s

Chapter 13

Energy, Heat, and Chemical Change

The conservation of energy, put forth as the first law of thermodynamics, forms the
principal theme of Chapter 13. The second law, governing the disposition of energy and
the attendant maximization of entropy, is taken up in Chapter 14.

Issues addressed here include the interplay of heat and work in equilibrium
thermodynamics, the role of the enthalpy function, and the rationale behind standard
thermochemical ~ calculations. Earlier discussions of classical mechanics (Chapter I) and
the ideal gas (Chapter /() support the treatment throughout. Relevant experimental data
are collected in Table C-| 6 of Appendix C (PoC, pages A85-492).

The opening questions aim to probe some of the underlying concepts and justifications of
the thermodynamic  argument.

1. An intensive property, independent of the amount of materid, has a vaue a every
point in a sample. An extensive property varies with the amount of materid and requires
the entire sysem for its definition.

PROPERTY DEFINITION CLASSIFICATION
(&) pressure force per unit area intengve
(b) temperature average thermd energy per particle intengve
(©) number of moles total amount of substance extendve
(d) volume total capacity of substance extensve
(e) concentration amount per unit volume intensve
(f) density mass per unit volume intensgve
(99 molar volume volume per mole intensve

See also pages 7-8, 468-469, and Example 13-4 in PoC.
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2. Macroscopic properties emerge as average vaues arising from the behavior of
exceedingly complex microscopic sysems. Thermodynamics therefore makes sense only
if a system derives its properties from large numbers of condituents. When we spesak of
an intensve property, we mean a property that is smooth and uniform within any given
andl volume of a sample-a volume smal enough to qudify practicdly as a “point” but
large enough to contain a sufficient number of particles.

3. Let there be N atoms and n moles of hdium within each volume Thenuse PV = nRT
and Avogadro’'s number

_ 6,021 0”atoms
‘" mol

to determine the number density, N/V, a STP:

N n
—=—xN
v U * Mo
P
=Ry Vo
100 am ~6.022x 10” atoms
~ (008206 am L mol™ K™')(273K) * mol

2.69 x 10* atoms
- L

(@ A volume of 1 cm® isequa to 1 mL, or 107 L:

NUMBER DENSITY VOLUME NUMBER OF ATOMS

2.69 x 10%? aoms
L

imL 1L
x[lcm3x = J:2.69x10’" atoms

3 X—
cm 1000 mL

(b) A volume of 1 mm?, equal to 107 L, contains 2.69 x 10' atoms:

3 Im 3% IL -
Imm’ =|{Immx 7107 L
1000 m 0.001 m

2.69 x 10*? aoms

- x107° L = 2.69 x 10" atoms
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(c) Cenvert the volume from cubic microns (1 pm® = 1 pm x 1 um x 1 pm) into liters

3
Im 1L
1pm’ = [1 ] =107,
M U 0 um) 000 m?

2.69 x 10% aoms

- X107 L =269 x 107 aoms

(d) A cube with an edge of 10 nm has a volume of 1072 L:

Im j3 1L

lOnmxlOnmxlOnmz[IOme =1072'L

10° nm)  0.001 m

2.69 x 10% atoms

] x 1072 L = 26.9 atoms » 27 atoms

4. Thermodynamic arguments fall when the dimengons of a system become comparable
to the Sze of the patices The sysem under sudy must contain a sufficiently large
number of particles for gatigtical laws to be vdid.

A 10 nm x 10 nm x 10 nm volume, for example, is clearly inadequate to support a
thermodynamic treetment of hdium gas. 27 particles conditute too smal a sample. A
space of 1 pym X 1 um X 1 um, by contrast, contains nearly 27 million atoms and is likely
to be governed by the “law of large numbers.”

5. A function of state is determined only by the current eqguilibrium condition of a
system, as specified by a st of date variables. A function of path varies with the history
and preparation of a system. See pages 467-468, 480-481, and R13.4-R13.12in PoC.

(@) Internal energy: function of sate. The internd energy of an ided gas, for example,
depends only on temperature and amount:

E 3 RT
=—n
2

quesTion:  Why doesn't E depend on, say, the volume or dendity of an ided gas?

answer: Since, by definition, the particles of an ided gas do not interact, ther
potentia energy is independent of distance. A change in volume or dengty will dter the
interparticle spacings, but there will be no atendant change in the internd energy.
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QUEsTIoN:  The internd energy of an ided gas depends on both an extensve
vaiable (n) and an intensve vaiable (7). Is E itsdf an intendgve or extensve property?

Ansver:  The total interndl energy, $nRT, scales with the amount of substance and
is thus considered an extensive property. One mole of gas hes an interna energy of 3RT.
Two moles have an energy of 2 x 3RT. Three moles have an energy of 3 x 3RT.

The molar internd energy, however, states the vaue of E per unit amount and is
therefore an intensive property:

E
—=—RT
/]

N w

For related examples, see Exercise 1.

(b) Enthalpy: function of gate. Enthapy is condructed from a dtate function (internd
energy) and two sate variables (pressure and volume):

H=E+PV
The product of pressure and volume has dimengions of work (equivadently, energy):

force
Pressure X volume ~ —————-X (length)® = force x length = work
(length)

(c) Heat: function of path. According to the firg law of thermodynamics, the same
change in internd energy-a function of dae-can be redized by infinitedly many
combinations of heat (g) and work (w):

AE=q+w

Nether heat nor work, individudly, is a function of State.

(d) Work: function of path. See above, part (c).

(e) Distance traveled between two cities: function of path. Different routes produce
different distances:
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(f) Minimum distance traveled between two cities: function of state. The minimum
distance in Eudlidean space (measured dong a draight line, “as the crow flies’) is
determined entirely by the postions of the two endpoints. There is one and only one
possible vaue. See the sketch in (€).

6. The fird law of thermodynamics requires that energy be conserved-specificdly, that
any locd variation in a sysem’s energy be accounted for by an exchange of heat (g) and
work (w) with the surroundings.

AE=q+w

If either g or w is zero, then the remaining quantity becomes equa to AE and thus acts as
a function of dater
AE=g¢g if w =0 (for example, a process a constant volume)

AE=w if ¢ =0 (whenever work is done without the exchange of hesat)

The following exercises begin to probe the concepts of heat flow and thermal equilibrium,
a subject that will come to-fruition in Section 14-9 (where we shall understand that
thermal equilibrium, like all other states of equilibrium, represents the culmination of a
dtatistical drive toward maximum entropy).

7. The internd energy of our idedl gas is given by

E nRT

i
N | W

] W

(1.00 mol)(8:3145x 10> kJ mol ™ K™')(1000 K)

=N

25 k]

where n is the number of moles (here, 1 .OO mol) and T is the absolute temperature (here,
1000 K).

Isolated from the surroundings, with no exchange of heat or work, the sysem will
maintain its internad energy of 125 kJ indefinitey:

g=o wW=0 AE=q+w=0

The temperature, directly proportiond to the molar interna energy, therefore is fixed a
1000 K, the sameinthe year 3000 asitistoday. Sincen, T, and ' dl remain congtant
(there being no exchanges of matter, heet, or work), the pressure is unchanged as wdll:

nRT
P = —‘V—‘ =100 atm
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(c) With the amount of materia congant, the change in interna energy is determined
entirdy by the change in temperature:

AE = E, - E, =%nR(T2—T,)

%(1.00 mol)(83145 x 107 kI mol™ K™)(273 K =173 K) = 125 KJ
The find energy of the gas is greater than the initid energy.

(d) Average energy and speed are both higher at the higher temperature. More interna
energy is shared by the same number of particles.

(€) See pages 374-378 in PoC for a discussion of root-mean-square speed:

3RT
m

VHTB =

The symbol 7. represents the molar mass, expressed in units of kg mol™.

Before (at T} = 173 K):

3(831457 mol™ K™')(173K)
Yms =T 40026 x 107 kg mol ™!

3(83 145 kg m* s mol™ K™ )( 173 K)
4.0026 x 107 kg mol ™!

=1.04x10°ms™

After (at T = 273 K):

=130x10° ms™

3(83145 kg m? 52 mol™ K™')(273K)
Yims = 40026 x 10 kg mol"'

(f) Substitute the molar mass of neon (7 = 0.02018 kg mol™") into the defining equation,

f3RT
Vrms = ———
n

and obtain the following root-mean-square speeds:.
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Vems( 173 K) =462 x 1 0°m s~
Vems(273 K) =5.81 x 10> ms™

The neon aoms, more massve than helium, develop a lower speed given the same
amount of kinetic energy (3mv®).

10. Totd thermd energy is an extensve property, scaing with the number of molecules.
The average therma energy per molecule, an intensive property, is independent of total
amount and is reflected by the temperature.

(@ The Atlantic Ocean, vadly larger than a swimming pool, surely has more thermd
energy overdl-more energy than even a swimming pool a a higher temperature. The
average energy per molecule, however, is gregter in the swimming pool at 80°F than in
the ocean a 33°F. An intensive property does not depend on the quantity of matter.

In sum, dthough average thermd energy per molecule is gregter in the system at
higher temperature (the swimming pool), the sysem containing more molecules (the
ocean) has the higher total energy.

(b) For equd volumes of water, tota therma energy is greater in the system at the higher
temperature: 100°C. The average energy per molecule is greater as well.

(c) For two systems of water a the same temperature, the one with the larger
volume (1 L) has the larger number of molecules and thus the larger tota therma
energy-but the average thermd energy per molecule is the same for both.

(d) One liter of weter, however high the temperature, makes up only an infinitesmaly
smdl pat of the universe. The totd thermd energy of the universe is unimaginably
greater, even though the average thermd energy per particle-dependent on
temperature-is greater in the smal sysem at 1000 K.

11. A net flow of heat occurs only between bodies at different temperatures. The
direction of the flow is from high temperature to low, and the exchange continues until
the temperature is uniform and intermediate throughouit.

(@ Heat flows from the swimming pool a 80°F to the ocean a 33°F. It is the difference
in temperature, not the difference in total thermal energy, that determines the direction of
flow.

(b) Heat is transferred from water at 100°C to water a (°C, from high temperature
to low.

(c) No heat passes between two systems a the same temperature (10°C).
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(d) Hest flows from the system at high temperature (1000 K) out to the rest of the
universe. The gas cools.

12. Seepage 48.5in PoC for adiscusson of the enthapy of vaporization.

(8 Water vapor at 100°C has a higher enthapy than liquid water & the same
temperature. The difference is the enthalpy ofvaporization.
The internd energy is higher as well. See Exercise 13.

(b) The enthapy of vaporization brings about a disruption of intermolecular interactions
as the liquid expands into a gas.

Exercises 13 through 76 highlight the similarities and differences between the internal
energy and the enthalpy, both extensive functions of state.

13. The enthdpy function, H, is rdaed to the interna energy by the following definition:
H=E+PV

See Section 13-3in Po(C and dso Examples 13-1, 13-2, 13-6, and 13-7.

(a) For the gas, we use PV = nRT to cdculae the volume per mole:

o
- D

RT _ (0.0820578 &m L mol ™' K™')(37315K)

- -1
P 1.0000 atm 30620 L mol

>

For the liquid, we transform the reciprocd dengty from milliliters per gram into
liters per mole:

4 Iml x180153gx 1L
n 095840 g mol 1000 mL

= 0.018797 L mol™'
(b) Since the boailing trangtion occurs a congtant pressure (P = 1 am), we establish first
that AH and AE differ by theterm P AV (where AV =V -V,):
AH=Hg— H, = (Eg+ PVg) — (E, + PV))
= (Eg-E) + P(Vy=V)

=AE+PAV
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Rearrangement of the equation then yidds the change in molar internd energy:
AE=AH-PAV
= 40.7 kJ mol™*

8.3145x 1073 kJ
0.0820578 atm L

~ (L0000 atm)(30620 L mol™ - 0018797 L mol™)x

= 37.6 kJ mol™

Note that the converson

8.3145 x 107 kJ = 0.0820578 atm L
is implicit in the various representations of R, the universal gas congant:

R =8.3145 Jmol ' K™' = 8.3145 x 10~ kJ mol™' K™' = 0.0820578 am L mol™' K
QuEsTIoN:  Is our result for AE consigtent with the firgt law of thermodynamics?
ANSVER:  Yes, the definition of enthapy guarantees that AH (the firgt term in

AE = AH =P AV) isthe heat transferred at constant pressure.  Further, the term -P AV
represents the work done by the gas expanding againgt a fixed externa pressure:

AE=(q+ W= AH- P AV = 37.6 kJ mol™

The change in internd energy is equd to the heat and work exchanged between system
and surroundings.

() Condensation and vaporization are reverse processes. Any corresponding functions
of date are equa in magnitude and oppodite in Sgn:

AEcon = "AEvap =-37.6 kJ mol_l

(d) The difference between AE and AH during condensation derives from a reduction in
volume, such that

AV= TV, - T,<0
Accordingly, the contribution of P AV to the expression

AH=AE+PAV
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is negative for the gas-to-liquid trangtion, and hence AH,,, is more negative than AE,,.
The enthalpy of condensation, AH,,,,, has the larger absolute value:

|AE o] = |- 37.6 kJ mol ™'} = 37.6 kJ mol ™

AH,, =|-40.7 kI mol™ = 40.7 kJ mol™

14. The method is the same as in the preceding exercise.
(a) Use the reciprocd dendty to obtain the molar volume of each phase:

imL 18015 g 1L

= -1
099984 mol 1000 mL Uit mol

Liquid: V, =

180153 L
Sl ¥ = L g

= x =0.01 L mol™'=0.0196 L mol™
g 0.917gx o 1000 L 0.019646 L mo 0.0196 L mot

The molar volume of the solid is larger. Water expands upon freezing.

(b) The difference between AH and AE a congtant pressure is determined by the change
in voume

AE = AH—PAV = AH - P(V, - V,)
=60 kJ mol™

83145x107 kJ

~ (1.0000 atm)( 0.018018 L mol ™" = 0.019646 L mol™") x :
0.0820578 atm L

= 6.0 kJ mol™ + 0.000165 kJ mol ™' ~ 6.0 kJ mol ™
(©) The change during freezing is equa in magnitude and opposte in Sgn:
AEeere = —AEmerr = (6.0 + 0.000165) kJ mol™ » -6.0 kJ mol™

(d) Although |AE
since the P AV term is so smdl in comparison to 6.0 kJ:

is dightly greater than 'AH

freeze

the vaues are nearly the same

freeze >

AE e = |- (60 + 0000 165 kJ mol™ | ~ 60 kJ mol™

AHeye = |- 6.0 kI mol™'| = 6.0 kJ mol™

freeze
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15. The difference in volume between liquid and vapor is usudly far greater than the
difference in volume between liquid and solid. Hence the P A} term contributes
compardively less to the enthdpy change

AH=AE+PAV

during the liquid-solid trangtion.

16. We continue to explore the relationship between enthalpy and internal energy:
H=E+PV

See Section 13-3 and Examples 13-1, 13-2, 13-6, and 13-7.

(& We dipulate that volume decreases during the freezing trangition, so as to make
AV < 0. Giventhat AE = -100 J at constant pressure, we then inspect the equation

AH=AE+PAV

to determine that AH is equd to -100 J plus a negative number (P AV). The only
acceptable vaue from the ligt is -101 J.

(b) Since mdting is the reverse of freezing, the two enthapies are rdaed by a minus
SO AHmeit = —AHjreeze = 10 1 J.

17. Recdl that pressure is equd to force per unit area:

force x length  force x length
pressure  force/ area

= length x area = (length)’ = volume

(8 We derive the converson factor
008206 am L = 83 145 ]

by noting the relationship between two equivdent formulations of the universa gas
congtant:

R=0.08206 am L mol™' K™= 8.3145 J mol™ K
With that, we have only to recognize that 1 Jisequa to 1 N m:

INm 1J 008206 am L _ ,
am NS T Bawsy o o80x10TL

353

See Sections |-4, 1-7, and 13- 1in PoC, as well as Table C-2 (page A63), for areview of

newtons and joules.
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(b) Same as (a). Expressed in base S units of mass, length, and time, the joule (or
2

newton-meter) has dimensions of kg m? s
lkgm’s™ 1J  0.08206 atm L

- -3
am kgmls?  8ausy - oer0xl0TL

(c) Convert grams and centimeters into kilograms and meters, and convert torr into
atmospheres:

lgem? s lkg Im )* 760 torr  0.08206 amL -

X X x 55 = 7.501 x 107" L

torr 1000g \100 cm am 83 145 kg m” s
Notethat 1J=1N m=1kg m*s~>,

(d) One pascal is equa to one newton per square meter, and one joule is equa to one
newton-meter:

1JX1Nm 1Pa 1L

X 2 X 3
Pa J Nm~* 000lm

= 1000 L

The next group of exercises, focusing exclusively on ideal gases, should help clarify the
ins and outs of heat and work in simple systems. Familiarity with both the macroscopic
theory of the ideal gas (Section / O-2) and the kinetic theory of gases (Section | O-3) will
prove useful throughout. Note that the kinetic theory, a particle-based statistical model,
is a nonthermodynamic formulation.

18. For agas a constant temperature (AE = 0), the first law ensures that work and hest
are equa in magnitude and oppodte in sgn:

AE=g+w=0
q=-w

(@ To expand isothermdly, the gas must absorb heat from its surroundings to do the
work of expansion. Such absorption, however, is impossble here since the gas (300 K) is
a a higher temperature than the surroundings (270 K). Heet flows naturdly from a body
a higher temperature to a body at lower temperature, not the other way around.

(b) An isotherma contraction is possible under the prescribed conditions. The work of
compression done on the system (the gas) is balanced by an outflow of heat from system
to surroundings.
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19. Here wekeep track of w, g, AE, and AH during an isotherma expansion of a gas.

(@ A system does work on its surroundings when it expands against a constant pressure:
w=-PAV<0i f AV>0

Work is required to increase the volume againgt a ressting force.

(b) Our convention, evidenced in the equation w = -P AV, is to treat work done by the
system as negdive: w = -100 J.

(c) Work done by the system makes a negative contribution to AE and thus lowers the
internd  energy:

AE = q + w = q + negative contribution

(d) Since the gas expands isothermaly (AT= 0), there is no change in internd energy
despite the work done on the surroundings. To maintain congtant energy, the first law
of thermodynamics demands that a flow of heat come from the surroundings into the
sysem:

AE=q+w=0

q=-w

The d9gn of q is pogtive.

(e The influx of heat (congdered postive) raises the internd energy of the system by
precisdly the amount lost owing to the mechanica work of expanson:

q=-w=—(~100J) =100J

(f) The change in energy, dependent only on the temperature, is zero for both system (ges)
and surroundings because AT = 0. The change in enthdpy for the system is equd to the
heat absorbed under constant pressure, gp. For the surroundings, any change in a dtate
function is equd in magnitude but opposte in Sgn:

AE(T)  A=gp())

Sygem: 0 100
Surroundings: 0 -100

The totd changes in E and Hare both zero for system and surroundings combined.
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20. We continue with the gaseous system introduced in the preceding exercise, subjecting
it now to an isotherma compression rather than expansion.

(@ This time, the surroundings do work on the system to force the isothermal
compression. The work is conddered postive, and there is a compensating outflow of
heet from the system in order to maintain AE = 0. The heat, ¢ = -100 J, has a negative
sgn.

(b) Apply the firgt law:
AE=g+w=0

W= ~—q=—~(~100J)=100J

(¢) The change in internd energy is zero, because the temperature remains constant:
AEsys =-AEgx=0

The change in enthdpy for the system is equd to the heat exchanged under congtant
pressure, determined above in (a):

AHys = gp = -100 J

The corresponding change for the surroundings is equa in magnitude and opposite in
ggn:

AHgr = -AH,,, =100 J

21. We examine further the relationships connecting AE, g, w, and AH, again usng a gas
as an illugrative modd system. See Example 13-1 in PoC.

(@ The internd energy of an ided gas is proportiona to temperature and amount:
nR(T, - T;)

(1.00 mol

N’

(83145 Imol 'K )(298 K = 273 K)

=312}

See pages 374-376 of PoC, aswell as Examples 10-8, 10-9, and 13-5.
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(b) Given the change in internd energy (AE = 3 12 J) and an accompanying transfer of
heat (q = 520 J), we use the first law of thermodynamics to caculate the necessary work:

AE=g+w
w=AE-q=312J-520J=-208]
(c) Since w is negative, we know that the work is done by the system expanding againgt a

condant externd pressure of 1 am. The volume goes up, in agreement with our
definition of pressure-volume work:

w=-P_ AV

ext

w —-20817] 0.08206 atm L
b =205 L

=2
P 1.00 atm 83145

ex

According to the ided gas law as well, we expect the volume to increase in direct
proportion to the rise in temperature:

AV =V, -V, = —”R<TTD' )

_ (1,00 mol)(0.08206 amL mol ™' K" }(298 K ~ 273K)
- 100 am

=205L
The results obtained by the two methods are consstent, as they must be.

(d) The change in enthapy, AH, is equa to the heat absorbed at constant pressure: 520 J,
the value dready given. No further caculation is necessary.

For confirmation and additiona practice, however, we shdl use the change in
volume to compute AH explicitly:

831457
AH = AE+ PAV =312 7 +(1.00 . —
+ +(100 atm)(2.05 L)x0.08206 —
=312 1+208]
= 50 J

() The reaction is endothermic, since AH > 0. Heat flows into the system.
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22. The wording of the problem enables us to specify P, ¥, 7, and n for both the initid
and find dates

P = 1.00 atm V1:22.4L T,=273K nm = 1.00 mol
P> = 1.0916 atm Vo=224L T,=298K ny = 1.00 mol

Recall here that the molar volume of an ided gas a STPis 224 L (PoC, page 367), ad
sowe have V=V, =224 L for the rigid container. Observe aso that pressure insde the
container increases during the process, going from 1 am at 273 K to 1.09 atm at 298 K:

Py = P x—2= 1,00 am x et
2 = X m MR AMX K

= 10916 am
We shdl retain extra digits in P, to avoid round-off error.

(@ Similar to Example 13-2. Fird, use the egquation
E= 3 RT
to caculate the change in internal energy for the monatomic ges
_3 - _
AE = > (100 mol)(83145 I mol ' K~ )(298 K-273 K) = 312 J

Second, redlize that the syssem undergoes no change in volume and therefore no
mechanica work: w = 0.
Next, use the first law of thermodynamics to determine q:
g=AE-w=312]-0=312]
Findly, compute AH given the definition of enthdpy (H = E + PV)
AH = AE + A(PV)
= AE+(RV, - BV}
= AE+V,(P, - P)

831457
=312J +(22.4 L)(1.0916 atm — 1.00 atm) x ———————= 520 ]
0.08206 atm L

Note that the applicable pressure is the internal pressure, and note further that the volume
remains congtant in this example: 7, = V,. Compare the process with the one in Exercise 2 1.
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ALTERNATIVE  saLution:  For an idedl gas, we can subdtitute
A(nRT) = A(PV)
and solve for AH based on the change in temperature:

AH = AE + A( PV)
= AE + A(NRT)
= AE +nR(T, - T;)
=312 J+ (100 mol)(8.3 145 J mol™ K™')(298 K - 273 K)
= 50 J

(b) The sgn of ¢ is podtive. Heat flows from the surroundings into the system.

23. Internd energy is a state function. The history or preparation of a system has no
effect on the vdue of AE.

(@ There is no net change in interna energy, because both the temperature (T} = T =
273 K) and amount of substance (n; = n,) are the same at the beginning and at the end:

AE = R(n2T2 —anl):O

SRR

Only the initid and find Sates are rdevant. We ignore everything that happens in
between.

(b) The change is irreversible, owing to the abrupt and turbulent steps in the process.
A transformation is consdered reversble (or quasi-static) only if it proceeds in a series
of vanishingly smdl geps remaning infinitesmdly close to equilibrium a each dage
See pages 471-474 in PoC.

The remaining problems deal with various practical aspects of thermochemistry, focusing
principally on heat capacity and calorimetry (Exercises 24 through 31, 41, 42) and Hess s
law (Exercises 32 through 40).

24. Heat capacity is covered in Section 13-3 and illustrated in Examples 13-5, 13-6, and
13-8.
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(8) Substance X has a constant-pressure heat capacity, cp, equal to 50 Jmol™ K™! a 4l
temperatures:

q= cpAT = cp(Tz - T,) (per mole)
= (50 Jmol 'K ™')(300 K - 100 K)
= 10,000 J mol™
(b) For substance Y, the heat capacity cp(7) varies with temperature:
cp(T) =50 I mol K™ for T<200K
e(T) =100 Imol ' K™ for T>200K

We obtain the tota heat absorbed as the sum of two separate contributions, one from each
region where ¢p(7) is condtant:

g= (50 Jmol™ K™')(200 K = 100K) + (100 IJmol ' K~')(300 K - 200 K)
= 5000 Jmol ™" + 10,000 Jmol ™

= 15000 J mol™

25. The heat capacity of a substance (cp) determines the change in temperature for a
given flow of heat (g):

94
nep

AT =

The smdler the heat capacity, the larger is the change in temperature imposed on some
fixed molar anount n. See Section 13-3 and Examples 13-5, 13-6, and 13-8.

(a) Substance X, with ¢p = 100 J mol™ K™, undergoes a larger change in temperature
when it absorbs the same amount of heat as substance Y (cp = 200 J mol™' K™").

(b) Hesat is digributed into a system’s microscopic degrees of freedom-trandations,
rotations, vibrations, eectronic excitations. Different substances have different interna
modes and therefore different “capacities’ to absorb and store therma energy.

(¢) Monatomic gases possess only the ability to trandate and thus have access to only
three degrees of freedom. There are no differences in the internal modes available to one
such gas and another, provided we ignore eectronic excitations and interparticle
interactions (as we do for systems considered idedl).
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26. The substance with the grester number and variety of internd modes should have the
higher heat capecity. For experimenta values, see Table C-1 6 in PoC (pages A85-A92).

(& C;Hs can vibrate and rotate in additibn to undergoing trandationd motion. Its heat
cagpacity is higher than that of He, which can only trandate.

(b) CgHjg, With more atoms and more bonds than CH,, has the higher heat capacity. It
has more rotationd, vibrationa, and eectronic degrees of freedom.

(¢) Cly, a diatomic molecule, is able to rotate, vibrate, and trandate. Monatomic Ne can
only trandate. Cl, has the higher heat capacity.

(d) Enormoudy large and complex, DNA has a higher heat capacity than H,0.

(€) NH; has more atoms and more bonds than H,—and hence the higher heat capacity.

27. See Examples 13-5 and 13-6 for details about the molar heat capacity of a monatomic
gas.

(& Since no pressure-volume work is done a congtant volume,
w= -PAV= 0

we note firgt that the change in interna energy is determined entirely by the flow of hest:
AE=qg+w=qg+0=¢qy

Next, given the interndl energy of an ided gas (AE = 3nR AT), we establish that ¢y is
equa to 3R:

gy AE _3nRAT 3
“ THAT T nAT "2 nAT T2

The heat trandferred a congtant volume follows directly:

3
gy =ney AT = n(—z— R)AT

1 mol Ne (3
- (100. g Nex ——mo——e—)(i X 0.0083 145 kI mol K")(loo K)
2018 g Ne/\2

= 618 kJ
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(b) The heat transferred at constant pressure, gp, is registered as a change in enthapy:
AH=AE+PAV=qp
We then use the ided gas relaionships

AE:%MAT axd  PAV=nRAT

to equate cp with %R:

AH=AE+PAV =¢q,

nR AT +nR AT

1}

Nk Nw

nR AT

]

R

N[ o

c dp :
P™ nAT

For a sample containing 100 g Ne, a 100-K rise in temperature thus requires the
absorption of 10.3 kilojoules a constant pressure:

5
dp = NCp AT = VI(ER)AT
1 mOl Ne (5 -1 _1}
=| 100.gNex———|| = x 0. 145 kJ mol™ K™ {100 K
[ J 20.18gNe] y * 00083 )
=103 kJ
28. See Section |-7 in PoC for a discussion of work and energy in general. Examples |-l

through |-3 treat the specific case of gravitationa potentid energy.

See dso Example 13-8 (beginning on page R13.17) for an illustration of a typica
cdorimetric  caculation.

(@ The potentiad energy of a body subject to terrestrid gravity is given by the equation
E=mgh

where m is the mass (in kilograms), g is the acceleration due to gravity (9.81 m s™), and h

is the height of the body (in meters) close to the earth’s surface. The energy is thus

expressed in kg m? s, or joules:

E = (1.00kg)(9.81ms2)(10.0 m) = 98.1kg m* s> =98.1J
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We assume that this potentia energy, converted into kinetic energy, is absorbed fully by
the water as heat (¢p, & constant pressure):

gp = ncp AT
AT= T - 1000 mL 100g H 098.“ | mol
ncp m wgH, mol ) e
100 L x x X 75.3J k!
( L mL 180159 1,0/ mol™'K™')
= 0.0235 K

(b) Use the same method as in (), but this time subgtitute 0.100 L H,O in place of
1 .00 L. The tenfold reduction in volume leads to a tenfold increase in AT:

AT=0.235K

Absorbed by a smdler mass of water, the same quantity of heat produces a proportiondly
greater rise in temperature.

29. Except for the use of ethanol instead of water, the method is the same as in Exercise 28:
gp = nc, AT =mgh

_4» _mgh
ncp  Nep

AT

The hest capacity and density of C,H;OH a 25°C are given as 111.5 J mol™' K™ and
0.789 g mL™', respectively:

1000 mL 0789 g C,H,OH 1 mol

n=100L x X X = 17.126 mol
L mL 46.069 g C,H,OH

(1.00 kg)(9.81 m s~ }(10.0 m) x—
mg. kgm*®s
AT = =2 = = 0.0514 K
nep (17.126 mol)(1115 Jmol 'K ')

30. The specific heat, ¢,, denotes the heat capacity expressed per gram of substance. See
pages 477 and R13.19in PoC.

(@ Use the molar mass to convert moles into grams:

816 J 1 mal
“ = mol K *32.042 g CH,OH

=255Jg'K™!
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(b) The temperature of al-g sample rises by 1 K for every 2.55 J absorbed. Here the
total mass proves to be 105 g:

q =mc, AT

g9 3135
T AT (25507 K117 K) =

m 105¢g

Remember tha the Cddgus degree and the kelvin have the same magnitude.

31. In generd, the relationship between heat and temperature is determined by the
quantity of matter and the heat capacity:

Heat = quantity of matter x heat cgpacity x change in temperature

(a) If 1 gram of silver has a heat capacity of 0.235 J K™, then a lo-gram mass has a hesat
capacity of 2.35 JK™'. The quantity of heat scales in proportion to the mass

02%.J
o x100g=235] K™ (per10gAg)
g

(b) Given the mass (m), specific heet (c,), and change in temperature (AT), we have
sufficient information to caculae the quantity of heat:

g = mc, AT =(100g)(0235Jg ' K™')(103K) = 24.2
Note that the change in temperature
AT=T>-T,= 30.3°C-20.0°C=103°C=10.3K

is the same whether expressed in kelvins or degrees Cdsius The sze of a degree is
identicd in both scaes.

32. Hess's law, gpplicable to any function of state, alows us to caculate the standard
change in enthdpy for an arbitrary chemicd reaction:

aA + BB » cC + dD
AH'" = ¢ AHO(C) +d AHZ (D) - a AHS (A) - b AHZ (B)

The standard enthalpy of formation, AH;, is zero for any dement in its sandard Sate
under standard conditions. See Section 13-4 and Examples 13-9 through 13-11 in PoC
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for amilar cdculaions. Standard enthalpies of formation are collected in Table C- 16 of
Appendix C (pages A85-A92).

(@ The sublimation of potassum metd is endothermic (AH” > 0). Heat must be
absorbed if atoms are to be liberated from the solid:

K(s) = K(g)

AH" = AHY [K(g)| - AHF[K(s)]

89.0 kJ 0kJ
= x 1 mol| —| ——x 1 mol
mol mol

= 89.0 kJ (endothermic)

(b) The precipitation of magnesum chloride is endothermic:
Mg**(aq) + 2ClI(aq) — MgCly(s)

AH = AH} [MgCL, (s)] - AH; Mg (aq)| -2 AHF [C1 (aq)

641.3 kJ 466.9 kJ 167.2 kJ
== xImol |- - X1mol|—| ~ x 2 mol
mol 11101 mol

= 160.0 kJ (endothermic)

() The disolution of sodium hydroxide is exothermic (AH” < 0):
NaOH(s) — Na'(aq) + OH-(aq)

AH" = AH; [Na* (aq)] + AH{[OH ™ (aq)| - AH [NaOH(s)]

2401 kJ 230.0 kJ 425.6 kJ
=| - x 1 mol|+/| = x1mol|—-| - x 1 mol
mol mol mol

= -445 kJ (exothermic)

Note that we have no quditatively reliable way to predict whether a particular
dissolution-precipitation reaction will be endothermic or exothermic. See pages 543-550
in PoC and dso Examples 15-8 through 15- 2 for the role played by enthdpy, entropy,
and free enargy in solution equilibria
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(d) The complete combustion of methane to carbon dioxide and water is strongly
exothermic:

CHy(g) + 205(g) = COx(g) + 2H,0(¢)

AH" = AHP[CO, ()] +2 AHF [H,0(0)] - AH7[CH, (9)] - 2 017 [0, (2)]

3935 kJ 285.8 kJ
- 5 XImol | #| - % 2 mol

m mol
748 kJ 0kJ

- - x1mol] - x 2 mol
mol mol

-890.3 kJ (exothermic)

(€) The synthess of ammonia, discussed in Section 12-6, is exothermic:

Na(g) + 3Ha(g) — 2NHs(g)

AH° =2 AH] [NH,(9)] - AHT [N, (9)] - 3AH] [Hy (8)]

46.1kJ 0kJ 0kJ
- x2mol|—-|—=x1mol|—-|——x3 mol
mol mol mol

-92.2 kJ (exothermic)

I

{l

(f) The decomposition of hydrogen peroxide is exothermic:

Hy0x(f) = H20(f) + 30(g)

AH® = AH;[H,0(0)] +%AH?[02(g)] ~ AH;[H,0,(0)]

285.8 kJ Ok 1 1878 kJ
- x1mol|+| —x—mol|-| - xImol
mol mol 2 mol

It

-98.0 kJ (exothermic)

t!
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33. Use the same method as in the preceding exercise.

(@ The process shown is the formation reaction for sulfur dioxide:

S(s) + Oug) = SO(g)

AH' = AHR[SO, (8)] - AHF[S(s)] - AHE [0, ()]

296.8 kI 0kJ 0kJ
== x 1 mol| - x 1 mol| - x 1 mal
mol mol mol

= -296.8 kJ (exothermic)

(b) The neutrdization of hydronium and hydroxide ions is exothermic:
H'(aq) + OH-(ag) — Hy0(0)

AH" = AHP[H,0(0)] = AH;[H (aq)] = AH{ [OH (aq)

285.8 kJ 0kJ 2300 kJ
=- xlmol| - —x1mol|~} - x 1 mol
mol mol mol

= -55.8 k] (exothermic)

(¢) The decomposition of methane into its condituent dements is the reverse of the
formation reaction. We find, accordingly, that AH” is equal to —AH{ [CH, (g)]

CHa(g) —» C(s) + 2Hx(g)

AH" = AHZ[C(9)]+ 2 AH? [H, (2)] - AHE[CH, (o)

0kJ 0kJ 748 kJ
=|——x1mol|+|—x2mol|—|—- x 1 mol
mol mol mol

= 74.8kJ = ~AH{[CH, ()] (endothermic)




368 Complete  Solutions

(d) Similar to (c)-the decomposition of a substance, water, into its congtituent eements:

H,0(g) - Hag) + 30:(g)

AH® = AHP[H,(g)] +—;—AH?[02(g)] ~ AH{[H,0(g)]

0kJ 0kJ 1 2418 kJ
=|—x1Imol]+|—=x=mol|-| - x 1 mol
mol mol 2 mol

= 241.8kJ=-AH{[H,0(g)] (endothermic)

(e) Another decomposition of a substance (here, ozone) into its component eements:.

205(g) - 302(g)

AH" = 3AH;’[02(g)]—2AH? [Os(g)]

(o kJ ) ( 142.7 kJ j
= x 3 mol | - x 2 mol
mol maol

= -285.4 kJ (exothermic)

(f) The formetion of two moles of fluorine aoms from one mole of dementd fluorine is
endothermic. Energy is needed to break the F-F bond:

Fx(g) — 2F(g)

AH" = 2AH; [F(@)] - AH}[F, ()]

(79.4 kJ ) (0 kJ )
= x2 mol |- x 1 mol
mol mol

= 158.8 kJ (endothermic)

34. Phase trandtions. The transformation is endothermic in the direction
order — disorder

and exothermic in the direction

disorder — order
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(& The evaporation of butane is endothermic:
CaHio(0) — CqHio(g)

AH" = AH?[C4H10(g)] - AH?[C4H10(€)]

124.7 kJ 147.6 kJ
={~- x1mol|-]| - x 1 mol
mol mol

= 229 kJ (endothermic)

The vaue computed is the heat of vaporization, per mole,

(b) Compare the process here to the one considered in (a). Condensation is the reverse
of vaporization:

CiHio(g) — C4Hio(9)

AH® = AH?[C4H10(Z)]’" AH:‘)[CLtHlO(g)]

147.6 kJ 1247 kJ
= - xI mol| =| - xImol

mol mol

= -22.9 kI (exothermic)

The heat of condensation is equad in magnitude and opposite in Sgn to the heat of
vgporization.

(c) The evapordation of benzene is endothermic:

CéHs(£) = CsHe(g)

AH® = AH[CoH(8)] - AHF [CoH(0)]

82.9 kJ 49.0 kJ
:---rlmoll— x 1 mol
mo mol

= 33.9 kJ (endothermic)
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(b) The equation represents the formation of one mole of gaseous ethylene from its
eements

2C(s) + 2Ha(g) — C.Ha(g)

Conaulting Table C- 16 for the sandard enthdpy of formation, we have AH” without any
explict caculdion:

523kJ

e

x 1 mol =52.3kJ

(c) The reaction
SOx(g) = S(s) + 201(g)

brings about the decomposition of one mole of gaseous SO3 into elementa sulfur and
oxygen. To obtain AH®, we look up AH}’[SO3(g)] and reverse the sign:

395.7kJ
mol

AH® = ~AH{[SO4(g)] = -( - ) x 1 mol = 395.7 k]

(d) Here we have the decompostion of two moles of sodium chloride into eementdl
sodium and chlorine:
2NaCl(s) = 2Na(s) + Clx(g)

4112 kJ

AH® = 2AH{ [NaCl(s)] = -( - x 2 mol) = 822.4 kJ

37. Use the molar mass to convert kilojoules per mole into kilojoules per gram.

(8 We caculated in the previous exercise that AH” = -546.6 kJ for the formation of two
moles of HHQ):

Hax(g) + Fa(g) — 2HF(g) AH® = -546.6 kJ
The vaue corresponding to the formation of 1 .00 g is computed as follows:

5466k 1 mo HF
~2md HF~ 20.0063 g HF

X 100 g = -137 kJ
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(b) The endothermic formation of one mole of ethylene requires 52.3 kilojoules. Scaed
down, the formation of one gram requires 1.86:

523kl 1mol C,H,
mol C,H, ~ 28.0549 C,H,

x 100 g =18 kJ

(c) The reaction as written,
S(s) + 30:(8) - SOs(g)

is the reverse of the process consdered in Exercise 36(c). The change in enthdpy is
therefore oppodite in sgn:

3057 kI 1mol SO,
"~ mol SO, ~ 80.064 g SO,

X 100 g = -494 kJ

(d) Smilar. The resction as written,
2Na(s) + Cly(g) - 2NaCl(s)

is the reverse of the process consdered in Exercise 36(d). The change in enthalpy is
oppogite in Sgn:

~ 824k 1 mo NaCl
2 mal NaCl ~ 58.443 gNaCl

x 1.00 g= -7.04 kJ

38. We can sysemdticdly derive a baanced equation for the complete combustion of any
alkane (a hydrocarbon with genera formula C,H;, + ;):

_CnH2n+2 +_ O _— CO, + ___Hzo (unbalanced)
CiHau+2 + 0y » nCO+ _ H)O (C is balanced)
CHyyvz + __ 02— nCOy + (n + HH0 (H is balanced)

3n+1
2

CoHapso + 0, » nCO + (n+ HH,0 (0 is balanced)

(8 Applied to propane (= 3), the generdized equation quickly gives us a balanced
resction:

CsHs(g) + 50(g) — 3COx(g) + 4H0(0)




374 Complete  Solutions

After that, we apply Hess's law to calculate AH ®:

AH® = 3AH7[CO, ()] +4 AHF [H,0(0)] - AH{ [C3 Hy (2)] - SAH? [0, ()]

3935 kJ 285.8 kJ
=~ x3mol|+|— x 4 mol

mol mol
103.9 kJ 0kJ
- = x I mol| —| —— x5 mol
mol mol
=-2219.8 kJ

(b) Convert moles into grams:

22198 k] 1mol C,H,
mol C,H, ~ 44.097 g C3H,

39. Use the same method as in the preceding exercise.
(& Inserting n = 4 into the generd combustion formula for an alkane,

In+1
2

C.Hyp 4o + 02 - nCO, + (n+ 1)H20

we have a balanced equation for butane:
CiHig(g) + 20xg) — 4COx(g) + SH0()

The corresponding enthapy of reaction, per mole of C4H,q, is -2878.3 kJ:

AH® = 4AH[CO, ()] + SAH: [H,0(0)] - ABE[C, Hyo (@)] - AH? [0, )]

3935 kJ 285.8 kJ
=1 = x4 mol]+| - x 5 mol
mol mol

( 124.7 kJ | 1) (OkJ 13 lj
T ot <O (g 2 MO

= -2878.3kJ
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(b) Convert moles into grams.

28783 kI 1mol C,H,,
"o C,H,, 58123 g C,H,,

x100gC,H,, = -49.5kJ

(c) Propane (C;Hg) yidds more enthapy per gram: -50.3 k.

40. We begin with the combusgtion of sucrose to carbon dioxide and weter:
Ci12H22011(s) +120,(g) = 12C0Ox(g) + 11H,0(4) AH" = -5644 kJ

(8) Given the overd! enthalpy of reaction (AH° = -5644 kJ), we rearrange the Hess's law
summetion

AH® =12 AH7[CO, (2)] + 11 AHE [H,0(0)] — AHP[C,,H,,0,,(5)] - 12 AH7 [0, (8)]
to obtain the standard enthalpy of formation of C,,H,,0(s):

AHE[ClHp 04, (9)] = 12 AH7 [CO, ()] + 11AH; [H,00)] - 12 AHF [0, (8)] - AH®

= (_ 385 kJ x12 mol) +(— 2858 kJ x| mOHJ
mol mol

0kJ
- (—— x 12 mol) ~ (- 5644 kJ)
mol

=-2221.8k]

The result, limited to a whole number by the value AH" = -5644 J, is -2222 kJ mol ™.
(b) Use the molar mass to convert moles into grams.

2222 kJ 1 mol C,H,,0,,

=-6.491kJ g™ (formation)

5644 kJ I mol C\,H,, 0y,
mol C;,H,0,, 3423009 C,,H,,0,,

=-16.49kJ g”'  (combustion)
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41. See Example 13-8 in PoC (beginning on page R13.17) for a related sample problem.
(@ We implement a Hess's law summation to cdculate the enthapy of reaction:

NaCl(s) — Na'(aq) + Cl-(aq)

AH" = AHF[Na* (aq)| + AH;[CI™ (aq)| - AH} [NaCl(s)]

240.1 kJ 167.2 kJ 411.2 kJ
=|- x 1 mol | +| - x1mol | —| - x 1 mol
mol mol mol

=39 kJ

The reaction is endothermic. Heat flows from the surroundings into the system, leaving
the surroundings a a lower temperature.

(b) At congtant pressure, the heat outflow from n moles of water is given by the equation
gp = ncp AT
and the corresponding change in temperature is therefore

9r_
ncp

AT =

We are dready provided with the vaue of ¢p for water, and we can caculate the number
of moles from the volume and densty:

10gH,0  1mo H,0

= 50, H,0 .
n=50.00 mL H,0 x mL H,0 ~ 18015gH,0

=2.775mol H,0

The heat fuding the endothermic dissolution of 10.00 g NaCl fallows from the molar
AH® cdculated in (). Tresting water as the calorimetric system, we use a negative sign
to indicate the outflow of heat from H,O(¢) to NaCl(s):

1000 J
gom——o K Lmd NaCl_ 00 g NaClx 222 = — 6673 9
™ mo NaCl 58.443 g NaCl kJ
Putting everything together, we obtain the change in temperature:
AT =P — %3 ) =-32K=-32°C

nep (2775 mol)(753 Imol” K7
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Note that the two-digit accuracy of AH” likewise limits AT to two sgnificant figures.
The find temperature is 21.8°C:

T, =T+ AT = 25.0°C - 3.2°C =21.8°C

42. Ancther caorimetric caculaion, smilar to the preceding exercise.

(8) Redlize that the substance NaNOs(aq) is actudly a mixture of Na'(aq) and NO; (aq)
ions. Therefore we write

SH;[Na* (aq)] + AHF[NO; (aq)] = AHF[NaNO; (aq)]
and use the available data to determine AH for the nitrate ion:
AHF|NO3 (aq)| = AH7 [NaNO; (aq)) - AHf [Na” (aq)|

= -445.1 kJ mol ™ - (- 240.1 kJ mol ™)

= -205.0 kJ mol™
(b) Apply Hess's law, as demondtrated in Exercise 32:

AgNOs(s) — Ag'(aq) + NOj(aq)

AH" = AHY[Ag” (aq)] -t AHT[NOS (aq)] - AH?[AgNO; (9)]

1244 kJ
_ ( 1056 kJ » mol) N (_ 2050 kJ X 1.mol) - (__ J o1 o)
mol mol mol

= 250KkJ

We have an endothermic reaction. Silver nitrate absorbs heat from the water bath, and the
temperature of water in the caorimeter decreases as a resullt.

(c) Use the same method as in Exercise 41(b). Note that the sign of ¢p is negative,

gp_~ 250Kk x 1md AgNO, 1000 J
= x 10.00 g AgNO; x
mol AgNO,  169.873 §j AgNO, 86T

=-1471.71]

representing an outflow of heat from water to the endothermic AgNO; reaction:
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AT = 2
l’lCP
~ 14717
_(2000 LH.ox [0 H0  1moiH,0 \(75.3JK“J
SmL X L H,0 180159 H,0)\ mol H,0
=-1.76 K= -176°C

The find temperature is 23.24°C:

I = Ti+ AT = 25.00°C = 1.76°C = 23.24°C




