planar arrangement to three other C atoms. The internal
entropy in graphite is greater because there is translational freedom among the
planar sheets of C atoms, while there is very little translational or vibrational
freedom within the covalent-network diamond lattice.

S° for buckminsterfullerene will be > 10 J/moleK. S° for graphite is twice S° for
diamond, and S° for the fullerene should be higher than that of graphite. The 60-
atom “bucky” balls have more flexibility than graphite sheets. Also, the balls
have translational freedom in three dimensions, while graphite sheets have it in
only two directions. Because of the ball structure, there is more empty space in
the fullerene lattice than in graphite or diamond; essentially, 60 C-atoms in
fullerene occupy a larger volume than 60 C-atoms in graphite or diamond. Thus,
the fullerene has additional “molecular” complexity, more degrees of transla-
tional freedom, and occupies a larger volume, all features that point to a higher
absolute entropy.

AS° = 25° NH;(g) - S° N, H,(g) - S° H, (g)
=2(192.5) - 238.5 - 130.58 = +15.9 ] /K

AS® is small because there are the same number of moles of gas in the products as
in reactants. The slight increase is due to the relatively small S° value of Hj(g),
which has fewer degrees of freedom than molecules with more than two atoms.
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(b)

(©)

(d)

AS® = 25° AICl,(s) - 25° Al(s) - 35° Cl,(g)

=2(109.3) - 2(28.32) - 3(222.96) = -506.9 ] /K
AS° is negative because the products contain fewer (no) moles of gas.
AS5® =5° MgCly(s) + 25°H,O(l) - S° Mg(OH),(s) - 25° HClg)

=89.6 + 2(69.91) - 63.24 -2(186.69) = -207.2 ] /K
AS? is negative because the products contain fewer (no) moles of gas.
AS® =57 C,H,(g) +S° Hy(g) - 25° CH, (g)

=229.5+130.58 - 2(186.3) = -12.5 ] /K

AS® is very small because there are the same number of moles of gas in the
products and reactants. The slight decrease is related to the relatively small S°
value for Ha(g), which has fewer degrees of freedom than molecules with more
than two atoms.

Gibbs Free Energy

1950  (a)

(b)
(©)

1952 (a)
(b)
(©)
(d)

1954  (a)

(b)

The standard free energy change, AG®, represents the free energy change for the
process when all reactants and products are in their standard states. When any or
all reactants or products are not in their standard states, the free energy is
represented simply as AG. The value for AG thus depends on the specific states of
all reactants and products.

When AG = 0, the system is at equilibrium.

The sign and magnitude of AG give no information about rate; we cannot predict
whether the reaction will occur rapidly.

AH? is negative; the reaction is exothermic.
AS? is positive; the reaction leads to an increase in disorder.
AG® = AH® - TAS® = -19.5 kJ - 298 K (0.0427 kJ/K) = -32.225 = -32.2 kJ

At 298 K, AG® is negative. If all reactants and products are present in their
standard states, the reaction is spontaneous (in the forward direction) at this
temperature.

AH® = -305.3 - [0 + 0] = -305.3 k]
AS® = 97.65 - [29.9 + 222.96] = -155.21 = -155.2 ] /K

AGE = 2590 - [0 + 0] = -239.0 K]

AG® = ~305.3 k] - 298(-0.15521) k] = -259.047 = ~259.0 k]
AHP = -635.5 + (~393.5) - (~1207.1) = 178.1 k]

AS° =39.75 + 213.6 - (92.88) = 160.47 = 160.5 | /K

AG® = -604.17 + (~394.4) - (~1128.76) = 130.19 = 130.2 k]
AG® =178.1 K] - 298(0.16047) kJ = 130.28 = 130.3 k]
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19.56

19.58

19.60

19.62

19.64

() AH®=4(-1288.3) - [-2940.1 + 6(-285.83)] = -498.12 = 498 1 kJ
AS7=4(158.2) - [228.9 + 6(69.91)] = -15.56 = -15.6 ] /K
AG® = 4(-1142.6) - [-2675.2 + 6(~237.13)] = -472.42 = 472 4 K
AG® = -498.12 k] - 298(-0.01556) k] = -493 48 = -493 5 K

(The discrepancy in AG® values is due to experimental uncertainties in the
tabulated thermodynamic data.)

(d) AH°= 2(-393.5) + 4(-285.83) - [2(-238.6) + 3(0)] = -1453.1 kJ
AST=2(213.6) + 4(69.91) - [2(120.8) + 3(200.0) = -161.76 = -161.8 J/K
AG® =2(-394.4) + 4(-237.13) - [2(-166.23) + 3(0)] = -1404.86 = ~1404.9 kJ
AG® =-1453.2 k] - 298(-0.16176) k] = -1404.996 = -1405.0 kJ
(@ AG®=24G°HCl(g) - [AG® H,(g) + AG® Cla(g)]
=2(-9527k])-0-0=-1905 kJ, spontaneous
(b) AG®=AGe MgO(s) + 2AG® HCl(g) - [AG® MgCl, (s) + AG® H,O0(1)]
=-569.6 + 2(-95.27) - [-592.1 + (-237.13)] = + 69.1 kJ, nonspontaneous
(©)  AG®=AGe N,H,(g) + AG® H,(g) - 2AG® NH;(g)
=1594+0- 2(-16.66) = +192.7 k], nonspontaneous
(d)  AG® =2AGe NO(g) + AG® Cly(g) - 2AGe NOCKg)
=2(86.71) + 0 - 2(66.3) = +40.8 kJ, nonspontaneous

(@)  AG° should be less negative than AH°. Products contain fewer moles of gas, so
AS° is negative. AG® = AH® -~ TAS®; ~TAS® is positive so AG® is less negative than
AHP®.

(b)  We can estimate AS° using a similar reaction and then use AG® = AH° - TAS® (esti-
mate) to get a ballpark figure. There are no sulfite salts listed in Appendix C, so
use a reaction such as CO2(g) + CaO(s) — CaCOs(s) or CO(g) + BaO(s) —
BaCOj;(s). Or calculate both AS° values and use the average as your estimate.

AG® = AH® - TAS®

(@) AG°=-844 kJ - 298 K(-0.165 kJ/K) = -795 kj, spontaneous

(b)  AG°=+572k] - 298 K(0.179kJ/K) = +519 kJ, nonspontaneous
To be spontaneous, AG must be negative (AG < 0).

Thus, AH® - TAS® < 0; AHP < TAS% T > AH°/AS®; T >ﬂk1~ =320x10°K
0.179 kJ/K

At-25°Cor 248 K, AG > 0. AG=AH -TAS>0

AH - 248 K (95 J/K)>0; AH > +2.4 x 104 JiAH > +24 &

AG is negative when TAS > A or T > AH/AS.

AH® = AH° CH,(g) + AH° CO,(g) - AH® CH;COOH())
=748+ (-393.5) - (-487.0) = +18.7 k

302



1 9 Chemical Thermodynamics Solutions to Black Exercises

A5 = 5° CH (g) + 5° CO(g) - $° CH,COOH(l) = +186.3 + 213.6 - 159.8 = +240.1 | /K

L 87K
T 02401 KIK

The reaction is spontaneous above 77.9 K (-195°C).

=779K

1966 (a)  AFP= AH{CH,OH(g) - AH;CH, (g) - 1/2 AH;O,(g)
=-201.2 - (-74.8) - 0=-1264 k]
\S° = S°CH . OH(g) - S°CH,(g) - 1/25°0,(g)
=237.6 - 186.3 - 1/2(205.0) = -51.2 ] /K = -0.0512 kJ /K
(by  AG® = AH® - TAS°. -TAS® is positive, so AG® becomes more positive as
temperature increases.
(¢)  AG"=AH®-TAS® =-126.4 k] - 298 K(-0.0512 k] /K) = ~111.1 13
The reaction is spontaneous at 298 K because AG® is negative at this temperature.

In this case, AG® could have been calculated from AG, values in Appendix C,
since these values are tabulated at 298 K.

(d)  The reaction is at equilibrium when AG® = 0.
AG® = AH® - TAS® = 0. AH® = TAS®, T = AH®/AS®
T=-126.4 k]/-0.0512 k] /K = 2469 = 2470 K.

This temperature is so high that the reactants and products are likely to
decompose. At standard conditions, equilibrium is functionally unattainable for
this reaction.

1968 (a)  AsinSample Exercise 19.9, Ty, = AHg,p /AS,.,
Use Data from Appendix C to calculate AHs;b and AS,, forI,(s).

L(s) = I (1) melting
L(1) - I,(g)boiling

1,(s) - I,(g)sublimation

AH gy, = AH{L,(g) ~ Ay 1,(s) = 62.25-0 = 6225 k]
ASqu =5 11 (8)—5° L (s) = 260.57 - 116.73 = 143.84 J/K = 0.14384 kJ/K

AH? ,,  6225k]

S 0.14384 kJ/K

(b) T forlns)=386.85K =112.7C, iy = 4574 K = 184.3°C
(from WebElements™, 2005)

=432 8K =159.6°C

Tsup =

()  The boiling point of I is closer to the sublimation temperature. Both boiling and
sublimation begin with molecules in a condensed phase (little space between
molecules) and end in the gas phase (large intermolecular distances). Separation
of the molecules is the main phenomenon that determines both AH and AS, so it
is not surprising that the ratio of AH/ AS is similar for sublimation and boiling.
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19.70

(@)  CHy(g) +302(g) » 2CO,(g) + 2H,O()
AH®=2AH; CO, (g)+2AH; H,0O(l)- AH; C,H,(g) - 3aH; O,(g)
= 2(~393.5) + 2(-285.83) - 52.30 - 3(0) = -1410.96 = ~1411.0 kJ/mol C2H; burned
(b) W = AG®=2AG; CO,(g) +2aH; H,0(1) - AG; C,H,(g) - 34G; O, (g)
= 2(-394.4) + 2(-237.13) - 68.11 - 3(0) = ~1331.2 k]

The system can accomplish at most 1331.2 kJ of work per mole of C2H; on the

surroundings.

Free Energy and Equilibrium

19.72

19.74

19.76

Consider the relationship AG = AG® + RT InQ, where Q is the reaction quotient.

(@)  Hz(g) appears in the denominator of Q for this reaction. An increase in pressure
of Hz decreases Q and AG becomes smaller or more negative. Increasing the
concentration of a reactant increases the tendency for a reaction to occur.

(b)  Hz(g) appears in the numerator of Q for this reaction. Increasing the pressure of
H3 increases Q and AG becomes more positive. Increasing the concentration of a
product decreases the tendency for the reaction to occur.

() Hz(g) appears in the denominator of Q for this reaction. An increase in pressure
of H, decreases Q and AG becomes smaller or more negative.

()  AG®=24G° HF(g) - [AG® H,(g) + AG® F,(g)] = 2(-270.70) - [0 + 0] = ~541.40 k]

(b)  AG=AG°+RTIn Piy/Py x Py

-3
- 54140, 8:314x107 k]

x298K In[(0.36)* /8.0 x 4.5]=-555.34 = ~555 k]
Kemol

AG®=-RT InK; InK = -AG® / RT; at 298 K, RT = 2.4776 = 2.478 k]
(@)  AG®=AG° NaOH(s) + AG° CO,(g) ~ AG® NaHCO, (s)
= -379.5 + (-394.4) - (-851.8) = +77.9 k]

_=AGE -779K]
RT  2.478K]
K=Peo, =2 x 107

InK =-31.442=-314; K=2 x 107

(b)  AG®=2AG® HCI(g) + AG® Br,(g) - 2AG® HBr(g) - AG® Cl, (g)
= 2(-95.27) + 3.14 - 2(-53.22) - 0 = -80.96 k]

_ —{(-80.96)
24776
b }?m x Py,

InK +32.68, K=16 x 10"

=— =16 x 10"
P, x Py,
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{c)  From Exercise 19.55(a), AG® at 298 K = -140.0 K].

—_ Q f —
Ink = —3G" _ (-1400) =56.51; K=35 x 10%
RT 2.4776
PZ
:_EL = 35 X 1024
Péo, ><I)02

19.78 K =P, .Calculate AG® at the two temperatures using AG® = AH® - TAS® and then

calculate Kand Pc, .

AH?® = AH° PbO(s) + AH® CO,(g) - AH® PbCO,(s)
=-217.3-3935+699.1 = 883 k]
AS° = S° PbO(s) + S° CO,(g) - S° PbCO4(s)
= 68.70 + 213.6 - 131.0 = 151.3 ] /K or 0.1513 k] /K
(@) AG®=AH°-TAS°. At393 K, AG® = 88.3 kJ - 393 K(0.1513 kJ/K) = 28.84
=288K]

AG®  -28384 x 10°]
RT  8314J/K x 393K

K=Pcp, =1.5x107* atm

=-8.82631=-8.83

InK ==

(b)  AG®=AH® - TAS®. At753 K, AG® = 88.3 k] - 753 K (0.1513 KJ) = ~25.629
=256k

_ —(-25.629 x 10%])
" 8314J/K x 753K

=4.0938 =4.09; K =Poo, =60atm

1980  (a) CH;NH,(aq) +H,0() = CH,NH;*(aq) + OH"(aq)
(b) AG°=-RTInK, =~(8.314 x 10~%)(298) In (4.4 x 10-%) = 19.148 = 19.1 kJ
(©0 AG=0at equilibrium
(d) AG=AG°+RTInQ;[OH"]=1x10"14/15x10-3=6.7 x 10-7

(5:5x107)(6.67x107)

=19.148+(8.314 x 1072)(298) In =-29.43=-29Kk]
0.120

Additional Exercises

19.81 (@) False. The essential question is whether the reaction proceeds far to the right
before arriving at equilibrium. The position of equilibrium, which is the essential
aspect, is not only dependent on AH but on the entropy change as well.

(b) True.
(¢) True.

(d)  False. Nonspontaneous processes in general require that work be done to force
them to proceed. Spontaneous processes occur without application of work.
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19.83

19.84

19.85

19.87

(e)  False. Such a process might be spontaneous, but would not necessarily be so.
Spontaneous processes are those that are exothermic and/or that lead to
increased disorder in the system.

There is no inconsistency. The second law states that in any spontaneous process there
is an increase in the entropy of the universe. While there may be a decrease in entropy
of the system, as in the present case, this decrease is more than offset by an increase in
entropy of the surroundings.

If NH4NOjs(s) dissolves spontaneously in water, AG = AH - TAS. If AG is negative and
AH is positive, the sign of AS must be positive. Furthermore, TAS > AH at room
temperature.

At the normal boiling point of a liquid, AG = 0 and AHyap = TASvap; T = AHvap/ASvap. By
Trouton’s rule, AS,.p = 88 ]/ moleK. The process of vaporization is:
@ Bry() = Bry(g)

AH,,, = AH{ Bry(g) - AH; Bry(1) = 30.71k] ~ 0 = 30.71 k]

T _AH., 3071k . 1000]
* T AS,, 88J/mol.K KJ

=349=35 x 102K

(b)  According to WebElements™ 2005, the normal boiling pont of Bra(l) is 332 K.
Trouton’s rule provides a good”ballpark” estimate.
(@ @ 2RbCl(s) + 30,(g) — 2RbCIO;(s)
AH® = 2AH° RbCIO;(s) - 3AH° O,(g) - 2AH® RbCl(s)
= 2(-392.4) - 3(0) - 2(-430.5) = +76.2 k]
AS® =2(152) - 3(205.0) - 2(92) = -495 J /K = -0.495 kJ/K
AG® = 2(-292.0) - 3(0) - 2(-412.0) = +240.0 k]
(i) CoH,(g) +4Cl,(g) - 2CCl4 (1) + Hy(g)
AH® = 2AH° CCl, (1) + AH° H,(g) - AH° C2H,(g) - 4AH® Cl,(g)
=2(-139.3) + 0 - (226.7) - 4(0) = -505.3 k]
AS® =2(214.4) + 130.58 - (200.8) - 4(222.96) = -533.3 ] /K = -0.5333 k] /K
AG® = 2(-68.6) + 0 - (209.2) - 4(0) = -346.4 k]
(iii)  TiCl,(1) + 2H,0() - TiO,(s) + 4HCl(aq)
AH® = AH® TiO,(s) + 4AH® HCl(aq) - AH® TiCl, (1) - 2AH° H 20(l)
=-944.7 + 4(-167.2) - (-804.2) - 2(-285.83) = -237.6 k]
AS® =50.29 + 4(56.5) - 221.9 - 2(69.91) = -85.43 J /K = -0.0854 k] /K
AG® = -889.4 + 4(~131.2) - (-728.1) - 2(-237.13) = -211.8 k]
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(b) (i)  AG°is (+), nonspontaneous
(i) AG°is(-), spontaneous
(i) AG® is (~), spontaneous

() In each case the manner in which free energy change varies with temperature
depends mainly on AS: AG = AH - TAS. When AS is substantially positive, AG

becomes more negative as temperature increases. When AS is substantially
negative, AG becomes more positive as temperature increases.

()  AS°isnegative, AG® becomes more positive with increasing temperature.

(i)  AS°is negative, AG® becomes more positive with increasing temperature.
(The reaction will become nonspontaneous at some temperature.)

(1if)  AS° is negative, AG® becomes more positive with increasing temperature.

(The reaction will become nonspontaneous at some temperature.)

19.88 AG=AG°+RTInQ

P,  (1.2)?

- —= 5 =2.697 x 107 =2.7x1073
Py, P (2.6)(5.9)

@@ Q

AG® = 2AG® NH;(g) - AG® N, (g) - 3AG° H, (g)
=2(-16.66) - 0 - 3(0) = -33.32 k]

8.314 x 107 kj
Komol

AG =-33.32K] + x 298K x In(2.69 x 107%)

AG =-33.32-14.66 = -47.98 = -48.0 kJ

P2 x P} 3 4
() Q= 2N2 H;O _ (0_.?)2(0.3) 16222 x 107
PN2H4 x PNOZ (5.0 x 107%)*(5.0 x 10 )

AG® =34G? N, (g) + 4AG° H,0(g) - 24G° N, H, (g) - 24G° NO,(g)
=3(0) + 4(-228.57) - 2(159.4) - 2(51.84) = -1336.8 k]
AG =-1336.8 k] + 2478 In 162 = -1324.2 = -132 x 10° k]

_ Py, xPi (1.5)(2.5)

e~ 05

=1875=2 x 10

(© Q

AG® = AG° N (g) + 213G Ha(g) - AG° N, H, (g)
=0+ 2(0) - 159.4 = ~159.4 k]
AG =-159.4 k] + 2478 In 18.75 = ~152.1 = ~152 k]
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