Assume all gases are perfect unless stated otherwise. Unless otherwise stated,
thermochemical data are for 298.15 K.

2 The First Law

2A Internal energy

Answers to dscussion questions

2A.2  Work is a precisely defined mechanical concept. It is produced from the applioatk force through
a distance. The technical definition is based on the realization that both foraisptacement are
vector quantities and it is the component of the force acting in theidirex the displacement that is
used in the calculation of the amount of work, that is, work is thargoabduct of the two vectors. In
vector notationw=—F -d =—fdcosf , where @ is the angle between the force and the displacement.

The negative sign is inserted to conform to the standard thermodynamic émmvent

Heat is associated with a nadiabatic process and is defined as the difference between the adiabatic
work and the nomdiabatic work associated with the same change in state of the sysiens the
formal (and best) definition of heat and is based on the definition d&f. voless precise definition of

heat is the statement that heat is the form of energy that is transfetveeeb bdies in thermal
contact with each other by virtue of a difference in temperature.

The interpretations of heat and work in terms of energy levels and fiopslés based upon the
change in the total energy of a system that arises from a change in the anadeeuy levels of a
system and from a change in the popafa of those levels as explained more fully in Chapter 15 of
this text. The statistical therrdgnamics of Chapter 15 allows us to express the change in total energy
of a system in the followig form:

Nd(&) :ZgidNi +Z N de

The work done by the system in a reversible, isothermal expansion cdenli§ed with the second
term on the right of this expression, since there is nogeham the populations of the levels which
depend only otemperature; hence, the first term on the right is Z&éegause the influx of energy as
heat does not change the energy levels of a system, but doe¢smresuhange in temperature, the
secondterm on the right of the above equatisnzero and the heat associated with the process (a
constant volume process, with no additional work) can be identifigdthe first term. The change in
populations is due to the change in temperature, which redistilbie molecules over the fixed
energy levels.

Solutions to eercises

2A.1(b) See the solution to Exercise 24a) where we introduced the following equation based on the
material of Chapter 15.

C,,=2B+V,+2v)R
with a mode active iflf >6,, (where Mis T, R, or V).

0] 0,:C, ,, =3(3+3+0)R=3R [experimental = 3.K]

E=3RT=3x8.314 JK* mol'x 298.15 Kk 7.436 kJ mt
(i) C,H,:C,  =3(3+3+2x1)R=4R [experimental = 6 B]

E=4RT=4x8.314 JK* mol'x 298.15 KE 9.915 kJ mY
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(i) SO, :C,, =3 (3+ 3+ OR= R[experimental = 3.8]

2

E=3RT=3x8.314 JK* mol'x 298.15 KE 7.436 kJ mt

Consultationof Herzberg references, G. Herzberg, Molecular spectra and Molecular structure, 1,
Chapters 13 and 14, Van Nostrand, 19d4fs up only one vibrational mode among these molecules
whose frequency is low enough to have a vibrational temperatureoosatemperature. That mode
was in GHg, corresponding to the “internal rotation” of ggroups. The discrepancies between the
estimates and the experimental values suggest that there are vibratidealimeach molecule that
contribute to the heat capaciyalbeit not to the full equipartition valaethat our estimates have
classified as inactive.

2A.2(b) (i) volume, (iii) internal energy, and (iv) density are state functions.

2A.3(b) This is an expansion against a constant external pressure; Wwene@, AV [2A.6]

The change in volume is the cresectional area times the linear displacement:

AV = (75.0cnf )« (25.Ocrrb)(1§0r2mj - 187 10

so w=-(150x 16 Pay (1.8% 18 3]~ 28las1Pam=11J

2A.4(b) For all casesAU = 0, since the internal energy of a perfect gas depends only on temperature. &rom th
definition of enthalpyH = U + pV, so AH = AU + A(pV) = AU + A(nRT) (perfect gas).AH =0 as
well, at constant temperature for all processes in a pesdsct g

(i)

w=-nRTIn [V—'] [2A.9]
\Y/

= —(2.00mol)x (8 3145JK mol § 273K |§50'0—drﬁ= - 6.20 10

odn?
q=-w=
(i)
w=-p AV [2A.6]
where p_, in this case can be computed from the perfect gas law

pV =nRT

A —
_ (2.00mol)x (8 3145JK mot 3 273K odmm* 7= 2.2 10 Pz
20.0dm

~(2.22x 16 Pay (20.0 5.0)din
and w= =[-3.34x 16 J
w Todmmi

q=-w=[3.34<16 }
(i)
[free expansion] g=AU -w=0-0= |§|

Comment. An isothermal free expansion of a perfect gas is also adiabatic.

so p
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2A.5(b) The perfect gas law leads to

pV nRT pT, (111k Pa)(356K)
——=—0r = = = 143k P

There is no change in volume, jso= 4. The heat flow is

q=[C, dT ~C AT = (25)x (83145 K mol ™) x (2.00mol)x (356 277) K

[ezse03
AU = q+w=([3.28x10°)]

- _ —(7.7x10 Pa)< (2 5drh )
2A.6(b) (i) w=-p,AV= Aodm m
.. V,
(i) = —nRTIn[VI j [2A.9]
W=—[&gljx(8.3145a K" mot)( 308 e 25189 dr
39.95gmol 18.5dmt
=[-52.8]

Solutions to poblems

2A.2 ——pavzasl  v="RT o v so avey
( nRT)
Hence w=(-p,)x k%RTJ =-nRT=(-1.0mol)x (8.314J K*mol™*) x (1073K)
=
Even if there is no physicaiston, the gas drives back the atmosphere, so the work is also
=
2A4
v, dV.
w= —j pdV = —nRTj - nb jvl v

(V, - nb) (1 1)
=—nRTInL - bJ aL\Tz_\TJ

By multiplying and dividing the value of each variable by its critical valaeobtain
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T \/ 8a

T=—, V=, T= , V.=3nb [TablelC.4
T, V, 27Rb
( Va2l ) (1 1)
:_L%JX(T) In 3 _LE i_i
27b ' 3b Vr,2 Vrl

aw
The van der Waals constants can be eliminated by defmring%w, thenw= ;5 and

(Vv.-1/3) [ )
W:_§nT|n 2 - - —n i_i
9 Tv,-1/3 V. V

r. r2 rl

Along the critical isothernil, = 1,V,; =1, andV,, = x. Hence

wo_| 8, (3-1) 1 .
n 9l 2 ) x

2A.6 One obvious limitation is that the model treats only displacements dlerghain, not displacements that
take an end away from the chain. (See Fig. 2i\tBe Student’s Solutions Mandal

(a) The displacement is twice the persistence length, so
x=2,n=2,v=n/N=2/200 = 1/100

and || KT In(“ v] _ (1.381x 10 J K™)(298 K) | {1.01\ _

=— n
2l 1-v 2x45%x10° m 0.99J
Figure 2A.1
5
Al
.\
2
1 \\
§ 0 I~~~ Hooke
2 . ™~ 1-D model
\\

A w
//

-1 -08 -06 -04 -02 O 02 04 06 08 1

displacement

(b) Fig. 2A.1 displays a plot of force vs. displacement for Hooke’s law and for thediomensional

freely jointed chain. For small displacements the plots very nearly coindittevever, for large
displacements, the magnitude of the force in theddimensional modejrows much faster. In fact, in
the onedimensional model, the magnitude of the force approaches infinity fioita displacement,
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namely a displacement the size of the chain itself5|1). (For Hooke’s law, the force approaches
infinity only for infinitely large displacements.)

(c) Workisdw= - F dx=k—T In(lJr V} dx = kNT In(lJr v)

2l 1-v 2 Ll— deV

This integrates to

w= [ 8 '”(i j dv="C[" In(+ - In@- idv
_ klzT[(u V) I+ 1) = v+ (L= 1) In@-v)+ ][]
KNT

= T[(1+ v.)In(l+v,)+ (1= v,)In(1-v,)]

(d) The expression for work is well behaved for displacements hess the length of the chain;
however, fory; = £1, we must be a bit more careful, for the expression above is indetermirfaseat t
points. In particular, for expansion to the full length of the chain

w = lim klzT[(u V) I+ 1)+ @— v) In(1— v)]

| @+ D@+ D)+ lim(-v)In@-) |- KT 210 2.+ lim 20— 1)

vl 2 v—1 (1_ V)’
where we have written the indeterminate term in the form of a ratioder to apply I'Hospital’s rule.
Focusing on the problematic limit and taking the required derivat¥esimerator and denominator
yields:

_kNT
2

im M=V i AoV g -0
Vo1 (1_ V) 1 Vo1 (1_ V) 2 Vo1

Therefore; w:klz-r(zm 2)=|kNTIn2

2B  Enthalpy

Answers to dscussion question

2B.2 See figure 2B.3 of the text. There are two related reasons that can be given a€toswgreater thacy.
For ideal gase€, — Cy = nR For other gases that can be considered roughly ideal the differenitie is st
approximatelynR. Upon examination of figure 2B.3ve see that the slope of the curve of enthalpy
against temperature is in most cases greater that the slope afrtleeof energy against temperature;
henceC, is in most cases greater th@n

Solutions to &ercises

2B.1(b) q, = nCp,mAT [2B.7]

q 1783
C.=—== =[53JK mol*
Pm T AAT  1.9molx 1.78K _
Cym=C,n—R=(53-83)J K*mol™* =|45J K* mol™
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2B.2(b) (i)

At constant pressurg,= AH.

q:ijdej

2!

100+ 273K

[20.17+ (0 4001F/ K]dT JK:
5+ 273K
373K

1 T2 .
- {(20. 19T +2 0 4001)(?]} _ JK

=[(20.17)>< (373 298}% (0 400%) (373 2@% )=] 1%6°1p-aH

W=—pAV=—nR\ T=—(1.00 mo)x( 8.3145 IR mdl)x( 75K=[- 623
AU =q+w=(11.6- 0.623 k[ 11.0k

(i) The energy and enthalpy of a perfect gas depend on temperature alone. Thus,
AH =|11.6kJ] and AU =|11.0 kJ, as above. At constant volume,= @ and AU =q, so
g=|+11.0kJ.

2B.3(b) AH =q,=C,AT[2B.2, 2B.7}= nC,, A T

AH =q, = (20mol)x (37.11J K mol™) x (277~ 250) K= |2.0x 10° J mol™*

AH =AU + A(pV) =AU + nRAT so AU = AH — nRAT
AU =2.0x10° Imol™ — (2.0mol)x (8.3145J K* mol ™) x (277- 250) K

=[1.6x10* I mol™*

Solutions to poblems

2B.2 In order to explore which of the two proposed equations best fit the data weeusad PSI
PLOT®. The parameters obtained with the fitting process to &8 along with theirstandard
deviations are given in the following table.

parameters a b/10°K* c/10° K?
values 28.796 27.89 -1.490
std dev of parameter | 0.820 0.91 0.6480

The correlation coefficient is 0.99947. The parameters andsiagidard deviations obtainedgth the
fitting process to the suggested alternate equation are as follows:

parameters o pI0° KT y110° K2
values 24.636 38.18 -6.495
std dev of parameter | 0.437 1.45 1.106
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2BA4

2C

2C.2

2C.1(b)

The correlation coefficient is 0.99986. It appears thaktternateform for the heatcapacityequatioh
fits the dataslightly bettef, but there is very little difference.

ouU
o (8_Tj
(ZC\:}’} = [%[%} J = [%[Z—U} } [Derivativesmay be taken in any ordgr
(Z_\ij =0 for a perfect gas [Section 2D.%a
Hence, (%} =0
o (oH) (oc) (a(on)) [a(oH))
Likewise szka_TJp SO La_pJT:La_pLEJp tha_Tké_pJJp

=0 for a perfect gas.

=0.

oH)
E
aC )

Hence, | —%
»)

T/ o/

T

Thermochemistry

Answers to dscussion questions

The standard state of a substance is the pure substance at a pressure of 1 bar afidda speci
temperature. The term reference state generally refers to elements anthértimlynamically most
stable state of the element at the temperature of interestdiStinction between standard state and
reference state for elements may seem slight but becomes clearderefements that can exist in
more than one form at a specified temperature. So an element can have more thimmaard state,

one for each form that exists at the specified temperature.

Solutions to &ercises

At constant pressure
q=AH=nA, H® = (1.75 mol)x (43.5 kJ mot ¥
and w=—pAV ~ - p\,,,, = — NRT=—(1.75 mol)x (8.3145 JK mol ) (260 k

w=-3.78x 16 JX|- 3.78 K.

AU =w+q=-3.78+ 76.1| 72.3 K
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Comment. Because the vapor is treated as a perfect gas, the specific value of the external
pressure provided in the statement of the exercise does not affect thecaluwaie of the
answer.

2C.2b) The reaction is
C,H.OH()) + 7 O,(9)— 6 CO,(9)+3H,0()
AH® =6AH®(CQ, )+ A H® (H,0)-AH® (G HOHy 2,H® (Q)
=[6(-393.51}+ 3¢ 285.83) { 165.6) 7(0)] kJ rﬁ’oi:|— 3053.6 kJ ’rH1

2C.3(b) We needA, H® for the reaction
(4)  2B(s)+3H,(g)— B,H,(9)
reaction(4) = reaction(2) +:3reaction(3)-reaction(1)
Thus, A, H® = A H®{reaction(2)}+ 3x A H ®{reaction(3)}- A, H ®{reaction(1)}

=[-1274+ 3« 241.8) { 2036)] kJ mdl=| +36.6 kJ rrid|

2C.4(b) BecauseA,H® (H",aq)= Othe whole ofA,H*® (Hl,aq) is ascribed ta\,H® (1-,aq). Therefore,

AH*®(1",aq)=|-55 kJ/motl*

2C.5b) For anthracene the reaction is

33
C.H,(s)+ > 0,(9) = 14CQ,(g) +5H,0(l)
AU® =AH®-AnRT[2B.4], An= —g mol

AU ® =-7061 kJ mof - [—g x 8.3x 10°kJ K™ mol™ x 298 K)

=-7055 kJ mof'
e = ol [ 225x10° g )
=] |=|mU |_(—178.23 ; mmljx(7055 kJ mof')
=8.91kJ
c- 1929 [es0 1]

AT 135K

When phenol is used the reactiondgH ,OH(s)+ 1?Soz(g)—> 6CO,(g)+3H,0(I)

AH® =-3054kImol* [Table 2C.:
_ __3
AU=AH- AngRT, Ang = _5

= (-3054 kI mot") + (2) x (8.314x 10 kJ K™* mol™) x (298 K)
=-3050kJ mol*

o= 135x 10° g
1 94.12 g mot

}(3050 kJ mo11)= 4.375 k
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=M= 4375 kJ

AT =
C 6.60kJK*

2C.6(b) (a) reaction(3) =42) x reaction(1) + reac:tion(%jndAng =-1
The enthalpies of reactions are combined in the same manner as the eqdassisslaw).
AH®(B)=(-2)x A H°(1)+A H®(2)
=[(-2) x (52.96)+ (-48364)]kJ mol*
-
AU® =AH®-AnRT
=-589.56 kJ mot — (-3) x (8.314 J K* mol™) x (298 K)
— -589.56 kJ mot + 7.43 kJ mot* = |-582.13 kJ mot|

(b) A, H*® refers to the formation of one mole of the compound, so

A H® (HI) =%(52.96 kJ mot*) =| 26.48 kJ md|

A, He(HZO):%(—483.64 kJ mot) =[~ 241.82 kJ md)|

2C.7(b) AH®=AU®+RTAR [2B.4]

=-772.7 kI mot + (5) x (8.3145¢< 10° kJ K™ mol™) x (298 K)

=1-760.3 kJ mot

2C.8(b)The hydrogenation reaction is
(DCH,(9)+H,(9)—>C,H,(g) AH°(T)=?
The reactions and accompanying data which are to be combined in order toegigtidn (1) and
A H®(T) are

(2)H,(0)+ 30,(9)> H,0() 4,H°(2)=-28583kJ ol
(3) C,H, (g)+30,(g) > 2H,0(l) + 2CO,(g) A H®(3)=-1411kJ mot’

(4) C,H,(g)+ goz(g) — H,0(1)+2C0O,(g) A H®(4)=-1300kJ mol"
reaction (1)= reaction (2)- reaction (3} reaction (4
Hence, at 298 K:
AH® =AH®(2)-AH®(3)+AH®(4)
— [(~28583)— (~1411)+ (~1300)]kJ mol* =
AU® =AH®-AnRT [2B4];, An=-1
—_175kJmol'— € 1x (2 48kImal 3
(i) At 427 K:
AH®(427K)=A,H® (298K)+A,C? (427 K- 298K [Example 2C.p

(i)
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AGC = ZVJCme(‘])[ZC7C]= Cpem (CZ H4’ g)— C?m (CZ H2 g)_ Cpem (H2 g)
J
=(4356- 4393 2882 18 kJK mdl=- 29%9 T0 kIK mt
AH®(427K)= (-175kImot* - (2919 160 kJ K mdlx) (129}

=[-171 kImol*

2C.9(b) For the reactiorC ,H, () + 120, (g)— 10CQ (g) + 4H O(c
AH® =10xAH®(CQ ,g) +&AH®° (HOgAH® (§ H I

In order to calculate the enthalpy of reaction at 478 K we first calculatelits aa @8 K using data in
Tables 2C.1 and 2C.2. Note at 298 #&phthalene is a solid. It melts at 80.2 °C = 353.4 K.
A H® (298 K)= 10x (- 393.51 kJ mot) + 4x ~ 241.82 kI mok) (78.53 kJthet)  4980.91 kJ'

Then, using data on the heat capacities and transition enthalpies of all tlmgreabstances, we can
calculate the change in enthalpy, AH, of each substance as the pamature increases from 298 K to 478 K.
The enthalpy of reaction at 478 K can be obtained by adding all these enthalggsctathe enthalpy of
reaction at 298 K. This process is shown below:

AH® (478 K)=A H® (298 Ki 10<AH (CQ ,g) 4AH (H O, ®)AH (G HI) 2AH (O,
ForH,0O(g), CQ(g), and Q(g) we have

478K o
AH® (478 K)= A, H® (298 KH co.dr
298K ’

For naphthalene we have to take into account the change in state fromo $iglidd at 80.2 °C = 353.4 K.
Then

° o 353.4K o 478K o
AH® (478 K)= A, H® (298 K)+ Com O +AH, +J' Cond

298K 353.4K

We will express the temperature dependence of the heat capacitiesfannthef the equation given in
Problem 2C.7because data for the heat capacities of the substances involved in thsnraaetionly

available in that form. They are not available for all the substanceg ifotitm of the equation of Table
2B.1 We use

° 2
prm =a+pfT+yT

For HO(g), CQ(g), and Q(g), a, B, andy values are given in Problem 2CHor naphthalene, solid and
liquid, y is zero and the two forms of the heat capacity equation are then identioa¢ aakiex = a andg
= b from Table 2B.1

AgeH ® (CyoHg) =19.01 kJ mof
Using the data given in Problem 2Gwg calculate
AH(COZ,g)z 5.299 kJ mot AH (Ij 0,3 6.168kJ mol ndH (Oz,g)z 5.43kJ mol*
Using the data from Table 2Cwie calculate for naphthalene
AH (C,,H,) = 55.36 kJ mot

Collecting all these enthalpyanges we have

ArHe(478 K):ArHe(298 Ky (10 5299 4 6.168 5536 42 5430)k)Tok|-  5023.77 kIhh

2C.10(b)  The cycle isshown in Fig2C.1.

Figure 2C.1
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Ca™ (g) + 2e~ + 2Br(g)

Ionization Calg) + 2Br(g)
A
Dissociation | Cafg) + Bry(x) Electron
A gain Br
Ea;.pu:urjmtinn Ca(g) + Bra(l) Ca™ (g) + 2Br (g} v
A
{Szzbllmatmn Cals) + Bry(1) Hydration Br~
A Ca’*(g) + 2Br (aq) Y

—Formation . .
- CaBra(s)

>

Hydration Ca**

—Solution "‘

~ApH® (Ca™ )=-A,H® (CaBr )-AH® (CaBg syA H® (Ce
+ A\/apH °© (Brz) + A disJ_i © (Br 9 + A ior'_| © (Ca)
+A,HO(Ca )+ A, H® (Br+ 2, H® (BF)
=[-(-103.1)- 6828} 1782 3094 1929
+589 7+ 1145 2{ 3310) 2( 289)]kJ mbl

={1684 kJ mol*
so A,H®(Ca* )=|-1684kImof

Solutions to poblems

2C.2  Cr(CH,),(s)— Cr(s)+2C.H.(9) An =+2 mol
AH® = A U® +2RT, from[2B.4]
= (8.0kJmol* )+ (2x (8314JK mot ) (583K3[+ 17 7kImd
In terms of enthalpies of formation
A,H® =(2)x A,H?(benzeng83K)— A, H ° (metallocengs83K)
or A, H® (metallocengs83K) = 2A, H ® (benzeng83K)—17.7 kJ mol™
The enthalpy of formation of benzene gas at 583 K is related to its value tt398
A,H® (benzeng83K)= A H ° (benzeng298K)
+(T, —298 K)Cp’m(l) + AvapH © 1+ (583K- Tb)Cp‘m (9)
—6x (583K-298K)C,  (gr)-3x(583K-298K)C  (H,.0)

whereT, is the boiling temperature of benzene (353 K). We shall assume that theapaaities of
graphite and hydrogen are approximately constant in the rdngéepest and use their values o
Tables 2B.1 and 2B.2
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2C.4

2C.6

2C.8

A, H® (benzengs83K) = (49.0kJ mol*) + (353— 298) K x (1361J K * mol )
+(308kJ mol*) + (583- 353) K x (8167 J K mol™)
— (6) x (583 298) K x (8.53J K* mol ™)
~ (3)x (583- 298) K x (28.82.J K™ mol™)
={(49.0) + (7.49)+ (18.78)+ (30.8) - (14.59)— (24.64)}kJ mol™*
= +66.8kJ mol™*

Therefore, A, H® (metallocene, 583K (2 x 66.8—17.7) kJ mol* = |+1160kJ mot*

Thereaction is
C,,(8)+600,(g) — 60CO,(9)

Because the reaction does not change the number of moles oA ¢his; AU [2B.4]. Therefore

AH® =(-36.0334kJ ¢ ¥ (60 12.011gmbl=]- 25968 kJ i

Now relate the enthalpy of combustion to enthalpies of formation andfsoltreat of G,

AH® =60A,H®(CO,)-60A,H®(0,)-AH®(C,)
AH®(C,,)=60A H®(CO,)-60A H®(O,)- A H®

— [60(~393.51)- 60(0)— (—25968)] kJ mof =

AH®=AH®SIH,)+AH°H,)-A H®(SIH,)
(a) r f 2 f 2 f 4
= (274+0-34.3) kJ mot* = [240 kJ mol*
AH® =AH®(SiH,)+ A H®(SiH,) - A H®°(Si,H,)

(b)
= (274+34.3-80.3) kJ moi* = |228 kJ mol*

In order to calculate the enthalpy of the protein’s unfolding we need tarde¢ethe area under the
plot of C,ex againstT, from the baseline value @, at Ty, the start of the process, to the baseline
value ofC, e« at T, the end of the procedale are provided with an illustration that shows the plot, but
no numerical values are provided. Approximate numerical values can be extrantethé plot and

T2
then the value of the integrdiH = J.T C,dT can be obtained by numerical evaluatidrihe area
1

under the curve. The first two columns in the table below show the datatestifrom the curve, the

last column gives thapproximate area under the curve from the beginning of the process to the end.
The final value[1889kJ mol, is the @thalpy of unfolding of the protein. The four significant figures
shown are not really justified because of the imprecise estimation proces®d.
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0/'C  C,p edkI KEmol™  AH/kI mol™

30 20 0
40 23 215
50 26 460
54 28 567
56 33 626
57 40 663
58 46 706
59 52 755
60 58 810
61 63 870
62 70 937
63 80 1011
64 89 1096
64.5 90 1141
65 85 1185
66 80 1267
67 68 1342
68 60 1405
69 52 1461
70 a7 1511
72 41 1598
74 37 1676
80 36 1889

2C.10 (a) q, =—nAU®; hence

(ii) AU® = % = _CnAT = _MriAT wheremis sample mass a molar mass
o  aue__(18016gmol X (641IK § (7793K) oo
0.32129g

(i) The complete aerobic oxidation is
CH,,0,(s)+60,(g) — 6CO,(g) + 6H,0(1)

Since there is no change in the number of moles ofga$,= A U [2.21] and

AH® = AU® =|-2802kJ mol*
(i)  AH®=6AH®(CO,g)+6A H®(H,0l)—AH®(CH,O,.5)-6AH®(O,,)

S0 AH®(CH,,0,.,5)=6A,H®(CO,,g)+6A, H®(H,0,l)-6A H®(O,,g)- A H®

6 126’
A,H®(C,H_0,,5)=[6(~393.51) 6(—285.83)- 6(0)— (~2802] kJ mol™*
—|-1274KkJ mot*

(b) The anaerobic glycolysis to lactic acid is
C,H,,0, » 2CH,CH(OH)COCH

6 12
A,H® =2A,H® (lactic acid)- éf H* (glucose) .
={(2) x (~694.0) (1274} kJ mol* = 114 kJ mol*

Therefore, aerobic oxidatifjis moreexothermidby 2688 kJ mol']{ than glycolysis.
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2D State functionsand exact differentials

Answers to dscussion questions

2D.2 An inversion temperature is the temperature at which the-Jdulmson coefficient;, changes sign from
negative to positive oviceversa For a perfect gag is always zero, thus it cannot have an inversion
temperature. As eX@ined in detail in Section 2D,3he existence of the Jotildhomson effect depends
upon intermolecular attractions and repulsions. A perfect gas hasefimjtion no intermolecular
attractions and repulsions, so it cannot exhibit the Jbltamson effect.

Solutions to &ercises

2D.1(b)Also see exercises E2D.1(a) and EZR)2nd their solutionsThe internal pressure of a van der
Waals gas ist, = a/Vz. The molar volume can be estimated from the perfect gas equation:

RT 0.08206 dm atm K molx 298 K

V=== 1.000 atmj

=24.76 dmi motf
P 1.00 barx(
1.013 bar

a 6.775atmdrh mof
-2 _ =1.11x 10°> atm=| 11.2 mb,
"1 TVE T (24.76 At motl §

m

2D.2(b) The internal energy is a function of temperature and volutge, U(T, V), SO
(ou ) ( au
du = mJ dT + "‘ v, [z, =(U_/dV),]
vV

m

For an isothermal expansmﬁ'd O hence

( ou \
du = =, dV = —dV
Vm
m2 Vin2 30.00dnt mot* g\/ 00dn? molt
AUmz_[ dUmZJ- izd\/mzaj- dgnz_imorm i1
Vin1 Vin2 1.00dn? mot* V5 V., [100dn? mal*
__ a + a __ 2908 _ 49667 dm® mo

30.00dnd mo* 1 00dth mol  30.00dm mbl

From Table 1C.3a = 1.337 drfiatm mot?
AU, =(0.9667moldm X (1 337atmdm mdl )

— 3
- (L.2924atndm® mof ¥ (101326 %0 Paaﬁm()lij

10° dn?
=131.0Pam mof =| 131.0 Imo

w=—| pdv where p= i _2 for a van der Waals gas. Hence,
m b V2
m

W= — J[VR;er dv_ +I\%dvm =-q+AU_

Thus
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30.00dn? mot* RT 30.00dn? mol*
a= 1.00dn¥ mot*

Vm - bj de - RTIn(\é' B b |1.00dn? mot*

30.00- 320 1¢°
= (8.314JK* mol* ) (298Kx I
( > (298K) %1.00— 320« 107

= |+ 8.505kJ md

and w=-q+AU, =—(8505Jmol* }» (131Imal }|- 8374 Imdl=|- 8.37 kJnit

2D.3(b) The expansion coefficient is
Lo LfoV) _V/(37x10°K™"+2x152x10°TK™)
~vler) %

_ V[37x10%+2x152x10°(T /K)]K *
V[0.77+3.7x10*(T /K) +1.52x 10°°(T / K)?]

4 6 -1
__[37x10"+2x152x10°(B10)K™ -~ 5 =
0.77+3.7x10*(310)+1.52x 10 °(310¥

2D.4(b) Isothermal compressibility is
_1fav) AV

_— —

AV 3 AV
TV 8p)T VAp

SO Ap: \7
T

A density increase of 0.1fer cent meanaV /V = -0.001C. So the additional pressure that must
be applied is

0.0010 =
Ap=——— _=|45x1F at
P 2. 21x 106 atm*

2D.5(b) The isothermal Joulghomson coefficient is

H
(aapmj =—uC,, =—(L.11Katm* X (37 11K mol ¥ |- 41.2Jath md|
.
If this coefficient is constant in an isothermal Jell®mson experiment, then the heat which
must be supplied to maintain constant temperaturgHsin the bllowing relationship

AH/N 41258t mof  soAH =— (412Jatfn mbhAp

AH =—(412Jatm* mof X (100moR « 75atm) 369 10

Solutions to poblems

m,  c,=C, +R

p.m v,m

2D.2 c, :{

@ G, =iRB+v,+2)=1RE+2)=%R
C._=5R+R=IR

P

Y2
7 ( 1.40RT)
=—=14Q hence |c =
y=g=140 Y
Y2
1 5 (1.40RT)
b C, =-R(3+2)=-> -14 -
(b) V,m2(+)2R,y 0 %=y
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2D.4

2D.6

©) C,,=1R(B+3)=3R

4 (arT)"
C —3R+R=4 e o Juiidl
P A U N Y

For air, M ~ 29gmol*, T ~ 298K, y =1.40

12
_((L.40)x (248kImof ) ~

(@) V=V(p,T); hence, dV = [ﬂ] dp+(avj dar

op) et
Likewisep = p(V,T), so dp = (25} dV+[§—$\ dT
(b) We usea =| ]@T’] [2D.6] and x :‘(\ﬂ@_\/} [2D.7] and obtain
oow=3ov=(3)2) ()2 r -
Likewise dlnp_d;’ ;{j\‘/’ldv ;{S—Tp) dT

We expresig—\% in terms ofxy:

vie) =7 v

C1fav) { (op) 1 o (ap\ 1

We expres{g—_?] in terms ofxr anda

@ ﬂ ﬂ =-1 SO a_p —_M—i
ot ) Lav ), op ); oT),  @Viopr x

so dinpe—V_,@d_ 1(adT——j
eV pe | P

o=

(ﬂ) = 1 [reciprocal identityMathematical Background]
oT/, V(al )

NV /,
a=Lx 1 [Problem 2D.5

() (R v
(RVZ)x (V- nb)
(RTV?) - (2ngx (V- nb’

1
v
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1oV -1 ; ; ;
=—=| &L | =——=__ [reciprocal identit
SNV [ 6pj recip /

M)
v/,
Ky = 1, 1 [Problem 2D.5
v -nRT | (2ra
(V- nb? Ve
B VZ(V - nb?
NRTV —21F 4 V- npy
Then “= = Y210 4 biying thatsrR = a(V,, —b)
a nR
Alternatively, from the definitions of and xr above
%)
0 -
K PJr_ 1 [reciprocal identity’
RN EE
arly  \ev)\aT/,
:(ﬂ] [Euler chain relation]
op )y,
_Ve- I’]b[ProbIem 2D.5],
nR
« R a(V —nb)

T n

Hence, xiR= a(Vy,—D)

2D.8 y:(ﬂj :—i(ﬁj [Justification2D.2]
op/, Cp op/,

U= CL{T{Z—\_Q —V} [Seethe section belovior a derivation ofhis result]
P P

_ nRT ovV) _nR
But V_T+nb or (aT)p_T
Therefore,
yo TUORT L 1 JnRT_nRT_ [ —nb
CP p CP p p CP

Sinceb > 0 andC, > 0, we conclude that for this gas< 0 or [%} <0. This says that when the

H

pressure drops during a Jodldnomson expansion the temperature

Derivation of expression for(%—g) follows:
T
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oH ;
(a_pj v ( ] [change of variable]

(6(U+PV) ( ][definition of H]
(Q (ﬂ N a(pV) ( j
0 - ap - oV p

{T 5] (oo ()

<

(&) A% v A5
-p—1| +V+p—
T op T op T
:T ( +V = a'IT + V[chain relation]
! (av)
(g_¥) + V| [reciprocal identity]

2D.10 (a) The JouleThomsoncoefficient is related to the given data by
pu=—(1/C )(oH /op), =—(-329x 10’ I mol* MPa™)/(1100J K™ mol™)

=(29.9 K MPa*

(b) The JouleThomson coefficient is defined as
u= (0T /0p), = (AT /Ap),
Assuming that the expansion is a Jeiilleomson constargnthalpy process, we have

AT = uAp = (299K MPa*) x [(0.5—1.5) x 10°* MPa]= [-2.99 K|

2E  Adiabatic changes

Answers to dscussion questions

2E.2 See Figure 2E.2 of the text and the Interactivity associated with thme.figor an adiabatic change
dU =7;adV + C,dT = dw=— p,dV[2A.6, 2D.5. Thus we see that the heat capacity enters into the
calculation of thechange in energy of the systéhat occursduring anadiabaticexpansion.For a perfect

4
\Y/ C
gas Eqn 2E.3f the text can be written g8 = (V_I} p with y = ap Again the heatapacity plays a

f
role.

Solutions to &ercises

2E.1(b) The equipartition theorem would predict a contribution to molar heat cppsicit R for every

translational and rotational degree of freedom Rl each vibrational mode. For an ideal g@sn,
=R+ Cym So for CQ
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7.5

With vibrations Cum/ R=3(2)+2(4)+ (3x 4- 5)= 6.5 andy = 6e"
Without vibrations ~ C,, /R=3($)+2(4)=25and y= z—gz

1
Experimental y = 37.11 ) mof K :

(37.11- 8.3145) I mal K

The experimental result is closer to that obtained by neglecting vibrationgiob so close that
vibrations can be neglected entirely.

B th3_ (6.626x 10* Jsy (2998 10 cmsx) (0.39’c‘m_b 56K << 298 K
K 1.381x 10% JK! '
and therefore rotational contributions cannot be neglected.

eR

2E.2(b) For reversible adiabatic expansion
T =T(%) " [2E.2a]

Cim Cpm—R (37.11-8.3145 JK mol

where c = = n =3.463;
R R 8.3145 JK' mot*
therefore, the final temperature is
( 3 3\\ZI./3.463
T = (29815K)XLMJ —[200K
2.00dn?
2E.3(b) In an adiabatic process, the initial and final pressures are related by (egn. 2E.3
C C 1 1
prfy: piviy where y=-—t"=_—F0 208 JK m?r —=1.67
Cn Con— R (20.8-8.31)JK" mol

Find V, from theperfect gas law:
_nRT (25 mol)x (8.31JK mal § (325K)

V, 20.0281 n
D 240x 10 Pa
1y . 240 kpa1/1.67 _
S0V, =V [ﬂJ ~(0.0281 m ){150 kPaj - 0.0372
f

Find the final temperature from the perfect gas law:

_pV  (150x1G Pay (0.0372M )=
TR (2.5 mol)x (8.31JK mol )_

Adiabatic work is (eqn. 2E)1

w=C,AT=(20.8-8.3) JK* mofx 25mel (269 325)K- k7 °0

2E.4(b)Reversible adiabatiwork is
w=GC,AT [2E.1]= n(G,,, - Rx (T- T
where the temperatures are related by
v C,n Com-R

Vv
T.L—'J [2E.2a] where c=—"= =2.503
"V, R R

T

f
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( 400x 10°dm? )/ >*

“T200am ) 0K

SoT, =[(23.0+273.15)K |

and w= (ﬁ} x (29.125-8.3145)J K™ mol™ x (156~ 296)K=[-325 ]

2E.5(b) For reversible adiabatic expansion

7 3 1.3
pV/ =pV/ [2E3  sop=p (H ~(97.3 Torﬂx[Wj _[3.6 Tok
f .

Integrated activities

2.2 (a) and(b). The tablebelowdisplays computed enthalpies of formation (sempirical, PM3 level, PC
Spartan PrB"), enthalpies of combustion based on them (andxperimental enthalpies of formation
of H,O(l) and CQ(g), —285.83 and-393.51 kJ mot respectively), experimental enthalpies of
combustion (Table 2.6), and the relative error in enthalpy of combustion.

Compound AH®/kImol*  A_H®/kdmol*(calc.) A_H®/kJmol*(expt.) %

error
CHy(Q) —54.45 -910.72 -890 2.33
C,Hs(9) —75.88 —1568.63 —-1560 0.55
CsHg(9) -98.84 —2225.01 —2220 0.23
C;H10(9) -121.60 —2881.59 -2878 0.12
CsHi12(9) -142.11 -3540.42 —3537 0.10
The combustion reactions can be expressed as

CH, ,(g)+ {3”; 1] 0,(g)—> nCO,(g) + (n+1)H,0(1)

The enthalpy of combustion, in terms of enthalpies of reaction, is
AH® =nAH®(CO,)+ (n+1)A,H®°(H,0)- A, H®(C H, ),
Where we have left ou, He(OZ) =0.The % error is defined as:
A H? (calc)- A _H® (expt.)
A H® (expt.)

The agreement is quite good.
(c) If the enthalpy of combustion is related to the molar mass by

AH® =KM /(g mol)]"
then one can take the natural log of both sides to obtain:

In[a,H®|=In[k|+nIn M/ (g mol).

% error= x 100%

Thus, if one plots IdACHe| vs. In M / (g mol™)], one ought to obtain a straight line with slapand

y-intercept Ink|. Draw up the following table:

2:20



Compound M/(g mol®) A_H/kJmol*  InM/(g mol™) In|ACHe /kJ mol*

CHay(g) 16.04 -910.72 2.775 6.814
C.Hg(g) 30.07 ~1568.63 3.404 7.358
CsHs(g) 44.10 —2225.01 3.786 7.708
CaH1o(Q) 58.12 —2881.59 4.063 7.966
CsH1x(Q) 72.15 ~3540.42 4.279 8.172

The plot is shown belowm Fig12.1.

Figure 12.1

9

, // /
/

2 3 4 5
In M/(gmol™)

InlA _H/kJ mol!|

6

The linear leassquares fit equation is:
In|A_H® /kJmol™ |z 4.30+0.903InM /(g mol™) R*=1.00

These compounds support the proposed relationships, with

n=1[0.903 and k = —**°kJ mort =73.7kImol}.

The agreement of these theoretical valueskofind n with the experimental values obtained in
Problem 2C.3s rather good.
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