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Physical Chemistry, 3e 

CHAPTER 1 = Properties of Matter 

SECTION 1.1 

el 

To obtain molar volume, we divide the molecular weight by the density. This is easier to see if you just 
consider the units of density and molar volume. 

g 
= eo 

ats liter 

Calculating molecular weight: 

MiWvieeS 1066 meee 115 o90ame NOV Sea Oe see 
mole mole mole 

Calculating molar volume: 

W it 
W - Mw eer oot 

p mole 

18) 

Given information: 

= oa ee einen V . 250-cm? Veo S108 ere 
mole-K 

For both RK equation and ideal gas, we must first calculate the molar volume: 

58.0-2 
n _— 

SH Ol oes 5 Gil (OOo - 
mole mole 

n = 1.929-mole 
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irae RUE eh tae 
r eS mole 

For the ideal gas law result: 

R-T 7 2 
P =2.009-10’ -Pa MPa 10°-Pa 

Vin 

P =20.09-MPa 

For the RK equation, we get the parameters from Table 1.1. 

6 3 
Pa: m 

Se ee a eee 
mole*-K°> mole 

P : ana = pea 6 Bi (0675100 
m TV my Vm - bY 

P =12.67-MPa 

The result from the.RK equation is almost half that obtained using the ideal gas law. 

igo 
eee 

We first convert the given density to molar volume, and then plug this volume into the RK equation to 
obtain a pressure. The constants a and b for neon can be obtained from Table 1.1. 
Given information: 

joule . g g 
R = 8.3145|-——; i e298. 15K. p = 10.0-—— MW = 20:5179:——= 

mole-K liter mole 

6 3 Pp ‘ 

A > 0.1488 eyes Se Aba hh pea 
mole*-K° ? mole 

Calculating molar volume from density, converting liters to cubic meters: 

MW 
Vim <a 

3 m V_ =6.002-- 
m : mole 
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Calculation of pressure: 

P = 1.234-10° -Pa MPa - 10°-Pa 

P =1.23-MPa 

Ley 

The easiest way to do this is to find the molar volume and convert this to a density. Given information: 

joul 
Reerssi45];—— T = 400K MW = 3-12.011-—2— - 6-1,00794--S— = MW =42.081-—3_ 

mole:K mole mole mole 

e 6 3 101325-P on 
Pee Ova = ee P= 1013-100 Pa Soe chee ber R2 Olas 

l-atm mole mole 

For the ideal gas case: 

3 Real m MW g 
aes Woe Tut wloe ae = 12.8 -—— 
Vim P iy OEE mole P ee That: liter 

For the van der Waals equation, we rearragne it into a cubic equation in volume (eq. 1.6), and then solve 

for volume: 

3 : Bs m 
Vim z root P°V pq” ~(R-T - bP )FV -aV a 2 Ono in Mom POU 10D sare 

MW g 
p:=-- p = 13.6-— 

Ve liter 
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1.9 
a a 

Given information: 

joule 
R =: 8.31451-——,} T =: 300-K 

mole-K 

101325-Pa é Pa-m® en 
P . 60-atm-—_————_ P =6.08:10 -Pa Ame On8 65 =———— Dees S801 Ome 

|-atm mole mole 

We solve the ideal gas case to use as an initial guess to solve the van der Waals equation: 

3 R:T 4m 
aeons V _ =4.102892- See mis m = 4.102892-10 7 -——- V 

We rearragne the van der Waals equation into a cubic equation in volume (eq. 1.6), and then solve for 

volume: 

Vin :toot PV 3 -(R:T-bP)V i -aV, ab.Vi Vem OS tee 
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SECTION 1.2 

Yu 

The necessary equations come straight from Table 1.2. Given information: 

joule 
R = 8.31451-——, 

mo 
cK 7 = 125K 

For the van der Waals equation: 

6 3 
Pa: m 

lal oe & paella b = 42.69-10°°: 
mole mole 

Rosh Ba 177 cm" 
pet RET E mole 

For the RK equation: 

. 6 3 

So, Sy aa 6 729.50:10; 
mole-K°> pol 

a cm? 
B =b- Bis=245 > RTH mole 

For the Berthelot equation: 

T ¢ = 190.6-K P. = 4.641-10°-Pa 

ORT. / 6-72 3 
B SOUS oa SS Sit ee 

* c \ nee } mole 

As was noted in the text, the van der Waals equation gives the least accurate result, and the RK and 
Berthelot expressions are both fairly accurate. 
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Pals 

At the Boyle temperature, the second virial coefficient equals zero. We use the equations in Table 1.2, 

set B equal to zero, and solve for temperature. 

joule R + 8.31451-—— 

For the van der Waals equation: 

6 3 P ‘ 

aor 03432 bret el0 ee 
mole mole 

a a 
Bab - 7 = = . RT > 0 TB oR Tp =510-K 

For the Berthelot equation: 

T, = 151K P . = 4.955-10°-Pa 

ORT! 6T 2 - 
Seen f im ie, Sais DeP ; | aay 0 Tp -J6T, T p =370-K 

For the RK equation: 

6 3 P : 

os 1.671-———. Peed cee Te aes 
mole-K mole 

rd 

Beb ant Tees 7 Tp =438-K BD a renbenre™ BBR; B =438- 
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aS 

At the Boyle temperature, the second viral coefficient equals zero. We set the expression for the Boyle 

temperature equal to zero and solve for temperature. As noted in Table 1.3, the Beattie-Bridgeman 

constants given are for volume in liters and pressure in atmospheres, so we must use a different value for 

R. From Table 1.2: 

A c 
: D) = - = SC - R = 0.08206 B(T)*B 9 - a= = x0 

Ag = 0.1975 Bg = 0.02096 ¢ = 0.050-10* 

We can calculate B at several temperatures to get some idea of where the Boyle temperature is: 

T = 400,300.. 100 

The root lies somewhere between 100 K and 200 K. 

We use 100 K as our first guess for the Boyle temperature. 

Tp = 100-K 
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shy 

This is similar to example 1.6 in the text. The virial series can be wntten as: 

= Vie Bor Ce? +4 

where c = 1/V. From the data given, we must first calculate the concentration: 

T := 295 K Ree Salas Tee V:=RT ciel 
mole K P Vv 

Now, we can fit the data using a nonlinear regression program. Doing this, we obtain: 

B = -143 cm?/mole 

C = 5.7 103 cm§/mole? 

joule 
s.056 R18.31451- 

abe mole:K 
T = 700-K MPa = 1000000-Pa 

The Vinal Senes typically takes the form z= 1+ B(T)* ct + Cf) = c3 +... so therefore we need 
to relate concentration, c, to the compressibility factor, z. Recalling that z = P*V A/(R*T) and 
C= 1MVm, c= P/(z*R*T). 
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A least squares fit of the compressibility factor, z, versus concentration, c, to the form: 

Z=1+B ct+C*c? yields B = -8.817 cm3/mol and C= 4.99103 cm§/mol2 . 

Cua 0s, 000 1F=-002 

Z(c) = 1 - 8.817-¢ - 4.9:10°-c 

This plot shows compressibility 
factor versus concentration. The 

parabolic shape shows very 

Clearly the importance of the third 
vinal coefficient in this case. 

0 0.001 0.001 0.002 0.002 
P 

1 

1 Paik 

The derivation is very similar to example 1.8 from the text. First, start with the RK equation. 
Multiply through by the molar volume and divide by RT to obtain the compressibility, z, on one 
side of the equation. 

iad We ee 
Vn -b ¥IVm(Vm + 

sped A EN - a 

Rim ae DIRT 1 Vatib) 

Divide the first term by molar volume on the top and bottom: 

9 
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sect Te eet. 

PeeeRT (Var) 

Expand the first term using a power senes (x = b/Vm): 

pee Kees RE ten 
=~ 

2 3 
z=1+—b+b 4b 4..-__a__ 

Mise? Owe: RTP Vint b) 

Divide the second term by VmRT*2 on the top and bottom, and expand again in a power series 
(x = -b/Vm): 

Vin vi Vim 1 + ax 

Vin 

2 3 2 
od be ge ae ge Neto t a =t! ae yee 

Ne OMe Ve. VmRT te Pa 

2 3 
zal+O045 4b 4. Spee Es i S| ey eee) 

Vix 02 Varun Vallee Vache Vaeles 

Collect like powers of Vm, and compare to the vinal equation: 

zet+l (b-—a-) set (b+ abs) + 1 [pt 2b) - 
R vi RTE Ne RT” 

Therefore: 

ied call he silat ee C(T) =b rr; 

10 
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E23 

We use equation 1.11 and the expressions for the virial coefficients derived in problem 1.22: 

Ec Bs ys =e 
: RT asks RT? C(T) =b? 

wets ee eee) 
RT RiGMRoL RAR Ta Role 

y= Zane az 

Retort 

25 

Table 1.2 gives us B(T) and C(T) for the RK equation in terms of the constants a and b. Equation 
1.1 from the text gives the relationship between the coefficients of the truncated virial series, B 
and y, and B(T) and C(T). We plug the expressions from Table 1.2 into equations 1.11. 

DOR eer DAS 

Ee Nadie) 

B=B paper 

vac: ee eal a }} 
RT RT Ris Rie 

11 
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peat oie baa 
pope iRT 

We plug the results for B and y into the original equation to obtain: 

RT RT”? RT 

7 
Vn= BL + (b- a ee a JP 

P RD? Rp? RT 

Laced 

Table 1.2 gives us the expressions for the vinal coefficients in terms of the Beattie-Bridgeman constants. 
We plug these in, along with R in the correct units, to obtain equations for the vinal coefficients. The 
Beattie-Bridgeman constants for hydrogen can be found on Table 1.3. 

A 9=0.1975 B 9=0.0296 c= 500 

a=- 0.00506 b=- 0.04359 R=0.082057 

Ao c Aga Bg c 

OS RTI 3 ade i> 0 Chae 

2.407 22-10°2 
a2 08102 eae Pe cM ge ey Ti bog Ls 

aS Py T T? 

Now, to obtain the equation for the molar volume as a function of pressure, we start with the virial series in 
pressure, equation 1.10. We divide this by pressure to obtain molar volume on one side of the equation 
by itself. 

P-V yaR-T - BP +P? -... 

12 
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Rei 
Pine rae + B -yP 

We use equations 1.11 to convert the virial coefficients we have derived into the coefficients for this 

equation, and plug in 250 for the temperature: 

. 
1 

| 

| 

T=250 RT =(0.082057)-(250) 

RT=20.51425 

Cran: 
2B Py B Spey 

eal ees 192.407 5.5 
| I - 129-107 - = - 2.96107 - — - = 

poy oOo 00 12 eee eee I he oe ee 
B=2.96:10~ - FG ioe ao. yale. T 

a3 -5 
B=1.994:10 y=4.583-10 

This gives us the expression we need to calculate the molar volume at 100 atm. 

P = 100-atm 

20.514: titer:-atm fe ee 5 liter 
Meare PASS 1.994-10° “-liter + 4.583-10 = Je 

13 
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SECTION 1.3 

es, 

As was discussed in the text, we should avoid using the relationship b = Vc/3, since the critical 
volume is usually not Known very accurately. The expressions for Pc and Tc, derived in the 
previous problem, are: 

Pex aR Woe _8a_ 

216b° ¥ 27bR 

We solve these equations fora and b. There are many different ways to do this. Rearranging the 
expression for the critical temperature: 

7? = _8a a= 2bRT: 
27bR 8 

Plugging this into the equation for the critical pressure, we obtain: 

p? -_aR - (22081) R 
216b° 8 /\216b° 

p? = 27bR'T: _ RT: 
8x 216b> 64° 

bp? = RTE b= RTe 
64P2 8P. 

We plug this result back into the expression for a derived from the critical temerpature, and 
simplify: 

a= 27ORTe: _ Chess (RT.] PoiRet: 
8 8 8P. 64P. 

peers sta ts b= RT: 
64P. 8P. 

14 
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oa 

The equations for a and b come from Table 1.4. 

joule 
R > 8. 4 . = . z . 6. 34a ae Tee ois P . = 5.88:10°-Pa 

2 Pa) R?-T; 6 
a = 0.42748: Bo one 

c mole?-K2: 

Rules 3 
b = 0.086640: bas ONO 

Pe 

133 

Calculating the critical compressibility: 

yh Aaa ees Tees ook pees s10oP 
ne mole-K eo ‘ LS a ‘ 

Pov 
Ze Tae Zz =0.296 

RK constants can be calculated from equations in Table 1.4: 

2 ass 

0.42748 pee 35.8 _ Pam? acv. ——— Al SYDWIC = 

Po mole?-K2> 

R:T Bees 
b = 0.086640-——- hee 03) Oke 

P. mole 

15 
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The value obtained for b can be used to recalculate the critical volume. Because a and b were 
calculated from Pc and Tc, calculating Vc from b and comparing it to the experimental value provides a 
measure for how accurate the RK equation is in the critical region. Again, from Table 1.4: 

cm? 

mole 
V . = 3.847-b V .=270: 

c 

16 



Physical Chemistry, 3e 

SECTION 1.4 

Loe 

The critical constants are given in Table 1.1: 

joule 
R 8314517 T, = 190.6-K P. = 4.955-10°-Pa 

T = 229-K Tee Peal 2 <7 r ae Penile 

Cc 

P = 14-10°-P Pee P , =2.83 = -| 1 eee r Wp I US 

From Figure 1.11, the critical compressibility is approximately 0.54. From this, we calculate the molar 
volume and density: 

BR) -- -$ 3 ; edad: 

MW kg 
pi—— p =) (os 

Vn m? 

1 
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SECTION 1.5 

SECTION 1.6 

By. 

We use equation 1.20. Given information: 

joule k k R = 8.31451: T =300-K = M = 2-14,0067-10°3-<8_ . pL KRS 
mole-K mole Pei oaeec! mole 

13-R-T m 
uo: >; = 4 aM u = 516.8 er 

1.39 

We use equation 1.32 from the text. We are given: 

a : 
R=831451-2—-—, 9 T = 500K «= M 2256:10%-—= A = 1.235:10'!0 mn? 

mole-K mole 

AW = 1.234-10°*-kg At = 6min 

aW yee hh > —— pH =2.776-10° - 

A-At m=-sec 

2-n-R-T\ 95 
Pos pe “4 : P =8.87-10° -Pa 

P =6.65-10° -torr 

18 
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1.41 
i ee ee ee ee 

At this low pressure, argon can be treated as an ideal gas. We use equations 1.15b and 1.31 from the 
text. Given information: 

k Beat AEs ee UerG022137 10> vo oT S208 15K OM eobaR To eee 
mole:-K mole mole 

Peet0.00 torr PaO [agers 

y 19 >3 
2S = = 3. 4- Fy nstar "RT nstar = 3.294-10 m 

; it 
l 

msec 

Z wall =3-246-107! + Z wall = nstar- Gs 

Zwall is the number of collisions per area per time. To get the number of collisions, we multiply by the 
area: 

invinn = 74 wall em? num = 3 745:10'. 

1.43 

We rearrange equation 1.32 from the text to solve for 1, and then solve for the ratio of AW/At, here 

called “ratio.” Assume an average molecular weight for air, similar to example 1.16 or problem 1.62. 

k 2 
sous = ‘K - 2 21-103. 8 = 1.3-cm* S = GSLCE aera Tee29s ok Ne 28.0321 10 een cm 

6 (e216.02213751055——— 
JP) 2 AS )|00) oltre mole 

0.5 
fe Wl =7 g hy cea = 4.581-10 

Bee eR os a ae 

ratio = pA ratio = 5.956-10 ee 

19 
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This gives us the flow rate in mass per time. We want a flow rate in molecules per time, so we divide by 

the molecular weight and multiply by Avogadro's number: 

ratio-L ‘sue 
flowrate = 1.24-10 ~ -— 

M sec 

If this problem seems a little confusing, it helps to realize that there is a lot of information in the problem 

statement that you don't need. Even if you pick the right equation to use, it still maybe confusing as to 

what variable to solve for. If you think about the units of the answer that you want - a rate of molecules 

means molecules/sec - then is it a little easier to see that you need to solve for the ratio AW/At, which has 

units of mass/sec. 

flowrate = 

1.45 

We use equations 1.20, 1.35, and 1.34, respectively. Given information: 

joul 
Ria 23145 (ee Ts 423. 15-K M = 4.002602: 10° 3.K& 

mole-K mole 

For the rms speed: 

‘ oR: T o We show four significant figures in the answer due to 
i M u = 1624 ee, the broadness of the distribution. This is discussed in 

detail in example 1.13 in the text. 

For the average speed: 

8-R:T 1496 m 
= —_— Vv = 0 a 

, 7M sec 

For the most probable speed: 

venga Here we have made the substitution that k/m = R/M. 

20 
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1.47 Re ree ee ee ee Ae 

This is similar to example 1.21 from the text. To determine the percent of molecules traveling with a 

certain range of speeds, we integrate the distribution function. It is easiest to do this intergral in terms 
of dimensionless variables. This integral is given in equation 1.37b, and must be solved numerically. 

We assume an average molecular weight for air, as in example 1.16. 

ety k ; . 

Peas Most OT i 293,15-K we Oo Wee sae 
mole-K mole l hr ; hr 

Recall that k/m = R/M. Also note that it is usually a 

Ww, Wyo good idea to kep lots of significant figures in 

2:R:T intermediate results when you are doing an intergral 

M ps numerically to avoid round-off errors. When we get the 

Ww, = 0.0598992 final result, we keep that to the correct amount of 

significant figures. 

ew, 

4 i. Pee 
Po, 5 e ~ «-w dw P =0.00016 

yet 
P =0.016-% 

1.49 

This is similar to example 1.21 from the text. To determine the percent of molecules traveling with a 
certain range of speeds, we integrate the distribution function. However, this problem asks for 

molecules with speeds greater than 1500 m/s - essentially this means in the range of 1500 m/s to 
infinity. It is possible to integrate numerically out to a large value, since the distribution function drops 

off. However, it is much easier to remember that you are integrating to find a percent of molecules. If 

we find the percent of molecules travelling with speeds between 0 and 1500 m/s and subtract this 

percentage from 100%, we will find the percent of molecules with speeds greater than 1500. We do 
the integral in terms of dimensionless vanables, as shown in equation 1.37b. 

21 
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joule 
Roses T = 750-K 

mole-K 

k k 
M = 1:12.011-10° 2-2 = 4-1,00794-10°3- = 

mole mole 

oe) Vv 
| 22 w, i w= 0 

2-R:T 

M 
h w, = 1.7012449 

cw. 

AaB nie & aah 
P»ye— ewe dw  P 1 =0.87763 

jm JM 
P | =87.8-% 

p> > 100:% - P } Pa = 12.2*% 

= 1500-— 
sec 

heer 
M = 160s Ones 

mole 

Recall that k/m = RJM. Also note that it is usually a 

good idea to kep lots of significant figures in 
intermediate results when you are doing an intergral 

numerically to avoid round-off errors. When we get the 

final result, we keep that to the correct amount of 

significant figures. 

This is the percent of molecules travelling with speeds 

less than 1500 m/s. The rest of the molecules must 

be travelling with speeds greater than 1500 m/s, so to 

get the answer we want,we subtract this from 100%. 

22 
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ihgea 

This problem is very similar to example 1.19 from the text, except that a dffferent distribution 
function is used. The average speed is calculated using equation 1.30: 

=| v f(v) dv 

Our distribution function is: 

f(v) dv =-™ exp ( as v dv 
kT 2kT 

Thus, we have: 

v=| veo exp me dv 
Se \ xT 

From an integral table (such as the one found on the inside front cover of your P-Chem book): 

| x2 ee? dx=1/E 
4a Ya 

0 

Using a = nV2kT, we obtain the average speed: 

=m (2KT) 4/ 2kT = Ly/ 2akT. = 4/ Bk = 4/ aRT 
kT \4m m 2, m m M Recall that k/m = R/M. 

I< 

dt 
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SECTION 1.7 

ae 

To find the distance at which U(r) is a minimum, we take the first denvative of U(r), set it equal to 
zero, and solve for r. 

- 12 1g)8 dU Lg [=2e oat - 
U(r) = 4¢ [(£) (=)' 7 od a a . 

Shiai tek 6a> bo ariew 
r3 r’ r? ri} ro 

r° = 20° r=2!"o 

To find the value of U at this minimum, we just plug this value of r back into the Lennard-Jones 
potential: 

12 6 
Umin = 4€ —o 5, a ee 

(2!) 2 (2%) 
= 4e[-O75 - Do] =4e[L- 1] =4e|l) =< 

2 4 

Umin = -€ 

24 
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iOS 

Equation 1.38 allows us to compute the second virial coefficient, given an expression for the 
potential. The Sutherland potential, with n = 6, is given by: 

U=o for0<r<o 

U=-e(S) fora<r<@ 

We plug this into equation 1.38. Since the Sutherland potential is discontinuous at r = 6, we split 
the integral into two integrals: 

pcr) = 2x | (1 Se ee ee 

a 

B(T) = a | (1-e™™") FP dr+ an| (1 - et (oxPnr) 
0 

r dr 

oa 

The first of these integrals is equal to zero, since e raised to negative infinity tends toward zero. 
For the second integral, we make the substitution that p = r/o, and plug in the definition of bo: 

B(T) = 2nLo? | (1 - ed") p? dp bo = 2nLo? 

! > 

B(T) = >| (1 - edt?) p2 dp 

Now, expand the exponential in a power series. 

‘step lal ape Ui) age Ul a 
earieaay || OS a +(£} f ee pe 

KT 120p seme tkT/, -72067° 

Let x = &/kT. Cancel the leading ones, multiply through by p2, and integrate: 

25 
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> 2 3 4 5 6 > 
B(T) = 3bo fudge tee x ++ ok +. l]p?ap 
( | p° 20°" 6p!8 24p74 120p°° 720p*° 

BIT) = 3bo Past ean Sen eae | 4p 
PMRW 2p.) ene 24a 212003) 7270p 

TIS See a aa ae | 
3p? 18p° 90p'5 504p*! 3240p"? 23760p® ; 

The terms at infinity disappear nicely to give us: 

6 30 168 1080 7920 

ae 

This is discussed in section 1.7 of the text, and particularly in the caption for Figure 1.20. The 
Lennard-Jones potential works reasonably well for closed-shell, neutral, nonpolar, fairly symmetric 
molecules. Thus, it would not work well for open shell molecules, such as the methyl radical, any 
ionic species, such as a hydroxide ion, and polar species, such as HCl, and any long molecule, 
such as octane. 

RSS 

The Lennard-Jones and square-well potential constants are given in Table 1.7. For the Lennard-Jones 

potential, we will use Figure 1.21 to determine B* and C’*, and then calculate B and C. (B° is defined in 
terms of an integral, and in theory we could just perform the integration to get B*. However, this integral 

is difficult to do numerically, and if you try this you may have problems getting it to converge. Just use 

Figure 1.21). 

cm? 
T = 295-K star = wu 

ek 
e_k : 243-K bg = 77.97- Tstar = 1.214 

mole 

For T* = 1.214, B* can be read off of Figure 1.21(a) as approximately -1.58. 

Bstar = -1.58 B = bo:Bstar B =-123- 
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C* for this reduced temperature is approximately 0.61. 

br 3:2 

m 
Gear O6lees aCe by -Cstare © =3,7:10" 

\mole, 

For the square-well potential, the integration can be carried out to yield an expression for B, which is given 

by equation 1.44. : 
3 : fek ' 

pW 34 Kaw baie 5 5:72 ee Ree be52 Bib ye tee Ree [en ey 
= 0 mole Ua \ } i: 

at 
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SECTION 1.8 

1.61 

We use the definition of partial pressure, equation 1.45: 

MPa = 10°Pa P=:845-MPa xj = 0.2095 Pj = xP 

P; =1.77-MPa 

1.63 
ee a ee = ee ee ee 

We solve the RK equation just as we did before, but now we use equation 1.47 to calculate a and b for 
the mixture of gases. Given information: 

joule 
R = 8.31451- . T = 500-K ntot = 3-mole - 2:mole - I-mole ntot =6-mole 

mole-K 

-4 m 

V = 2.4li V ————— V_=4: pe liter Huger mm 4910 Rate 

We will let ammonia be species 1, nitrogen be species 2, and hydrogen be species 3. The RK constants 

for the individual species are obtained from Table 1.1. 

He eee n, = 3-mole n, = 2-mole n, = I-mole 

6 6 6 Pa‘m Pa-‘m Pa: a, - 8.650, a SSI ay = 0.1447 
mole7:K™ z mole*:K~ mole>-K?> 

3 3 3 

b, = 25.85-10% =. = "by = 267410 bee ado ee 
mole : mole 3 mole 
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Calculating mole fractions and RK constants: 

A 
n : aa : 

x =— amix = ie a. bmix = yxy, 
ntot ay Uy Loe 

ma ‘ i 

6 5 iat Pa: = Ole Ome 
amix =3.199-——— uae AAD parse 

mole~-K~? 

Pe eee oe eee a) Piel ORS Oo Pa 

P =10.08-MPa 

an) 

MPa = 10°-Pa 
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SECTION 1.9 

1.65 

Equation 1.49 defines the coefficient of thermal expansion; however, this definition is in terms of 
the total volume, while the equation we are given is for the specific volume. We use the total 
mass, m, to convert from total volume to specific volume: 

sale OT Ip} V\dT Ip 

(=) " 2: a rea LAL | 
—j =m\{— Q= —| = m 

V=mv OT |p OT |p V\dT/p mv 

In this case, the factor of mass cancels out, and so it does not affect how we do the derivation. 

However, it is always good to check. Taking the derivative of specific volume: 

a exp: 6.0781 + 1.01257 InT + 280.653) 
T 

(| = (101251 . 280.663 | lexe(- 6.0781 + 1.01257 In T + 280.663 3) 
P W oT T T? 

v \aT/p 

pee Sa gs| x fex - 6.0781 + 1.01257 In T + 280.663) 
a ee a eek keene oe ee Ll 

exe: 6.0781 + 1.01257 InT + 7G.) 
7 

a = 01257 . 280.663 
T T 
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1.67 

We use equation 1.50, the definition of the isothermal compressibility: 

ov RT BRT geen 
fa P Bite () Pp? 

wana iL - RE) - RI -__RT_ 
Vv \aP Ri paver: p? (RI - B} PRT - P’B 

P P 

ky = —RI__ 

PRT - P°B 

1.69 

We start with equation 1.50, the definition of the isothermal compressibility. 

However, since the van der Waals equation is explicit in pressure, not in volume, we use the 
following property of partial derivatives, which are reviewed in Appendix II of the text: 

ok 
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(2F) = RT_ 4 22-2 RTVin + 2a{Vn- bY 
( dVm We - by Ve Vx (Vin > by 

Ve eee Vig- byes Van (Vm - by 5 Vi Veni 

eal ~ RTVA+2a(Vm-by -RTVA+2a(Vi-2bVm+b2) -RTVa+ 2aVm- 4abVm + Zab" 

2 | Pa - Vela By, 
[het sem) heespenge ine SReeearer poemeriaeet y ener RS aE Se 

Vm \ oP RTVo 2a SdabVie A2ab- 

ee home ts 

RTV>, - 2aVe, + 4abVm - 2ab- 

1.71 

This problem is similar to example 1.27 from the text. We use equation 1.51. The isothermal 

compressibility of benzene and its molar volume at one atm are given in Table 1.7. 

1 
Vo = 89-cm? Ko € 63,510 P = 1000-atm Py =: l-atm 

0 T atm 0 

FAVE EAL wath ea Sad 

V =83 “cm? 
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iS 

This problem is similar to example 1.28 from the text. We use equation 1.53, rearranged and written in 

difference form instead of as a derivative. The coefficients of thermal expansion and compressibility for 
CCl4 are given in Table 1.7. 

l l 
A 4 Hoe = b =6, —< = “K a =123610%2 xp = 910-108 aT - LK 

¥ 
INP VAT AP = 13.6-atm 

a 

KT 

If you were a little confused about which equation to use, it helps to remember just what the meaning of a 

partial derivative is. (dP/dT)v indicates a change in pressure with resepct to temperature at a constant 

volume, which is exactly what this problem asks for. 
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CHAPTER2 = The First Law of Thermodynamics 

SECTION 2.3 

iar es Bey eran eels Sn hgs§ NE Pe 

He is a monoatomic gas, so we use Cvm = 3/2 R: 

joule 

mole-K 

joule 

mole-K 

joule 
mole-K vm = ‘R Cy m= 14.41% R = 8.31451: Gap (obs )ye 12.55. ee 

WN! W 

For this simple monatomic, equipartition theory gives a good result. Oxygen is a diatomic, so we must 

take into account rotation and vibration. 

joule 

mole-K 

joule 7 
Cym *5°R Civ meee Car (obs ind) Sli 

The calculated value is incorrect, but is not that far off. The remaining molecules are polyatomics, so we 
use equation 2.7. CO2 is linear, so we have: 

; 3 m joule joule 
N =3 Cym = 5°R+(3-N-5)-R Cy =54.04-—— C ym(obs) = 28.09--— 

Ammonia is nonlinear, so we have: 

joule joule 
: 4 & = ‘ x ° 5 * = : . = N vm = 3°R + (3-N - 6)-R C ym = 74.83 =r ae C ym(obs) = 28.47-——. Pa 

For ethylene we again use the linear formula: 

5 joule joule 
N =4 & = =*R -(3-N- 5)-R = 78.99. S . vm *5 ( ) Cm = 78.99 oF PE: C ym(obs) ‘= 31.16 =e 

Ethane is nonlinear: 

joule joule Nee) “Cl. =3REGN=6i, Coo eivge o £49, 46tess vm ( ) ym = 174.6 ane Cym(obs) = 39.46 ee 

None of the heat capacities for the polyatomics came close to that predicted by equipartition theory, and 
this is not surprising. As was mentioned in the text, equipartion theory usually does not give good results 
for polyatomics. 
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SECTION 2.4 

I) 

We use equation 2.15, and assume methane to be an ideal gas at these temperatures. With this 

assumption, the second term in equation 2.15 is equal to zero, and simplifies to equation 2.16. We are 

told to assume a constant heat capacity, which means that we can pull the heat capacity out of the 

integral for internal energy. 

joule , n = I-mole C ym = 30.86: (al ips Se Seah T } = 300-K T > = 400:K 

i __ joule Meee ely 
R = 8.31451 PSA 7 kJ = 10°-joule 

(a) At constant pressure: 

pte 
KOS Sears: AU =3.086-10° -joule AU =3.086-kJ 

oy 

“V5 Since the pressure is constant, we can pull it out of 

| the integral for work. We then use the ideal gas law to 

ay ly se ee 2g ee eta ed convent tha pressure and volume terms into a change 
in temerpature, which we know. 

Ww a sNRo(T 9-4) w =-0.831 kJ 

q - AU-w q =3.917-kJ 

(b) At constant volume, the change in internal energy will still be the same. However, since dV equals 

zero, and the only type of work that can be done is PV work, the work done will be zero. Thus, q will be 

equal to the change in internal energy. 

AU = 3.086 kJ 

w = 0-kJ q = AU-w 

q = 3.086 «kJ 
a5 
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Zin 

We use equation 2.13: 

vk Tarh dV Ir dT /v 

The virial series is easily rearranged to obtain an equation explicit in pressure: 

See P Veen hel) pv. = RT + REBT) pak REED 
RT Vin Vn a 

Keep in mind that B is a function of temerpature when you take the derivative: 

esa ae ria OTly Vm V2, v2, \dr 

[2] = (2) -P=T/[R.+BR4RE(B)).p-RTs BRT s RT (8). RT. BRT 
dVir \OTly Ven = Vin Va Vin dT 

Terms cancel to give us: 

foee v2, \dr 

i f 

This problem Is similar to example 2.4. Using equation 2.14: 

Biba T+2731SK o=-0.0547102— «7247-106 — 
K atm 

T-a ; 
intpress = —— - P intpress = -319 «atm 

wy 
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ne) 

Assuming methane obeys the RK equation, we use the result derived in problem 2.8 and the RK 
constants given in Table 1.1: 

joule 
R = 8.31451- T - 100-K Vim = 0.0351-liter MPa ‘= 10°-Pa 

mole:-K 

OG 3 
ae Ape bee 20559: 10 oe 

mole*-K~ mole 

; 3-a : 
intpress = intpress =211-MPa 

2:,{T-V m'{¥ m +b) 
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SECTION 2.5 

2.11 

Our starting point is equation 2.22. Since the process takes places at constant pressure, the dP term is 

zero, and the equation simplifies to equation 2.23. Table 2.2 gives us an expression for the dependence 

of Cpm on temperature, which we can integrate. 

k 
T 1 =300-K T= 700:K mass = I-kg MW = 2-(12.011 + 1.00794)-10°3. 

Mw =0.026- +2 mass =().026 = _ mass . ; RTs 
mole n = AW n = 38.406 -mole kJ = 10°-joule 

joule 3 joule 6 joule 5 joule-K 
cy = 47.18: 65.2 2591-10 ee) Ne eA oan) eo 0 

mole:K mole-K2 mole-K2 mole 

AH = nic, +¢9:T+c3:T? + dT AH = 838.151 -kJ 

2.13 

Our starting point is equation 2.22. Since the process takes places at constant pressure, the dP term is 
zero, and the equation simplifies to equation 2.23. Table 2.2 gives us an expression for the dependence 
of Cpm on temperature, which we can integrate. Don't forget to convert temperatures to Kelvins. 

T 1 =298.15:K T= 600.652-K mass = I-kg = MW = 207.2-10°3.68_ 
mole 

mass 3 n= aw n = 4.826-mole kJ = 10°-joule 

joule 3 joule joule-K 1 = 22.13. > = 1172-103. c4 = 0.961052 mole-K 2 mole-K 4 mole 

-T 2 

C 4! 

AH = n Sy co hos dT AH = 40.78 -kJ 

JT] 
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PANS 

Our starting point is equation 2.22. Since the process takes places at constant pressure, the dP term is 

zero, and the equation simplifies to equation 2.23. Table 2.2 gives us an expression for the dependence 
of Cpm on temperature, which we can integrate. Don't forget to convert temperatures to Kelvins. 

k 
T 1 =298.15:K T > = 933.52-K mass = I-kg MW = 26.98154-10° 3S 

2 sioede é ? = 102-1 n = aw n = 37.062 -mole kJ = 10° -joule 

] joul joule-K ER 0.6 7 ee ee COMED S810 Cae Oe 
mole-K mole-K mole 

ait | c 4\ 

AH - nic} =co T+ =| dr AH = 666.3 kJ | T2) 
\ : 

ey 

LAE 

Our starting point is equation 2.22. Since the process takes places at constant pressure, the dP term is 

zero, and the equation simplifies to equation 2.23. Table 2.3 gives us an expression for the dependence 

of Cpm on temperature, which we can integrate. Don't forget to convert temperatures to Kelvins. 

Joes 330 15/6 Tio, 2073.1 97 n = 3.52-mole kJ = 10?-joule 

on ul ioul joul RS 06 i269 45 10 Cee 149.4510 ds 2968s 
mole-K mole-K mole-K mole:-K 

ne 
AH= | n(atbT-eT*+d-T°) dT AH = 133.18 -kJ 

jdt 

et) 
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oie ee he ee ee 

We use equation 2.21: 

eae OP }r OT |p 

Don't forget that B is a function of T. 

Terms cancel to give us: 

oH) yy 
OP hr dT 

biel 

The only thing we can do with the data we are given is approximate the partial derivative as a ratio of 

differences. 

kJ = 10°-joule MPa = 10°-Pa 

kJ kJ 
P; =0.1-MPa P > = 1.0:-MPa H; : EAE H> = 1375.7-7 

AP =P,-P9 AH =H; -H9 

AH cm? 
derivative = — derivative =-17.78 -—— 

AP gm 

To convert this to a molar basis: 

gm ; ne : joule 
MW = 30.0696400-—— derivmol = MW-derivative derivmol = -535 -——~—___ 

mole mole:-MPa 
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DRIES) en eee eee te ee A ae 

To determine the final temerpature, we must do an energy balance around the system, the system being 

the two gases we are mixing. Since no heat can escape, what this amounts to is saying that the enthaply 

of the gases before they are mixed must equal the enthaply of the gases after they are mixed. However, 
we cannot calculate absolute enthalphies, only differences in enthalpies. What we will do is pick a 

reference state of 0 K, and calculate the enthalpies of the initial and final states relative to these 

reference states. Let species 1 be methane and species 2 be ethylene. 

gm gm 
my, = l-gm m7 = l-gm MW | = 16.04276-—— MW 9 = 28.05376-—— l 8 l A mole . mole 

m | m9 

nT" MW, 9 "2° MW 

To calculate the enthalphy change, we start with equation 2.22. For a change at constant pressure, this 

reduces to equation 2.23. We are told to assume constant heat capacities. For methane, we use the 

heat capacity at 15 C, since this is the temperature closest to 300 K that Table 2.1 lists. The enthalpy 

change before mixing is given by: 

T ref = OK T jinitial = 300°-K T 2initial = 600°K 

25,46. ioe 217 Soule 
2 pl © epuae mole-K : ph are mole:K 

-T jinitial -T initial 

AH initial = 21° | Cp dP +n Gyo de AH tint 1.565+10° joule 

uae ref alll ref 

To find the final temperature, we integrate symbollically the expression for the change in enthaply after 

mixing (no great feat with constant heat capacities), set it equal to the change in enthaply before mixing, 
and solve for the final temperature. Since the system will have reached equilibrium, the two gases will 

have the same final temperature. 

°T final ch final 

AH final=9 1°: Cp, di ~ng C p2 aT 

AH final™" i pl’! final - © pit ref, a afc p2°! final - © p2'T ref) 

AH final™(" VC piT final - 91°C ptt ref +9 2'C p2'T final) - 09°C 92'T ref 

4] 



OH final® 4H initial 

(AH initial - 21°C pi°T ref 92°C p2'T refh 

rR ee aa aS 
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SECTION 2.6 

2129 

We start with equation 2.25: 

seh Tae) 
Taking the derivative of volume with respect to temperature: 

OV Ro cB () MY dB ans | ep | V=RI+B(T) (4) =R +8 Stet tur 

Blea OP Jr OT? }p 

ees 

Starting with equation 2.25: 

eho Ge 
Taking the derivative of volume with respect to temperature: 

v =RT+ R(T) =| Re Ges a = ue! 

Pe Daa P dT OT\ OT dug 

(a =-7(2) eer 

OP |r OT? }p dT? 
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We use the RK form of the second virial coefficient from Table 1.2 and take the derivative with 

respect to temperature: 

Bob-24 Brea ere Se Co Eee 
RT3/2 dT 3) ( RT>/2 IRT/2 d 2 D 2RT??2 4RT7/2 

OG) _ T(1sa-, ) = 1a, 
dP IT 4RT?7/2 4RTS/2 

To calculate the difference between the zero-pressure heat capacity and the heat capacity at 1 
bar, we write this derivative as a finite difference, and plug in values for a and b from Table 1.1: 

15 [cleeen| 
AG =o be See (Eo = 4.557x 1077 joule 

AP 4RT*? 4(8.31451 SME )(298.15 K)*? mole Pa K 
mole K 

AC, =(4.557 x 10-7Joule_) ap =(4.557 x 10-7_Joule__} (105 Pa 
Cp ( ale Ps ‘ ( eS olen Al fibar Ja bay) 

AC, = 0.046 -Joule_ 
mole K 

2.29 St Ee Se cd ee ee oS eM te ae 

The result from the previous problem is: 

aCy -1(22) 
T Vv aT? 

Since the van der Waals equation is explicit in pressure, taking the derivative is straightforward: 

pee RT vas (22) a Re (28) -9 
Veoh ave oTly Vm-b oT’ Iy 

2 
(2c) =1(22) =Tx0=0 
OV It dT’ /y 

The derivative of Cv with respect to volume is zero, so Cv of a van der Waals gas is not a function 
of volume. 
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SECTION 2.7 

Deon 

Equation 2.27 gives us an expression for Cpm - Cvm: 

canna OT /p\OT Vv 

The virial series is explicit in volume, and one of the derivatives we have to take requires an 
expression which is explicit in pressure. The virial series can be solved for pressure, but we can 
also use some properties of partial derivatives to transform the derivative into one which is a little 
easier to compute. The second approach is shown here, since it is a useful trick to know in case 
an equation cannot be solved explicitly for both pressure and volume, which is often the case. 
Properties of partial derivatives are reviewed in Appendix II of the text. 

er) (at) lar 
oT OVm/\ OT (22 

OP Ir 

dVm) _R,dB_R+B ea RT = Rl SiO) ee N= =-KL 

Reps Eat je ae oe oP p? 

eal (2) er n=.(R+BP)(. 2") p (R+BP) 
OT !Vm [2] P RT RT 

OP |r 

1p\2 I1D\2 

Com = Crm = T(R+BE) x p(R*BP) = pr (R* BP) (R+ BPP 
P RT PRT R 

Com = Com = RABPY 
R 
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P33 1p Ponti niet! eas! rr 

We use equation 2.28 and calculate Cvm at 20 C, since this is the temperature at which the other data 

are given: 

3 au eR LCP Goa ty geen Tet DOS Vin - 14.8-cm a = 0.18-10 K KT = 3.9:10 ee pm ~ SPP PR 

Pe 
THY yo” joule 

C ym * © pm- - KT Cueseus molek 

The observed value is 23.4 joule/mole K. 

2.35 wd 42) es Be ee ee eee ee ee ee ee ee 

Equation 2.27 gives us an expression for Cpm - Cvm: 

coco OT /p\OT lv, 

The van der Waals equation is explicit in pressure, so we must use the cyclic rule for partial 
derivatives to evaluate one of the derivatives. Properties of partial derivatives are reviewed in 
Appendix II of the text. 

ele) oT OT /p \dT ea 

OVm yh 

ees (2e) R (2 Se RT Gide 2 eR IV ct al 
Veobie aTlv, Wm-b OVmIt? (Vine by & V7 Vi(Vn=b) 

Fl (2 __\oTW, --( R | V(Vim- b)’ |- RV-(Vm-b) 
oT }p (22 | Vm - b/ \- RTV* + 2a(Vm-b)'} RTV? - 2a(V2, + 2bVm + b”) 

OVm Ait 
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(2¥e) Ps RV (Vm - b) 

OT Jp RTV>-2aV2, + 4abVm - Zab” 

_ EMEA Us To an RV(Vm-b) R 
Com - Cym = T |—= —]} =T ee ay GT ae 7 apes 

OT |p \OVm/t RTV> - 2aVin + 4abVm - 2ab~/ \Vm- b 

nae Cun = pS Se RT Vee Ba 
RIV = av i dabV.4 = 2a 
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SECTION 2.8 

Dea] 

The enthalpy imperfection is most easily calculated from eq. 2.34: 

H,=U,+PV,-RT 

The internal energy imperfection for a Redlich-Kwong gas was derived in problem 2.36 as: 

ree 3a i 

" 2b/T |V,tb 

The PV,, term in eq. 2.34 is easily evaluated for the Redlich-Kwong equation of state: 

RTV,, a 

a V2 TV, +b) 

Therefore, the enthalpy imperfection is: 

SOAS a Ae ea 

' 2b/T |V,+b 
+ - 

V,-b vVI\V,,+b) Ca 

yelRT_ a 3a - 
i ¥ =o yT(V,,+b) 2b/T |V,,+8 

The energy imperfection is given by equation 2.31: 

o-[ PL 
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7 (2) OER ee ate RTS fa oD, 
Vm oT Vee bee ty (Va TV2 8 TV 

2.41 

Use equation 2.35 to calculate the enthalpy change of a real gas. Since the compression is isothermal, 

dT is equal to zero, so the only contribution to the enthalpy change comes from the enthalpy imperfection. 

The enthalpy imperfection for a van der Waals gas is derived in example 2.15 in the text. 

6 3 
joul Pa- 

pues 145 ba aa 58 1s b 6514100 kJ = 103-joule 
mole:K mole- mole 

liter liter 
5.6226 2 1,11902=—— T = 310-K Verte 2.0225 aa Vira? allo nar 310-K 

4 b-R-T 2:a a b-R:T 2:a 

um Vp ie Seay ee Ona V m2 

: kJ 

2.43 

We use the RK equation to calculate the pressure for each volume given, and from this, the 

compressibility factor. The equations for the energy and enthalpy imperfections are given in problems 

236 and)2.37, 
. 6 3 

Ree eo ee A atch pe ts pee 7410 T = 300-K 
ler mole?-,/K mole 
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ie Oo V mo = |-liter Vin, = 10-liter Vim, = 100-liter Man, = 1000-liter bar = 10°-Pa 

P.-V 
are a Apes 

Se eae aia tae 
J \ J / 

V s LR: 3 m. ' ee al b\ Hi + ae = a . In| I 

: =n do Sent ToVeeeiby le 2-bail m, * 1 tabr |. Ym, j 4 ( m; * >) d j 

as | 24.757 | ; 0.99251 1 
Palte tt | 2.492 | | 0.999101 

Vm =| \+liter P.=| |: bar 2 
100 | 0.249 | | 0.999909 

1000 | 0.025 | 0.999991 | 

7 any (-151.239) (-132.556 1 
10 a ‘ 115.6570 ' |-13.414 ie 

=| ‘liter =! “joule =) *jo 
m” 100 Ast S7t ie e343) een 

| 
© 1000 0.157 | (-0.134 | 
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SECTION 2.9 

2.45 EE ai cee Se 2s Ne ee a De Se ee ee Se | 

Isothermal, reversible expansions are discussed in the first part of section 2.9 of the text. If we assume 

the methane is an ideal gas at 400 K, then we can calculate the work of a reversible isothermal change 
using equation 2.36: 

7 joule - es ¢ eee ys) apo 
Rens. 5 1451 mele T = 400:K Meal kg: MW = 16.04276 aa Tee Mw 

R-T kJ = 10°5j Py = l-atm VA ieee 10°-joule 

ea 

R:T 
P > = 10-atm ENE, 

ee 
w - nRTIn 21 w =477-kJ 

er 

2.47 

Isothermal, reversible expansions are discussed in the first part of section 2.9 of the text. Since we are 

concerned with a reversible expansion, we can substitute the pressure given by the van der Waals 

equation for Pex. 

eV 5 
| neRo Neca 

we- | P., dV P ex=P Vanes 2 

All 

Ae) 
nR:T n™a 

al | V-n-b- v2 

Vy 

a1 
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(In(V 9 - n-by-RT-V 2 ~ ra) (InfV 1 > n-b)-R‘T-V + ne) 
w=-n -n \ / 7 

ie Va 

23 2 

Tei Vig ruby RT aoe per al EY ai Oe Rah een 
deste \ 2 / Vv 4 \ l } 1 

Vm nay ee) Pied 1 \ 
w=-n-R:-T:In V,- 1b : oh = a - V1 

| aie: 

Evaluating this for the reversible, isothermal expansion stated in the problem 

joule 
R = 8.31451- 

6 3 
Pa: m 

Ty: 30F 15% = 6.00-mole me ane 0.6849: been 76:10 
mole:K mole mole 

V1 = 10-liter V5 = 150-liter kJ = 10? joule 

IV 5 ~- n-b\ / [V2 We Sea 1 \ : 
W - Se Toh) -n a \V2 = V1 = -39.14 kJ 

For the ideal gase case, we use equation 2.36: 

‘V >\ 

w =-n-R:-T:In v7 | w =-41 -kJ 

2.49 SR ee ee ee 

We plug the conditions given into the result of problem 2.48: 

ioul 
Wes As T = 300K 

mole-K 

Pa-m® 
n = l-mole 

m? 

a = 7.895- b 235.43:10 Se 
mole*-,/K mole 

V 1 24- liter v5 = 1.22:-liter 

[V2 - n-b) 2, i (V5+n-b)-V 17 
w =-n-R-T-In Mt ire ek s joule 

Sa ee ENGR w =7152:- 
RON te nb, b-/T | ie i* n-b\-¥ 2 | mole 
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For the ideal gase case, we use equation 2.36: 

iss 2\ joule 
Ween RT In aa w =7431- 

ey 1] mole 

2.51 

This problem is similar to example 2.17 from the text. We use equation 2.38 and Cvm = 3/2 R, since we 
have an ideal monatomic gas:: 

a 2 OG ee T, = 1200-K Ay eericli Me 2 Osi Coleen = 6. molec ] = ] = iter 2 = £2°11ter vm gi) 

; Dy 2a4 

if) ry 2) aay 
C ym ini ——|=-R-Inj ——} | ae 3 

re \V4/ T > = exp;-R--+—_]-T T 7 =153-K 
! : \ vm | 

2553. 

Remember that assuming ideal gas does NOT mean that Cvm = 3/2 R; this is only true for ideal, 
monatomic gases, and ammonia is polyatomic. The ideal gas approximation allows us to use equation 

2.39a to evaluate the final temperature. As a first approximation to the final temperature, we assume a 

constant heat capacity and integrate equation 2.39a to obtain equation 2.39b. The heat capacity of 
ammonia can be found on Table 2.1. 

R = 83145120 T= 293.15-K MPa=10%Pa  P, =0.10-MPa -—SP-> = 2.0-MPa 
mole:K 

Gants 

‘hay eres 
eee mole: k 

/Po\ 7 
[* 2\ {P2| | ieee 

Sora tenn Ps T > = exp!R ioe LT y T 5 =572K 
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However, since ammonia is a polyatomic gas, it would be more accurate to use the 

temperature-dependent heat capacities given on Table 2.1. We go back to equation 2.39a and integrate 

it with a temperature-dependent heat capacity. This will give us an equation for the final temperature. 

joul joul joule-K ey = 29.752 Q5 205 1040 ee eceeeeos 10 
mole-K mole-K2 mole 

eT 
| 2 7 C4 

A rt a Cats a) We a 

eet ele aT=R-In{ | 
| a 
JT be 

1 (-c4 r 2°C jin /T 2)'T ae + 2C9°T 2°) l (-c4 +2-c yin(T 1)°T ia +2-¢ 7'T 1°) Iv 4 
7 \ “2 Pe a e = \ 5 zR-In P, 

T 9 — Ly | 

The final temperature must be solved for numerically. We use the result obtained assuming a constnat 
heat capacity as our first guess. 

f Ane \ oT at pee ee 2 (-c4 ree In(T 9) be +2-07°T 2°) | (-€4 + 2-6 yIn(T Wee +2:¢9:T 1°) ] 
l 

T 2 = root -= / at | i2 2 2 2 ie 

vonage | 
Ped | 

T92 = 555°K T 92 - T9 = 273.15:K T92 =282-C 
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Sey 

We will assume ideal gas, which allows us to use equation 2.39a to evaluate the final temperature. We 

also assume that air is an ideal mixture, so that the heat capacity of the mixture is just a weighted 

average of the heat capacity of oxygen and nitrogen. Assume the air is 21% oxygen and 79% nitrogen. 
As a first approximation to the final temperature, we assume a constant heat capacity and integrate 

equation 2.39a to obtain equation 2.39b. Heat capacities can be found on Table 2.1. 

joule 
Rage 8.31451. Ligece 5 <ho hs. P, = 14.7-psi P > = 65-psi + 14.7-psi Gaatk 

J ; _ joule _ joule 
(C pm = 0.79:29.04 alee 0.21:29.16 AIG 

Tal P | nf -2\ 2 : 2 arse Cc Ae aa \P 1} | : 
pm bin) \P 4 15 = exp) Re 1 lay de = A710 

: | & pm, | 

However, it would be more accurate to use the temperature-dependent heat capacities given on Table 

2.1. We go back to equation 2.39a and integrate it with a temperature-dependent heat capacity. This will 

give us an equation for the final temperature. 

joule 3 joule 6 joule 5 joule-K 
= 25.79:-—_——— = SS (Ob II) =< = -1.46°10 -- C4 = 0.88-10°- 

“I ae mole-K ee mole:K? ie mole:K? - mole 

29,30. Joule win OF sees PPO ORE 10 Pree ey reRso One 
eR. 4 mole-K ona) mole-K? ve mole-K? S , mole 

4p [ 2 5 c 4\ | 2 Cg 

O72 te qr c5.l = CaoT toy} O2llestcgT+c7T Sa p 
| T?} | T 2 
: ‘ dT=R-In| — i Py 

Ir 1 

5 
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105 395 P 9\ 
SE bi bes POS as ered a Peclly-c C4 ~ -79-¢ y-In(T 9) + .21-In(T 2): 5 ... =R-In| — 

3 395 : 2 
ae he pal h CQ°r A035: Tug oo ange pe 79°¢ pin T 1) - .395:T bee.3e 21-In(T byes a 

105 
+-.79-T j-¢9- 105-T jc 7- .21-T p06 - —Scg 

1 it 

f .105 395 
T 2 = root 395-T 97-¢ 3 - Cie 21°) 536 6 = 7 oA ai? ey inf 3) + 21-In/T 9)-c 5... Teac 

| a. T° > 15” \ aor 

395 
+.79-T 9:69 + .105-T 97-¢ 7 - 3°04 -79¢ pln(T 1) - 395-7 17-63 - 21-In/T 4)-e 5 .. 

ip \ eh 

2 105 {P.5\ 
1+. .79-T 1°°2 .105:T le ces 20ST lecroua pas - altar 

T 9 =475 °K T 2 = T9- 273.15:K Ta 2Z02"C 

We use equation 2.43: 

Ty 2299, 15-K 5 i) hort Vixen Vie led en 

rv \tr! 
T9 iy! Taye 7i ten. 

T 92 : T9 273.15°:K 

T > =438-C 

56 



Physical Chemistry, 3e 

Jiao) 
SS SS SS eee 

This problem is similar to example 2.20 from the text. 

(a) Ideal gas: If an ideal gas expands into a vacuum, it does no work. Therefore, its internal energy and 
hence temperature do not change. The final temperature is 15 C. 

T > = 288.15-K 

(b) van der Waals gas: We write the expression for the change of internal energy, and find the final 

temperature at which this change is zero. We use the result for the energy imperfection derived in 

example 2.14 of the text: 

joule 
ROMEO E RP T 1 = 288.15-K V mn = 4.0-liter V m2 = 20.0-liter 

6 ; _ joule 

Pe ise4 S Sing Sa: ernclerik 
mole 

Cee oe CT ahs MAG Voleel > acon YI ae ee Vea, 

C T a a \ 

es! V m2 : V ml/ ie T > =287°K 
C vm 

(c) RK gas: This is similar to part (b), except we use the expression derived in problem 2.36 for the 
energy imperfection of an RK gas. To find the final temperature, we must solve the resulting equation 

numerically. 

an 3 
ane heres b - 26.74-10° 

mole~-,/K 

-3-a IV m2 ~ b\ -3-a [V m1 - \ 
iq Sef) ) ] 

2-b: IT 2 \ V m2 | 2b [ry \ V ml / | 
WP) = root Cym'T2-C vm! 1 

Ter saseak 

oF 
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2.61 ES) ae de eee en ee 2 Cet A 

To do this problem, we must carefully define the system we are working with. A gas is being 

compressed reversibly and giving off heat to its surroundings, the water bath. The compression of the 

gas is not adiabatic; however, the water bath and the gas together are adiabatic. To calculate the 

amount of heat given off to the surroundings by the gas, we define the system as the gas and treat it as 

an isothermal compression: 

joul Reggio Nw =300K P,-latm  P=10-atm n= 5-mole 
mole:-K 

if “4 } 

' Ria} 

V 2\ Pan on (Py /P 4\ 
wa mR-Teln) S—) =m RTeln =-n-R:T-In} pe Woe Ex 

ee F nieces \ 2/ \ 2 
Py 

q=w q =2.872-10° «joule 

Now, we consider the water bath and the gas together to be the system. Since the system is adiabatic, all 

of the energy released into the system goes into heating up its contents. The temperature change is 

simply the heat relased divided by the heat capacity of the system. 

joule 
= . = = 2. Cp 9000 K AT G AT =3.2°K 

Pp 

Tz =T+AT T 9 =303°K 

2.63 
This problem is similar to example 2.22 from the text. We start with the result of example 2.21, which 
gives us the relationship between the second virial coefficient and the Joule-Thomson coefficient. 

T-Bprime - B 

C om 

A psle the expressions for B and dB/dT. The expression for B for a Berthelot gas can be found on 
able 1. 

or-T.1 (6-T.2\1 3 
Rope | Le Te | | Font iipee fos 

128P ot | tT |} 32 fpeeps ae i (P T°) 
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oA 

idles taal: aed ple 
| 5 AS -_—"| Eh 

leer Pe Petre || 
Cor 

At the Joule-Thomsom inversion temperature, the JT coefficient is equal to zero. We set the expression 

equal to zero and solve for temperature. 

3 2\ 1 
27 To 9 T> Te 

| (32-T ;*) c c serial 
Oz! \ IJ 

C pm 

T ¢ = 154.3-K Teg 42 Te Tj =655-K 

2165 

This problem is similar to example 2.22 from the text. We start with the result of example 2.21, which 
gives us the relationship between the second virial coefficient and the Joule-Thomson coefficient. 

T-Bprime - B 

oer rare pm 

We plug in the expressions for B and dB/dT. The expression for B for a Berthelot gas can be found on 

Table 1.2 

a a 
Bxb - ——~ Bprime= 1.5:-——-— RT! (R-T?5) 

IF a | 

Pa RY -b| 

a4 (RTs) 
H C om 
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At the Joule-Thomsom inversion temperature, the JT coefficient is equal to zero. We set the expression 
equal to zero and solve for temperature. 

[ a | 

(R-T }9) 
Ox! \ l j 

(: pm 

joule Pa-m® 3 
R = 8.31451. Lo Lye ee ie 45.15:106. 

mole*-,/K mee 

Tj = 1.842015749320193303- T ; = 1630°-K 
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CHAPTER3 The Second Law of Thermodynamics 

SECTION 3.1 

seal 

To calculate the work obtainable by a steam engine, we rearrange equation 3.2. The temperature of the 

hot reservoir for each case is given, and the temperature of the cold reservoir is the condensing 

temperature given. For steam at 1 atm: 

a = 300.15-K ifs) Bion louk 42 10 joule Eres 10?-joule 

leon 

eT 
w =-196 -kJ 

For steam at 15.3 atm: 

thoy es 473.15-K 

T5-Ty 
Ww =-q eee ee 

2 T > 

w =-366 -kJ 

oe JF  — eee 

Equation (3.3) gives us an expression for the work: 

ae eek eh) 
So es 

MN Ta: ] 
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Since power = work/time, we have: 

5 eas 
Ps=—->; 

: \ eh / 

Using qi/t = (500 J/sec K * delta T) gives us: 

1 f cen ] 

P= 500 joule | aa) 

sec:-K 4g | 

3) 
; ‘ale Tey 

r F joule acre 1) 
a T5 - 303:K At 298-K Z : ‘ (a) 2 P ='500:— 7 

a Oban a 
, joule ;(° 2 Lin 

b T>5 = 303:K T, = 293:K P - 500: mies : (b) 2 | seek | Ty 

For step 1 of the Carnot cycle, 

Vv Vv 5\ 2 a2 2 
q2=RT In ——— AS (ea = Rile — 

Vv 1% ] 2 ] 

For step 2 of the cycle, 

w=AU_ so dq = 0 AS 5=0 

Similarly, for steps 3 and 4 of the cycle, 

V 
3 

V4 
AS 3=R-In 

62 
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The plot is shown below. For a PV plot, the area enclosed is the work. For a TS plot, the area enclosed is 

the net heat, since dq = TdS. 
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SECTION 3.3 

Din Ge. | le 

The same equations apply for isothermal expansions and isothermal compressions. We use equation 

3.14b: 

joul 
Persist. SMW a6 049 mass = I-kg MPa = 10°-Pa kJ = 10?-joule 

mole-K mole 

mass 
P, = 0.1-MPa P+ = 1.0:-MPa n = aw n =62.33-mole 

iP 4 ‘ 

2 3 joule kJ 
AS = -n-R-In, — AS =-1.19- = =- ne n a S =-1.19-10 a AS =-1.193 K 

3.9 

We assume that the heat capacity is constant, so that equations 3.13 can be used. From Table 2.1: 

joule joule 
-9 Seeds = 12.59: = 298.15-K Ti ppeed/ Salah GC pm 20.93 5 Pg i ip Pe os PO th 9 D) 

For changes at constant volume: 

ene Ly. AS =2.82 joule 

cs vm"! Ty re mole-K 
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This is only the entropy change for one mole (note the units). We must multiply by the total number of 
moles: 

gm mass - 1k Wis eee ee mass g M 40.33 ane n= aw 

joul AS total = n-AS AS total = 70.05 — 

For the entropy change at constant pressure: 

2) joul x in| Z eee ae AS = C pm'In| NS SENS 
\ / 

joule 
AS total - n-AS AS total = ] 16.45 Sar 

We use eq. (3.9) and the heat capacity from Table 2.2. Assume Cv = Cp -R. 

Te alk iRapk Ho R = 8.31451 2 

joul joul joule-K 1 Crp ACO) < DU er SRA) as ee Fea [ee eg 
mole-K mole-K2 mole 72 

ol 

AS - a phe Ngee ee 
eae (oe ie moleK 
al 
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pais 

We integrate eq. (3.11a) numerically: 

fee Ooea Cc 
pm; © Ts 

i= 05,5 

66 
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BD Se ee ee ee ee ee eee 

(a) Since the gas is ideal and monatomic, we know that Cvm = 3/2R and Cpm = 5/2R. We use 
equations 3.14b and 2.36 to calculate the entropy change and the work. Because enthalpy and internal 

energy are only functions of temperature for an ideal gas, they are zero for an isothermal process: 

joule 3 5 
Kee 5, _——_—_ ee = 10°: =]: 8.31451 oa vm *5 R bar = 10°-Pa P = I-bar 

n = I-mole T = 400-K ere) 
Py 

P'5\ : 

AS = -n-R-Inj—| Reena ee 
\P 1/ K 

AU = 0-joule 

AH = 0-joule 

eV 
| - n-R-T ‘ 

wWwe-) Vv dV w = 7658 «joule 

lv 

q - AU- w q =-7658 -joule 

(b) Before calculating the change in internal energy or enthalphy, we must find the final temperature. This 

is most easily done using equation 2.39b: 

5 
T 1 = 400-K Com = 578 

Ree 
Cc | 

Aa ee T > =1005-K 

67 
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Equations 2.16 and 2.23 can now be used to find changes in internal energy and enthalpy: 

We 
AU on Cu aT AU =7542 «joule 

| 

JTy 

we 
AH =n: Lt pm dT AH = 12571 -joule 

JT] 

Since the process is P haonle 
adiabatic, q= 0, and oe 
we can thus find w: 

w:AU-q Ww = 7542 -joule 

Finally, as was discussed in Example 3.7, for an adiabatic, reversible expansion, the change in entropy is 

zero. This may become more apparent if the reader reviews Section 2.7, which deals with adiabatic 

expansions. 

_ Joule 
AS = 0 K 

(c) The heat capacities are constant, so we use equation 3.13 to calculate the entropy. Again, equation 
2.16 can be used to calculate the change in internal energy. 

T 9 = 273-K 

IT >\ : 
H - joule 

AS = n-C vm In| AS =-4.76+ K 

eT 2 

AU = n-C \, dT AU =-1584 -joule 
iT 1 

68 



Physical Chemistry, 3e 

Since the process occurs at constant volume, the work done is zero (see the definition of work, eq. 2.9). 

The change in internal energy is equal to the heat plus the work, so once we know work, we can find q: 

w = O-joule 

q - AU- w = -1584 -joule 

Finally, the change in enthalpy is determined using the definition of enthaply and the ideal gas law: 

APV = n-R:(T>-T 1) nR-(T 2-7 )) 

AH = AU + APV AH =-2640 -joule 

(b) We use equations 3.13, 2.16, and 2.9 (we could also use 2.23 to calculate the enthalpy change, the 

result will be the same): 

5 
Cc pm = 5R 

[T 2\ “ joule 
AStan: © pm | AS =-7.94- K 

T2 
AU = nC Vm dT AU =-1584 -joule 

oar 

‘ for ideal gases, this reduces to w = -n-R:(T2-T 1) 
Z 

io Ee excdy w = 1056 «joule 
JN 

q - AU- w q =-2640 -joule 

AH = AU ~ APV AH = -2640 -joule 
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cE 

This is similar to example 3.2. A heat balance on the system gives us: 

AH 1 - AH 2=0 

Cp je final - T 1)=Cp grr as final’ 

T , = 273-K T4"= 3736 Cag 1234.04 Cp > 217.5 

Cp y°T 1 - Cp oT 2) 

‘Cp 1 = Cp 2) 
if final ° T final = 306.7°-K 

The entropy change for the system is: 

AS system= 4S 1° AS2 

[T final | T final 
AS system ~ Cp ;:In 1 oF - Cp 9:In TS 

joul 
AS system > 0.583 at 

3.19 

Since U, H, and S are all state variables, we can break up the change into two steps: a constant pressure 
heating and an isothermal change in pressure. For an ideal gas, the internal energy and enthalpy depend 
only on temperature. For the entropy change, we combine eq. (3.11) and (3.14b). 

joul Persist 500k T > = 300K bar - 10°-Pa 
mole-K = 

3 Com 5B eee eee Py > I-bar Py = 3-bar 
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joul ADE Ten ane Ay AU =-2494 

_ joule 
AH - Com ie abs): Beet) ere 

ie /P , 
eee 2| joule 

AS a | | = . eee =- . C pm MT R mp i AS =-19.75 nee 

Biel 

Step (a): Adiabatic expansion. Since this process is reversible and adiabatic, q = 0 and the entropy 

change is 0. We can find the final temperature by rearranging eq. 2.38. 

an has bar ; _Joule eee Ty = 400-K bar - 10°-Pa Py > |-bar R = 8.31451 25 FN C pm oes R 

RT| 
V ] = rp? V ] = 33.258 -liter V 2) = 2-V ] 3 

G vm = 2 R 

ye 
[T 2\ [Vv 9) i Vy C ymin] =—)=-R-Inj — T > = exp|-R——_ |.T , T > =251.98-K 
\T 1/ ay 1; \ C ym / 

; : a joule 
AUT aC vm ge Ot A br O 

Aleae AH, =-3077 Joule 
Sia C pm‘( eee a” mole 

_ Joule _ Joule ; " By Joule 

one mole-K Va ~ “inole ome olame da Weta ae mole 
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Step (b). Constant volume heating. Since this is a constant volume process, no PV work is done. 

ee R-T Ty = 251.98-K T > = 400-K tt apd 2 P > =0.5-bar 
2 V y 

f : " joule 2 AU = Cym(T2- TY AU 5 = 1846 

AY RCT yar AH , = 3077 20eu Been.) 2 ob) Dg mole 

RSS cinta) AS , = 5.763 Oo Reet Ts b= mole 

_ Joule : a joule 
Wh = 0 qp>=AU,-Wp, 9p =1846 i 

mole 

Step (c): Isothermal expansion. Since the process is isothermal, and U and H for an ideal gas onily 

depend on temperature, the change in internal energy and enthalpy is zero. 

P ] 0.5-bar r 7. ]-bar 

, R-T R-T joule joule Zz 2 
A = 0--——- AH © =: 0:-—— Virco 2 eae 
Uc mole - mole Py a2 P»> 

P 4 ; 2 joule 
| = - = — — AS, = -Reln Py AS . =-5.763 ms PAT 

‘V5 : . 
joule joule 

, y =7 ees = S =— . Wo = -R:T "In v We 2305 aap Gc = AU,- We qi ==-2305 meets 

For the overall process, we simply add the steps together. Note that for the state variables, the overall 
“pe . : ‘ee 

Alia AU AU Atl: Mie change is zero, since the overall final and initial 
mole states are the same. 

joule joule 
AH - AH + AH + AH A SPT ie = ae + =- . 

a b . 2 mole DSA aeeb tac Satie mole 

joule joule 
AS - AS,+AS;,-AS AS= 0: 2 x + = . . b C ie W=WatWprWe w =459 =e Ps 

fe: 
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Be23 a eee et rey errs eee eS oe Oe eee 

We calculate the number of moles of each species, and then use eq. 3.15: 

joule 
R = 8.31451- Sear Ww = shyo< Raeeleatsn V1 = 3.5-liter V > = 5.6-liter 

PV y PV 5 
ny = Rr Nokes RT nq = 0.12+-mole n9 =0.192-mole 

ny ng 
XxX] 2 X 1 =0.385 X 9 = 0.615 

jee Le, Len? 

ASME Ron inex inxo Ase gg eee 
kage RbeL deus 25) ~~ “mole-K 

Pr eset 8 ae ho Pee Pe ee 

(a) This is straightforward: 

joule AH fy ] — T fs = 505.05-K AS eee £G oie SERS AH 7070: aT huSae mare mole:K 

(b) This is similar to exampe 3.9 in the text. 

aie - _ joule 

Teal fic 125 ks T =450.05 -K 

[T fus\ AH fus age joule 
AS = ‘In; —— | - =-13.8- 

Cp baie ‘ale } Aaa Fie - Cp solid’ In! T fus fus, AS 13 8 mole:K 

73 



Student's Solutions Manual 

SECTION 3.5 

Rea Ai Ne a i a ine a a a a ed nS 

There is a pattern to deriving Maxwell equations which is a little clearer after looking at a few 
derivations. This derivation is similar to example 3.11 in the text. We start with the equation of 
state for U, since T and P multiply the partial derivatives in this equation, and these are the 
variables which appear in the top of the partial derivatives in the final solution: 

dU = TdS - PdV 

Next, we write the total derivative for U in terms of S and V, since these are the variables which are 

in the bottom of the partial derivatives in the final solution: 

a dV 
vk. 

dU = a 
ds 

dS + 
Vv 

Comparing these two equations, we can see that: 

* =T (2) =-p 
dS Iv dV Is 

Taking partial derivatives, we obtain: 

fvllash“lavk ——lashlavk= Gs) AV/s\dSly \dV!s dS Iv\AV |s dS Iv 

By the properties of partial derivatives, the left hand sides of these equations are equal, so we 
have the Maxwell relation: 

vk Esl 
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3129 
SS a a eee 

"Readily measured quantities" just means obtain this partial derivative in terms of T, P, and V, 
which are quantities you can measure. We can begin by writing the total derivative for H in terms of 
S and P: 

ate (oe | dS + (2 dP 
OS |p OP |s 

We compare this with the equation of state for enthalpy: 

dH = TdS + VdP 

Based on this comparison, we can see that: 

dG (22 dT + (22 dP 
OT |p OP |+ 

Comparing these two equations, we can see that: 

This is similar to example 3.12. We begin with the total derivative for H, written in terms of S and P: 

dS + je dP 
OP |s 

an = (2 

aS P. 

We can compare this with the equation of state for enthalpy: 

dH = TdS + VdP 

Comparing these two equations, we can see that: 

me OS |p 
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We use the chain rule on the partial derivative to obtain: 

By definition, the partial derivative in the numerator is the constant pressure heat capacity, so we 

have: 

T= (2) eo) 
OS |p (28) 

OT |p 

sl OT |p 

3.33 

First, we write the partial derivative in terms of P, V, and T by using the second Maxwell relation in 
Table 3.1: 

= 7 \dT/y 

We can simply take the derivative of the van der Waals equation with respect to temperature, 
treating V as a constant: 

(as. 
ov 
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Spee) 

First we write p and Cp in terms of their definitions, found on Table 3.1: 

vee 
We can rewrite the partial derivatives using the triple product rule to obtain the solution: 

‘Gel, (ath “(Ge 

We begin with the definitions of alpha and Cp found on Table 3.1, and get the expression in terms of state 
variables. In the derivation below, the derivatives are all partial derivatives: 

1 a vy (oy) We can flip the derivative pee 
aan \dT P mele in the denominator: \dT /p (2) a 

ah \dT/p \d /p 

Next, we use the chain rule: 

(dV\ (/aT\ _/dv\ 
\dT/p \dS/p \dS/p 

And a Maxwell relation: Thus: 

[dv\ _/dT\ aVT_/dT\ 
\dS/p \dP/, Cian dP yr 
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To calculate this quantity for CCl4, we use the data given on Table 1:8: 

3 
E nae) Pascoe is : : _ joule 

a = 1.236-10 % Vie= A beers T = 293.15:K Cp 132 ola 

° . K 

answer = Rear. answer = 0.027 -—_— 
Cc p atm 

3.39 

This can be a frustrating derivation, because it can lead to a lot of dead-ends. We begin with the 
derived relationships for Cp and Cv, found in Table 3.1: 

| Ser eA : Cy = dT /p\dS }y 
dT ly 

We use the triple product rule on both derivatives to obtain: 

Sg eases 
We replace each of the partial derivatives with the Maxwell relations: 

ee Cy OT /p\dV Jp\dS /y\dP ly 
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Now, use the triple product rule twice, on the first two partial derivatives, and rearrange: 

c. “laeller]aphlvllos ae) 

Cae tl aP\ (as\ (aP\ (aT ia ap) (as) (aP) (aT ct * a) lerlarhlashlarh in erlarlasler 
Cancel out some of the partial derivatives, and multiply top and bottom by -1/V: 

Cy KT 

3.4] 

We use eq. (3.25), and rearrange to solve for the adiabatic compressibility. 

3 ; cm ee ule : peed ; _m 
BRIO) fog fet C pm = i aos pea Oeale24-10 K Coen 1295 tee 

M 
WR Ise ne, oss Kk ec pas p =0.87- _ 

mole Wes oa 

| 10 hale cers = 

K ——— K ¢ = 6.85510 
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Now, we use eq. (3.27) ro find the isothermal compressibility: 

TeV ya? Siihed 
KT = Ko++-——— K 7 =9.927:10 © +-— Bee on T Pa 

Finally, we use eq. (3.26) to compute Cv: 

pat) _ Com Feito e joule 
ar vm = 7y vm ~ 7) ole K 
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SECTION 3.6 

3.43 
a ee ee eee ee 

The Debye T? relation is given by eq. (3.29): 

Com = aT° 

From Table 3.1, one of the basic equations for entropy is: 

dS =P dT + (| dP 
T OT |p 

The second term on the right-hand side is zero, since we are dealing with a solid. Thus, we have: 

4 

ss-| Cp at 
T 

0 

T 

as-| aT’ dT 
0) 

AS 2 al — Crm 
3 3 
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3.45 

This is similar to example 3.21. We will integrate eq. (3.28) numerically. We can calculate the entropy at 

13 K using the Debye law, eq. (3.30). 

AS = 129.085 Joule 
mole:-K 
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SECTION 3.7 

3.47 ze eer ere eet en WUE i BY fo hi A ee Bi > bt ore 16 oie te wie ene pe iene gn 

In example 3.23, the formulas for the entropy imperfection of a gas obeying the virial series is 
derived: 

s;=-(B P - 1p’) 
2 

We ignore the y term. The RK form of the second virial coefficient is given on Table 1.2: 

BUT) = b=-—4 
RT}? 

The derivative with respect to temperature is: 

Ria ea 
ORT. 

Thus, the energy imperfection is given by: 

Cas 3aP j= 
ORT 

The constant a for acetylene in the RK equation can be found on Table 1.1. The standard 
entropy is given on Table 3.2. 

bar := 105 Pa P := 1 bar T := 298.15 K 

: 1/2 ‘ 

ne ey) a:= 7.895 Pam*K * Coleg oploule 
mole K mole mole K 

S :=S°- —2at_ S = 200.85 joule 

2RT mole K 
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3.49 

The standard entropy of Ar at 298.15 K is given on Table 3.2. We will assume ideal gas and use eq. 

fao1t 

souls T= 298.15:K Teen 7 5 Ie ae isd gene 
aoe 8.314515 eK les : 2° 298 © ; mole-K 

Com = 2.5-R 

eet joul . Phe: s S 298 - { pm In T | = 174.709 male 

3.51 

Table 3.2 gives the standard entropy of ethane at 298.15 K. We use eq. (3.31) and the heat capacity 
given on Table 2.2: 

joule 
Ti 298.15-K T> = 2500-K S = 5.740: 2 298 82-1 10 re 

joule joule rg *youle 5 5 5 joule-K 1 
C p(T) - 14,22-———_ . 0.00922: ———,:T - 1,87-10 reas bh ~ 7 ll Oe — 

mole-K mole-K mole-K mole 7? 

“T26 (ry 
Pp joule 

5 28 . ——— dT S = 46.354 -——__. 
298 T fe mole-K 

ae 
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See) 
ee 

Since the liquid is incompressible, we use eq. (3.39): The properties of benzene can be found on Table 
1.8. 

MPa = 10°-Pa 
1 

P ref = 0.1-MPa P = 15:MPa a = 1.23710? V = 89-cm? 

Re Pies soy : 2s _joule 

Sy SP) 

We use eq. (3.39): 

MPa = 10°Pa Pye = 0.1-MPa P - 1-MPa a = 1.236:10 7-5 V = 97-cm 

; ; joule | 
Stef = 216.40 

’ , bs 2 joule 
S = Sjef- 0-V'(P- Pref 521600) ee 
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3.57 

A reversible, adiabatic process is isentropic. We can set the change in entropy, eq. (3.37), equal to zero 

and solve for T. As a first guess, we set T2 = 500 K, since we know the gas will probably cool upon 

expansion. 

| lit liter R = 8,31451-/2ue Jecniie preteee V5 50 T = 1492-K 
mole-K mole a mole 

| l joule joule-K 1 CCD a 2579 Joule 0.00809. out _-t _ 1.49-10 6. 2° ie 0.88:10°. 
mole-K mole-K mole-K MO oT: 

T> . 500-K 

.T 
Com T V1 

T > = root ap aT Ring 2 T > =323.027-K 

ef | 

We do something similar for the RK gas. The entropy imperfection for an RK 

gas is given on Table 3.3. 

Pa-m®-,K 3 
OG cele ah Meer ee fig eee 

mole mole 

S (V,T) ss PL oe Sot > i n - —_—S—= 

2-b-TIS \V+b "\V=b, 

we 
weaned Ly [T <Vool 

TP 32 root ee dT ~ R-In Si =Si(¥ 257 9) = Si(V1.T 1)5¥2 
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SECTION 3.8 

ook 

Equation (3.42) gives us the definition of work, and we plug eq. (3.45) into this expression to 
obtain work in terms of stress. 

Equation (3.46) gives us the relationship between length and strain. We can substitute this into 
the integral: 

ge =lle de = dl e(Io) = to- bo = 9 e(l) =a 
lo ips Ik: lo 

€ 

=| o de 

y 0 

The stress is given by: 

2 o= PRT (1. (lo) LSet yas ib SUSgn pene 
zM \lo \1 lo lo lo Io loo 

ie 

o= PRT (e +1-(1}) 
zM e+ 1 
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We can perform the integration to obtain: 

e€ 

ve PRT (e+ 1 -(_ J) ae Letu=e+ 1. 

Yale e+ 1 

e+) 

os ORT (Lou =ORT uty Af *'= eRT|(e IF, 1 [2.1] 
V zM u2 zM 12 1 zM 2 e+] 2: 1 

w —PRT ert ee es) ekT fet eb ieee | 

V 2M 2 (€ + 1) zM 2 (€ + 1) 

w — pRT paisa 
V 2M [2 (€ + 1) 

For isoprene, we have: 

T := 298.15 K M := 0.068 kg 9 := 0.970 g/cm3 

1, := 10cm 1 := 50cm A, 3=0.05.cm? Virol, 

R:= 8.31451 oule_ g = tile 
mole K lo 

The percent cross-linking is 1.25, so 1.25 out of 100 monomer units is cross-linked. Thus, the 
number of monomer units in a chain is 100/1.25. 

%cross-link := 1.25 Fé 140.0) 8 OS =) 

_ pVRT ete a 2) 
z2M [2 (€ + 1) 

w = 2.47 joule 

88 



Physical Chemistry, 3e 

3:6) 

The stress is given by: 

o= PRT (1. (lo) etal ale. is fe eal PER are ag 

zM ] lo lo lo lo Io Ilo 

oH e+ | 

We differentiate with respect to the strain to yield: 

de iit (equl} 

To obtain the initial slope, we plug in| =1,. This is equivalent to substituting e = 0. 

(22) EPRI eee2 is _ 3pRT 
deh, zM (o+1)° deh, 2M 

From Table 3.4: 

T := 298 K M := 0.086 kg 9 := 1.320 g/cm? 

R= 8.31451 Joule 
mole K initslope := 1.6 10° Pa 

oo 
initslope M ery We 

The number of monomer units in a chain is 71.3, so the number of molecules cross-linked will be 

1 00/7 1.3% 

%cross-link := 100/z ZYocross-link = 1.40 % 
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3.63 

By analogy with the coefficient of thermal expansion, we define the coefficient of linear expansion to be: 

ait / dL\ 

OLD aT)» 

We will take the coefficient of linear expansion to be 1/3 the coefficient of thermal expansion. 

Approximating the derivative as a difference gives us: 

] 
ALs -a:L:AT 

We use a typical value from Table 3.4 to approximate the change in L. 

I | 
L  15-em AT = 100-K a - 6.6:10 ae AL = 5-a-L-AT AL =0.33+cm 

3.65 

From eq. (3.48), 

dU = TdS + fdl 

The total differential with respect to temperature and elongation is: 

dU = (2 dT + (2) dl 
oT); dl It 

Comparing these two equations, we obtain 

dU TdS + fdl = (2 dT + oa dl 
0 dl |r Th 
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Since we are concerned with a change that occurs at constant length, the dl terms on both sides 
of the equation will be zero, leaving us with: 

PdSe= (e dT Now we define (22) =(C; by analogy with C,. This gives us: 
| I 

TdS = C\dT 

(23) =ieh 
ane} ae 

3207, 

(a) An isoprene unit looks like this: 

“CH 
Ch | 3 H 
Ne a \ ue EV 3 \earce <3 | 1,09 

NS CO’ © 
a C H, CH, -- ; C 1.09 X, CH | Ge x 

at eae Ho 2 | 

(| don't know how you were supposed to know that. | didn't know it when | took PChem either). From 

trignometry, we find that 

/ : 
Ke .09-10°Fem-cos| 5) y= 545:107 «cm 

which gives us a total length of: 

| = 1.07-10°8-cm + 2-x - 1.09-10 8-cm | =3.25-10 ® -cm 

(b) The mean length is denoted as Imean, and is calculated using the equation given in the problem: 

Be =] 
=2.907-10  -cm N = 80 Imean > yNI | mean 
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(c) First we calculate the volume of the cell: 

3 & -20 3 
V : | mean V =2.456-10 “cm 

Now, each of the 12 sides of a cell is shared by four other cells (again, refer to the excellent artwork below 

to make this clearer). Thus, the weight of one cell is 1/4 of the weight of the 12 chains which make up the 

sides. 

: 
Mee Ce ho 0 We eaNes W =2.71-10 7° «gm 

mole mole 4 Ie 

BRces 1.103 -—; 

cm 
p 

W gm 

Vv 
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CHAPTER4 Equilibrium in Pure Substances 

SECTION 4.1 

4.1 

We can parallel a similar derivation given in section 4.1 of the text. First, we will start with the 

definition of the Helmholtz free energy, 

A=U-TS 

er 

Taking the partial derivative of this equation with respect to temperature gives 

AAT) _1(aU) _U (as 
api 3) 00S ea Wy Pn Wad 0 

From Table 3.1, the following relations show that the first and third terms on the right add to zero. 

c -( 2Y er 
alii samlor)= 

Therefore, our expression for the temperature dependence of the Helmholtz free energy simplifies to 

a pra ll. 
ar), T? 

This can further be simplified by use of the chain rule: 

d(A/T) _ (A/T) d1/T) ___1 a(A/T) 
dT d(\/T) dT T? d(1/T) 
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Combining the previous two results gives 

ee U 

Vv Plan), 7 

(xan) Hy 
aT) Jy 

4.3 

The dependence of the chemical potential on pressure is given by eq. 4.12 

(sP),% OP), 

For constant temperature, 

dy=V, dP 

Inserting the given equation of state and integrating gives 

B2 P. 

i daa ies +B(DéP 
P 

By Py 
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SECTION 4.2 

4.5 

The activity is defined by eq. 4.15, where the standard chemical potential is the chemical potential at 

1 bar. 

=e 8 
amexpl cot 

RT 

The change in the chemical potential with pressure is given by eq. 4.12. We will be able to use this 

equation to calculate the difference in chemical potential from 1 bar to 100 atm. 

rey 
OP paket 

At constant temperature this may be integrated to give, 

u-p°=V_ (100 atm-P°®) 

We can now get an expression for the activity of water at 100 atm by inserting the above expression 

into eq. 4.15, the definition of activity. 

sp atm -P*) 
a=e ———— 

RT 

With 

J 3 

V_=18.069x10°6 —“— | 100 atm=10132500 Pa , P°=10° Pa , R=8.31451 | T=298.15 K 
* mol mol K 

a=1.076 
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4.7 

The activity is defined by eq. 4.15 

wa. 
a=exp +> 
et 

The ratio of the activities of two phases, alpha and beta, is thus given by 

a p-Hp Bem 
—_S ex ped Set Pee Se 

a, RT RT 

The requirement for equilibrium between the two phases is that the chemical potentials are equé 

Therefore the following must be true 

B=, 

Using this to simplify the ratio of activities expression gives 

é eens 

oA aE al 
a, RT 

Recall that the chemical potential is just the partial molar Gibbs free energy. In addition, for a pu 

component, it is also equal to the molar Gibbs free energy. In the problem text, the following relatic 

was defined. 

AG°=G,-G, 

In this equation, the quantities on the right are the standard molar Gibbs free energies for the 

respective phases. They are equal to the standard chemical potentials for the two phases as we 

because we are dealing with a pure component. If we were dealing with a multicomponent systen 

we would have to use the partial molar Gibbs free energy for each component, which generally is ni 

equal to the pure component molar Gibbs free energy. 

Thus we may write the ratio of activities as 

a, ah -AG® 
— =ex 
a, RT 
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SECTION 4.3 

49 UE a 

If we can assume that the heat of vaporization is constant, we can use eq. 4.22, the integrated form of the 
Clausius-Clapeyron equation, to find the new boiling point at the reduced pressure. 

This equation gives the equilibrium relation between the temperature and vapor pressure at two points. If 
we take the normal boiling point of water of 373.15 K (and the corresponding vapor pressure of 1 
atmosphere), we can estimate the vapor pressure at any other temperature or the temperature at any other 
vapor pressure. In this case, the latter will be more useful since we know the pressure but not the boiling 
temperature at the top of Mount Everest. 

Py, = l-atm jer pe eWAR et < 

ee R = 8.31451--20u8 aes sas Se olak 

joule 
From Table 4.2, we find that AvH = 40.66-10°-— " 

i 
7 P45 \ 
ih Saree AvH | 
eo |) | \ 

T2 = -AvH 

T 9 =344-K 

4.11 

The data from Table 4.2 give the normal boiling point of carbon tetrachloride and the heat of vaporization 

at the normal boiling point. 

R = 8.31451--J0ule iT: 1 = 349.9-K P 1 = l-atm = "5 mole-K 

AvH = B00 ae kJ = 1000-joule 
mole 

The Clausius-Clapeyron equation (eq. 4.20) gives the dependence of the vapor pressure-temperature 

relation on the heat of vaporization. For a constant heat of vaporization, this equation can be integrated to 
give eq. 4.22. This will allow us to predict the vapor pressure of carbon tetrachloride at any temperature. 

a 



Student's Solutions Manual 

D>. 400-K 

[ -(AvH-T , - AvH-T 9\ | 
= / |.p 

ae ATT 2-1 1)) 
\ / 3} 

ae =3.64-atm 

4.13 

We are given two vapor pressure-temperature pairs. From these data, we can estimate the enthalpy of 

vaporization using the Clausius-Clapeyron equation (eq. 4.20). The form that is most useful in this case is 

the integrated form at constant enthalpy of vaporization, eq. 4.22. In that equation, the only unknown is the 
enthalpy of vaporization itself. 

(P2\ AvH 1 | 
n, =- : 
\P R \T2 Ty 

Given 

T 1 = (1284 - 273.15)-K T 2 = (1487 - 273.15)-K 

P, = |-torr P > = 10-torr 

joule 
Ree 5.31451-—— 

S145 mole:-K 

r 

In Py 

AvH - : 
: 

R-T 9) (R-T 1) 

AVH =258- ste kJ=1000-joule 
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Now we can use the calculated heat of vaporization and one of the given data points in eq. 4.22 to solve 

for the temperature for which the vapor pressure is 5 torr. 

[P 2| AvVH/ 1 1\ 
\Py mR Ep ara, 

Py = |-torr Pi = 5-torr 

In 

aed E284 462 73.15,)-6 

Ty 
T 9 := -AvH 7P 5 

In| “|-R-T | - AvH 
\ \P 1) 
\ / / 

T 5 = 1693.68 -K Cok 

Tepe 2791 os = 1420.53°C 

4.15 

The data from Table 4.2 give the normal boiling point of n-butane and the heat of vaporization at the 

normal boiling point. iia 

Tye-272.65K Py =tatm  R - 8.314512. 
mole-K 

kJ 
AvH = 22.39:—— _ kJ: 1000-joule 

mole 

The Clausius-Clapeyron equation (eq. 4.20) gives the dependence of the vapor pressure-temperature 

relation on the heat of vaporization. For a constant heat of vaporization, this equation can be integrated to 
give eq. 4.22. This will allow us to predict the vapor pressure of n-butane at any temperature. 

T > = 300K 

he (AvH:T 1 - AVH:T 9)! 
= = a iP allen sa, 

P 5 =2.46-atm 
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4.17 

The Clausius-Clapeyron equation, eq. 4.20, tells us that the slope of In(P) versus 1/T is equal to -AVH/R. 

points = 3 i = 0.. points - | 

ie Pa 

Xo eae y,; = In P;- 101325, 

We are now ready to perform the regression. Notice that the pressures have been multiplied by a factor 
that converts atm to the SI unit of pascals. Actually, since we are interested only in the slope of the 
regression and not the intercept, conversion of pressure units is unnecessary, but it is included here for 

clarity and rigor. 

m = slope(x,y) m =-2.753- 10° mis the slope of the In P vs. 1/T graph 

r = corr(x,y) r =-0.9999998 ris the correlation factor related to the goodness of fit 

b = intercept(x,y) b=21.841 b is the intercept of the In P vs 1/T graph 

The standard deviation of the slope may be calculated using eq. Al.25 of the Appendix. 

s mj i-r = 1.783 m points 2 Pinte Raha 
; kJ = 1000-joule 
oule kJ J AVH eam AVH = 22.887 -—— 
mole mole 

joule a kJ 
S AvH =om Ss P= So AvH = 0.015 ae 
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It may be helpful to see a plot of the data and regressed fit on a In P vs 1/T graph. 

InP(x) =m:x+b 

inverseT = 0.0035 ,0.00351.. 0.00370 

This graph shows the fit of the In P vs 1/T 

data. The slope of this line is -AVH/R 

eres lz according to the Clausius-Clapeyron 
yi equation. 
Oo ore 

— 
os 

0.0035 inverseT , x; 0.0037 

Summary 

kJ kJ 
AVH = 22.887 -—— 

mo 
7 OT 00 lates 

mole 

4.19 

The Clausius-Clapeyron equation, eq. 4.20, tells us that the slope of In(P) vs 1/T is equal to -A,H/R. 

points 8 i O..points | 

xX ; yp > lneB 133.332 

We are now ready to perform the regression. Notice that the pressures have been multiplied by a factor 

that converts torr to the SI unit of pascals. Actually, since we are interested only in the slcpe of the 

regression and not the intercept, conversion of pressure units is unnecessary, but it is included here for 

clarity and rigor. 
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m_slope(x,y) m= 3.04: 10> mis the slope of the In P vs. 1/T graph 

r  corr(x,y) r =-0.999847 ris the correlation factor related to the goodness of fit 

b  intercept(x,y) b=22.759 b is the intercept of the In P vs 1/T graph 

The standard deviation of the slope may be calculated using eq. Al.25 of the Appendix. 

Pay 5 

m [ors 

Sm + points 2 o m = 21.738 R 8.31451 

joul kJ d 
AvH omRoo Pe RCT Res kJ 1000-joule 

mole mole 

R joule seit kJ 

CAvH mmole ° dvH © 8 mole 
It may be helpful to see a plot of the data and regressed fit on aln P vs 1/T graph. 

InP(x). m:x- b 

inverseT  0.0038,0.0039..0.0054 

This graph shows the fit of the In P vs 1/T 

data. The slope of this line is -AYH/R 

EEE according to the Clausius-Clapeyron 
y; equation. 
oO 

0.0038 inverseT , xi 0.0054 

kJ kJ 
i A Ji Bat be = Pe Summary:  AvH =25.28 ae 5 ayy =0.18 Sire 

4.21 

769.32 
eh - 1.05576-In(T) In hus ‘25.7735 - 

\ torr 

part a) 

7769.32 
P(T) = (T) !-955/6. exp, 25.7735 - Spy torr 

P(25 - 273.15) =1.84:10° «torr 
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part b) 

Tguess = 500 

Tboil - root P( Tguess) - 10°-Pa, Tguess\-K 

Tboil = 629.11°K 

part c) 

From the Clausius-Clapeyron equation, we know that the derivative of In P with respect to 1/T has a slope 

of -A,H/R. That derivative is referred to here as dinP. 

dInP(T) = 7769.32 + 1.05576-T 

The original vapor pressure expression is given as In(P/torr). The difference between In(P/torr) and 

In(P/Pa) is only a constant. When we take the derivative with respect to 1/T, the constant term vanishes. 

Thus, for calculating the enthalpy of vaporization, it doesn't matter what pressure units are. 

AvH(T) = -R:dlnP(T) R BGO 4 | ea rre 

kJ 
AvH(273):-K = 62.2 -——— 

mole 

kJ 
AvH(473):K = 60.4 -—— 

mole 

kJ 
AvH(673):K = 58.7 -—— 

mole 

4.23 

kJ = 1000-joule 

a) The Clausius-Clapeyron equation can be integrated to give an expression for the vapor pressure of No 

as a function of temperature. 

+P» -T > 
In(P) dP= ua 

. 760:torr Ree 
a AS 

AvH(T) 8070 32.07-T 

R- 8.31451 
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-T 
P4 8070 32.07:T 

In = a dT 
760 R:T- 

vow Bek: 

8070 32.07-In(T) 8070 32.07-In( 77.33) 
P(T) 760-exp p+ : Saag eR 

This can also be expressed as follows. 

P 970.5924 
In 235.9557 - 3.8571-In(T) 

\ torr 3h 

b) The boiling temperature at 100 torr is the temperature at which the vapor pressure equals the ambient 

pressure. 

Tguess 150 

T boi} © root( P(Tguess) 100, Tguess) 

T boi} = 63-20 

4.25 

With heat capacity data, we no longer have to assume a constant heat of vaporization. We can use 
equation 4.24 to calculate the dependence of AH on temperature. With AyH(T), we can integrate the 
Clausius-Clapeyron equation to obtain a more accurate description of the temperature dependence of 
vapor pressure. 

kJ 
From Table 4.2: AvH - a0 T 5, = 349.9'K kJ = 1000-joule 

joule joule j 
Cc = 83.30-——_—__~ ik = oy peas 8520 mole-K Spiga as mole-K B 8.31451 

AvH(T) = AvH - /C peas - © pliq)(T - 349.9-K) 

d(InP) _ AvH(T) 
We can now use this in the Clausius Clapeyron equation: — = —__— 

dT R-T2 
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Integrating from P=1 atm and T=349.9 K to any temperature T and pressure P gives 

I 
ane ty er AvH(T) 

P(T) = l-atm: oy 

P(400:K) =3.46-atm 

4.27 

Part a) 

The vapor pressure expression may be rearranged to the following form. 

2681.5 at A ee 6 
P(T) = MPa-exp 45. 8006 - si 012366: - 6.8688-In z MPa- 10°-Pa 

\ dhe, 

\K! 

Tguess - 150-K 

Tboil = root(P(Tguess) - 101325-Pa, Tguess) 

Tboil = 184.52-K 

Part b) 

The Clausius-Clapeyron equation tells us that the heat of vaporization is proportional to the derivative of 
In(P) with respect to temperature. 

l din(P) | AvH R=8.31451- oe ky. 1000-joule aya < Are 
mole:-K 

We can easily obtain an expression for the left side by taking the derivative of the vapor pressure equation 

given in the problem text. 

2681.5 
ra 0.012366-T - 6.8688-In(T) InP(T) = 45.8006 - 
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i 

Fer eyes TS 6.8688) 1 ue AT tg nF ne gains 

; deriv(T) = I= + 0.012366 - hg | : ‘ od ; 

| | 
. | 

| a es ™* 

- AvH(T) = deriv(T)-R-(T-K)? 
| | 

: AVH(125) = 16.76-—L 
mole R 

AvH(150) = 1604-7 
3 

mole 

| 

} ASHE LTS i 1k 45 oe | | - 

a mole — : 
greing 

ul 

| 
| ; 

a 

~ 

ve 

f 

1 

~ 

[ 
~ 

: 

a 

106 



Physical Chemistry, 3e 

SECTION 4.4 

4.29 

The work required can be calculated from equation 4.25. This tells us that the work is equal to the product 
of the surface tension and the change in surface area. 

ED 0108 
‘ m 

fee 25enm nm = 10 om 

areadroplet = 4-7 

4 
volumedroplet - ae 

N ; 16-cm? 

droplets ~ Volumedroplet 

totalsurface = N droplets 4readroplet totalsurface = 1920-m* 

work - y-totalsurface Strictly, only the surface area change should be included here, 

but the initial surface area is negligible compared to the final surface 

work = 138 joule area. 

4.31 

The surface free energy, surface internal energy, and surface entropy are defined by eqs. 4.28, 4.30, and 
4.29, respectively. We can approximate these partial derivatives using data from Table 4.3. 

yy = 10.5103 TH 200203 2273 K 

y= 83.10% Teer 193 sek 

‘ey Ste es Ty elsoeea7s K 

Equation 4.28 tells us that the surface free energy is equal to the surface tension. Therefore: 

Migeeny 9 
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Equation 4.30 shows that we need to evaluate the partial derivative of surface tension with respect to 

temperature, here denoted dyct. 

Aare GARE Ree fey dtaaet 7 coe mK 

Equation 4.29 tells us that the surface entropy is equal to the negative of dydt. 

S, = -dgdt 

Seas eo 
K-m* 

4.33 

The effect of surface tension on vapor pressure is given by eq. 4.36. This effect occurs because surface 
tension affects the liquid phase free energy, which in turn affects where the minimum of system free energy 
occurs, ie. equilibrium. 

P’ 2g-M Data: P, = 760-torr oe 0.7510. 5 
In —— |= % 

Po rrRT Ts (64,7 270, 15)-K ti 
rye Tey acy 

M e323 04eeee SIME ay 
mole 

M ’ joule jose 302-10 ee 

P= exp 2:2: =p R-8. OE e Sorel m 

Surface tension data from 

P= 7169 “tor Table 4.3 at 50 C. 
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4.35 

The effect of surface tension on vapor pressure is given by eq. 4.36. This effect occurs because surface 

tension affects the liquid phase free energy, which in turn affects where the minimum of system free energy 
occurs, ie. equilibrium. 

m 

as aR Data: Py © 1.201-millitorr oa 54a 
inveset= cm 
"Po prRT T? (20227315 )-K. 

, 

re Sy 

M 200.59: 2" Rf Solas 
mole 

y 472-10 3_hewton 

er et ome R 8.31451 20 
(prrReT je © mole:K 

Paillitorm (Oe torr Surface tension data from 

P = 1.285-millitorr Table 4.3 at 20 C. 
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SECTION 4.5 

4.37 

The enthalpy change of this process consists of 5 steps. Three of the steps are the enthalpy changes of 

HO with temperature corresponding to the solid, liquid, and gas phases. The simplest way to calculate 

this contribution is to use an average heat capacity for each phase. The enthalpy change then becomes 

the average heat capacity multiplied by the temperature change. (Remember from chapter 2 that, at 

constant pressure, the enthalpy change is the integral of Cp with respect to temperature. This is the same 

as finding the area under the heat capacity lines on Figure 2.3.) Due to the phase changes that occur, the 

heats of fusion and vaporization must also be added to account for the total enthalpy change. 

foun ete oe OH solid 14 ggg (273-1S:K 73.15-K) 

AH aig 4.2 ee 6373.15-K  273.15-K) liquid K-gm : : 

joule g 
Aer 5 a kK Pe) oi AH gas 2.05 1, (S73:ISK 373.15-K) 

joule mole Alea: ta 6010 fusion mole 18.015-gm 

joule mole 
AH 

mole 18.015-gm vaporization 40660: 

AH total 4H soliq + 4H liquid ° AH gas SH fusion 

ts 3 joule 
AH total = 3.710 whe 
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4.39 eee eee ee On A ee ee BE 

If we may assume that the heat of fusion and molar volumes of liquid and solid lead are constant, we can 
use the integrated form of the Clapeyron equation (eq. 4.19) given by eq. 4.39. 

} <> Be | gm gm 
Te “P- Po:-AfV Given Dicaj 2 11.23: =a P liq 10.51-- 7 

yee ee ee cm cm 

T fo oa T f> = (327.5 + 273.15)-K 
joule mole 

apy ate el Miwon mclenboeo am 
P  1000-at : 

ous Heat of fusion from 

| Table 4.2 

AfV arnt ats 

AfV-P - AfV-P 4 liq sol 

epee exp. eae Af aT ¥5 

T ¢=615.4-K This corresponds to 342 degrees Celsius. 

OTe Lak, fo 

AT ¢=14.8-K 

4.41 

Recall that the equilibrium condition is that the chemical potentials are equal. The problem text gives us 

the difference between the chemical potentials at the standard state (P=1 bar) and 25 C. However, as the 

pressure changes, so do the chemical potentials. Therefore, we must find the pressure at which the 

chemical potentials become equal at 25 C. The partial derivative of a pure component chemical potential 

with respect to pressure at constant temperature is the volume, which was derived in chapter 3. Therefore, 

we can use the volume to predict the variation of the chemical potential with pressure. Since the phases 

are virtually incompressible, we can use the equilibrium condition of eq. 4.37 to find the pressure at which 

the two phases are in equilibrium. 

le joule 5 
HO dia Vm qja'(P P0)=HO gra - Vm gra'(P Po) Given: AGo 2900" P 10°-Pa 

gm gm 
0) AF 3.51--- p 2.26% - dia 7 gra pe 

HO gia HO pra=AGo= “Vm prq VM dig''(P - Po) plaearege! P ; MW Ca1201tery 
ia mole 

e 24 MW_C " MW_C 
AGo mM di m dia P dia grag ora 

JP Rte) 
vm gra V™ dia 

GPa 10°-Pa 
P =1.53-GPa re 
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4.43 

Part a) 

Since the difference in standard free energy at 25 C is positive for the transition of calcite to aragonite, the 

calcite form is more stable under those conditions. Recall that the equilibrium form is the one which 
minimizes free energy. 

Part b) 

The equilibrium condition is that the chemical potentials are equal. The problem text gives us the 

difference between the chemical potentials (AGo) at the standard state (P=1 bar) and 25 C. However, as 

the pressure changes, so do the chemical potentials. Therefore, we must find the pressure at which the 

chemical potentials become equal at 25 C. Since the phases are virtually incompressible, we can use the 
equilibrium condition of eq. 4.37 to find the pressure at which the two phases are in equilibrium. 

Given 

gm gm 
2.7 1+-= > 93. 

HO ara ° Vm ara'(P Po)=HO 6g}: Vm eat P - Po) P cal ae P ara Aes 

MW_CaCO3 — 100.0872. 2" 
= mole 

HO arg HO cgj=AGo= Vm ogy Vm argi:(P ~ Po) 

MPa 10°-Pa Po 10°-Pa 

joul Goma 040ce 
mole 

ao 
drier MW_CaCO3 ae MW_CaCO3 

‘ge abyet 
ca ‘ a : 

VM cal YM ara cal ae 

P =375+MPa 

Part c) 

If we can assume that AHo and ASo are invariant with temperature, we can calculated AGo at 1000 K 
using G=H-TS. 

: : kJ - 1000-joule k J 
AHo - “0:21-—~- AS at 

mole 

AGo(T) = AHo_ T-ASo 

AGo(T) 
Pel) Po 

cal Y™ ara ~7V¥m 

P(1000-K) = 1439-MPa 
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SECTION 4.6 

4.45 

The Clausius-Clapeyron equation relates the vapor and sublimation pressures of a substance to the heats 
of vaporization and sublimation, respectively. 

d-InP yap = AVH dsInP sub ASH joule 
Seems 6 and pic samen eet Ree ids ee 

qe! R d l R mole-K 

W rt 

kJ 1000-joule 

From Figure 4.2 we can estimate the derivatives in the above equations. The slopes of the figure are 

related to the needed derivatives. If we multiply the derivatives by -R, that will give us AVH and AgH. 
4 By One 4.2 1.6 - 1.6 

cP yep "4.6, 3.3 SE SSUOT mes reer ace 

deriv vap © slope vap" 1000-K deriv oyp © Slope oyp: 1000-K 

AvH deriv vap’( R) AsH deriv oyp'( R) 

kJ kJ 
AvH = 16.6: - AsH = 26.6: —- 

mole mole 

The enthalpy of fusion can be estimated as the difference between the enthalpies of vaporization and 

sublimation. (See example 4.7 in the text.) 

AfH AsH - AvVH 

kJ 
AfH =10- - 

mole 

4.47 

The Clausius-Clapeyron equation relates the vapor and sublimation pressures of a substance to the heats 
of vaporization and sublimation, respectively. 

d-InP sub AsH joule 
and ———& R =8.31451- 

d-InP yap = AVH 

7 R mole-K 
d- 

kJ = 1000-joule 
I 1 
a G 

LS 



Student's Solutions Manual 

From the given data we can estimate the derivatives in the above equations. They will be referred to as 

derivyap and derivcyp. If we multiply the derivatives by -R, that will give us AVH and AH. 

fOr, | 
Tsolid; = Psolid; = Tliquid; = Pliquid; = 

InPsolid; = In/Psolid;\ InPliquid; = In (Pliquid; ) 

inverseTsolid; = Tsolid, inverseTliquid; = Tliquid, 

deriv <p = slope(inverseTsolid,InPsolid)-K deriv vap = slope(inverseTliquid , InPliquid)-K 

intercept <j, = intercept(inverseTsolid, InPsolid) intercept vap > intercept(inverseTliquid , InPliquid) 

AsH = -R-deriv oyp AVH = -R-deriv vap 

kJ kJ 
AsH = 32.6 -—— AvH = 26.9 -——— 

mole mole 

The enthalpy of fusion can be estimated as the difference between the enthalpies of vaporization and 

sublimation. (See example 4.7 in the text.) 

AfH = AsH - AvH 

AR AS Bees 
mole 

The triple point occurs where the sublimation pressure equals the vapor pressure. 

deriv cub deriv vap 
a InP vap(T) = Intercept vapo ete InP cyp(T) = intercept op + 

Tguess = 300-K 

Te. = root (InP sub( T guess) - InP vap( Tguess) , Tguess) 

T 5 =240.3-K 

P. = exp(InP vap ‘T ,))-torr 

P ¢ = 402.5 torr 
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SECTION 4.7 

4.49 

For a second order phase transition, the entropy is continuous at the phase transition. Therefore, the 

entropies of phases a and b must be equal. 

S,=5, 

In order for the system to remain at equilibrium if the conditions are changed (such as temperature and 

pressure), the entropy change of each phase must also be equal. 

dS,=dS, 

We may also write the differential change in entropy using the slope formula for partial derivatives 

os os dS=| =| idT> = dP 
Of) Seer Js 

From Table 3.1, we can easily identify the slopes in the above equation as follows 

Thus the slope formula becomes 

CG 
=—-dT-VadP 

T 

Now if we equate the differential entropy changes using the above equation for phases a and b, we 

get 

C, C, 
soll oiled V0 ,dP 
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Since the volume change at the phase transition is zero, the volumes of phases a and b must be th 

same. Thus we may drop the volume subscripts. Collecting terms in the above equation gives 

Cec 
~a,\dP=—?_ "ar 

Ke, a. dP T 

Further rearrangement gives 

Ci TAS 
aT TVAa 
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SECTION 4.9 

4.51 

Gas Constant and Units: R 8.31451 cm - 0.01 MPa - 10° atm_—‘:101325 

Constants for Nitrogen: Trewe, 126 P Ge §3.3944MPa 

27a, RT, 
van der Waals constants: ene == : b 64-P . 8-P 

Ww WA 

P'y Reali a 

m, Vv “ee b V 2 volume 50-cm> , 51-cm? .. 1000-em? 

15 
This plot can be used to obtain an ‘ 

initial guess for the vapor pressure. 

The estimate should be chosen in P(volume) 5 

the two phase region where the ea 0 
"areas" bounded by the curve above 5 

and below the estimate are about equal. 10 
0 500 1000 

Vapor Pressure Estimate aoe 
Po 5:atm ca 

The solution can be found by solving eq. 4.40 when A\G=0. It will be useful to define functions for 

calculating the liquid volume (V4), the gas volume. (V2), and the indefinite integral of P(V;y)dVry. Then, it 

will be possible to iterate to find the vapor pressure. 

Initial Guess Volume Function 

Liquid Vipe LOl-b V 1 (px) = root/px P’vg*. vy) 

Rel 
Vapor VALS ie V5(px) - root(px P/v,\,v,' 

0 \ . / 

These initial guesses should converge on the liquid and vapor volumes. Recall that there are three real 

roots in the critical region. The liquid volume initial guess was chosen to be slightly larger than the van der 

Waals b constant because this term accounts for the volume occupied by the molecules. Since the liquid 
phase is compact, this volume is a good initial guess for the liquid volume. (A factor of 1.01 was used so 

division by 0 is not encounted in the equation solver.) The initial guess for the vapor volume is just the 

ideal gas volume. 

Jali, 
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Integral of P(Vin)dV im, pi i m> = R-T-In’V py - b - ve 

Now we can iterate for the vapor pressure. Eq. 4.40 can be rearranged into the function below when 

A\yG=0. This iteration uses the pressures and volumes from the previous iteration to calculate a new 

guess for the pressure. 

iterations 5 k - |.. iterations 

5 

2.835 

Pade eat ye Pi Pe Pe ge 3.271 

Ms Vom VI ti eM cy yh meet 
3312 The iteration has 

P vap Dcatinas 3.312 converged. 

y vap > 3.3 +atm 

4.53 
Sa ae ee ee Care te oe 

To calculate the enthalpy of vaporization, we need to estimate the enthalpy imperfections for the liquid and 
vapor phases. 

liter liter 
G Neve 0.049 V iven liq 0855: ole Vgas 19-8698: 

joul Gas Constant and Units: R-8.31451- 7°" MPa. -10%Pa_—kJ_—(1000-joule 

Constants for SOo: Tin Bae P., 7.873-MPa 

5 
! 0.42748-R*T .° 0.086640-R-T , 

Redlich-Kwong constants: a p b Neral 
Cc 

T 247.184-K , 

R-T a V : 
eee Vote? jas Vv b i AE, 
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From Table 3.3 

3:a Vim 
Ue Sie eee AT es Hay rn WW eie PCV oe Rey 

2D, Tih ies 

joule 4 joule Hj’V gas = 110.938 Hj V jig) =-2.259-10 
mole mole 

The enthalpy imperfections represent deviations from the standard state. Since the standard state 
enthalpies for both the liquid and vapor phases are the same, the enthalpy of vaporization is just the 
difference between the liquid and gas phase enthalpy imperfections. 

AvH Hi, Y gas) Hit jig) 

kJ 
AvH = 22.48 --—-— 

mole 

The observed value given in Table 4.2 is 24.92 kJ/mole, so the value calculated here is very close. 

4.55 tee Oe ee ee ee eae ee oO er eae 

Gas Constant and Units: R = 8.31451 cm - 0.01 MPa-10° atm 101325 

Constants for Ethane: Tigee 303533 P. ~ 4.871-MPa 

5 
Redlich-Kwong constants: 0.42748-R--T fs 0.086640-R:T , 

i P P p 
We Meyalsy 7 ° iS 

Ray ae : 3 3 3 ort ae aes Sate a ON: 5 i 9 4 CRESS Ne PTV vee: volume 50-cm” ,51-cm™..2000-cm 

This plot can be used to obtain an 

initial guess for the vapor pressure. 

The estimate should be chosen in P( volume) 
the two phase region where the aim 
"areas" bounded by the curve above 

and below the estimate are about equal. 

volume 
Vapor Pressure Estimate ae 

cm 
Po  l-atm 

The solution can be found by solving eq. 4.40 when 4, G=0. It will be useful to define functions for 

calculating the liquid volume (V1), the gas volume (V9), and the indefinite integral of P(V;y)dV;y. Then, it 

will be possible to iterate to find the vapor pressure. 
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Initial Guess Volume Function 

Liquid Vp ebvtb V (px) root px Pvp .vp 

RT . ee , 
Vapor Va Po V 5(px)- root’px - P ‘VaVa 

These initial guesses should converge on the liquid and vapor volumes. Recall that there are three real 

roots in the critical region. The liquid volume initial guess was chosen to be slightly larger than the 

Redlich-Kwong b constant because this term accounts for the volume occupied by the molecules. Since 

the liquid phase is compact, this volume is a good initial guess for the liquid volume. (A factor of 1.01 was 

used so division by 0 is not encounted in the equation solver.) The initial guess for the vapor volume is just 

the ideal gas volume. 

a Vim > 2h 
Integral of P(V,,)dVim Pie Von nV yo 0s eine 

a AEE SD 

Now we can iterate for the vapor pressure. Eq. 4.40 can be rearranged into the function below when 

AyG=0. This iteration uses the pressures and volumes from the previous iteration to calculate a new 

guess for the pressure. 

iterations 3 k 1... iterations 

] 

Ba ete trey tre 1.062 
Pe x Vy = ‘atm 

: M2 Pe NY YP Bee 
1.064 The iteration has 

P 
converged. 

Vvap Piterations 

P yap = 1.06 -atm 

4.57 

Gas Constant and Units: R = 8.31451 cm - 0.01 MPa - 10° = atm - 101325 

Constants for Ethane: T ¢ = 305.33 P. = 4.871-MPa 

5 
Redlich-Kwong constants: 0.42748-R™-T S : 0.086640-R-T ! 

ay = 418457 be i va 

120 



Physical Chemistry, 3e 

C by volume - 50-cm?, 51-cm? ..2000-em? 

This plot can be used to obtain an 

initial guess for the vapor pressure. 

The estimate should be chosen in P( volume) 
the two phase region where the Sees 
"areas" bounded by the curve above 

and below the estimate are about equal. 

Vapor Pressure Estimate “75 
Po = l-atm 

The solution can be found by solving eq. 4.40 when A\G=0. It will be useful to define functions for 

calculating the liquid volume (V4), the gas volume (V2), and the indefinite integral of P(V;,)dV,y,. Then, it 

will be possible to iterate to find the vapor pressure. 

Initial Guess Volume Function 

Liquid V yaad V (px) = root/px - P’vp),Vv4 

R:T 
Vapor Va V2(px) ~ root/px  P’vq\,vq) 

Po 

These initial guesses should converge on the liquid and vapor volumes. Recall that there are three real 
roots in the critical region. The liquid volume initial guess was chosen to be slightly larger than the 

Redlich-Kwong b constant because this term accounts for the volume occupied by the molecules. Since 

the liquid phase is compact, this volume is a good initial guess for the liquid volume. (A factor of 1.01 was 

used so division by 0 is not encounted in the equation solver.) The initial guess for the vapor volume is just 

the ideal gas volume. 

a [Vm ~ b\ 
Integral of P(V»,)dVim, pi(V m) R:T-In(V m > b\? == In ieee y 

Now we can iterate for the vapor pressure. Eq. 4.40 can be rearranged into the function below when 

A\G=0. This iteration uses the pressures and volumes from the previous iteration to calculate a new 

guess for the pressure. 

iterations = 3 k = |.. iterations 

l 

i/ Ve i/ Wy) 

ADAG) ea pn 1062 an 

: MeO (Pir Ta Pop) 1.064 

| 1.064 The iteration has 

converged. 
P vap ~ Piterations 

P yap = 1.06 -atm 121 
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CHAPTER 5 Statistical Thermodynamics 

SECTION 5.1 

aal 

By direct expansion, we obtain: 

4 4 
ansz(1 - x) ans=1 - 4-x - 6x7 - 4:x?. x 

Using eq. (5.2) gives: 

C(N,p) SORT Bt 

C(4,0) =1 C(4,2) =6 C(4,4) =1 

C(4,1) =4 C(4,3) =4 

We get the same results. Computing the sum: 

Buin? Lod 647) | sum = 16 , geil : 
Again, we obtain identical results. 

sum 2° sum = 16 

2 es 
Ne es 

To find the probability, we use eq. (5.3). Nis the total number of flips, and p is the number of heads. 

P(5,0) =0.03125 0 heads, 5 tails 

P(5,1) =0.15625 1 head, 4 tails 

P(5,2) =0.3125 2 heads, 3 tails 

P(5,3) =0.3125 3 heads, 2 tails 
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P(5,4) =0,15625 4 heads, 1 tail 

aang els 

sum - 0.03125 - 0.15625 - 0.3125 . 0.3125 - 0.15625 . 0.03125 

sum = | Not surprisingly, the sum of the probabilities of all the outcomes is one. 

See 

This is similar to example 5.4. First, we calculate the mean number of molecules using the ideal gas law. 
Then, we calculate the deviation using the expression given in the problem statement. 

l joule 3 cs 33 “a 
R = 8.31451: -—- VV |-cm Tigee SO0RK L *6.02510=--—— Pay. SUelao*Pa 

mole:K mole 

eaves =3.21-1033 Nay Rev Nay = Bae 

Z 7 
AN AN =3.53-10 

N av 

The fluctuation in pressure will be proportional to this: 

AP = P 4AN AP =4.695:10 ® -Pa 
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=e! 

In example 5.5, it is derived: 

et : 
soaihed rs 

Eq. (5.7) gives us the probability: 

AS 

P=ek 

The heat capacity can be found on Table 2.1: 

joule 33 joule joule 
f, i - F cate 5 Cy 20.88 k — 1,38066-10 - SS EECRN 

V 2-cm?3 P  1:Pa AT 1:10 °%R T 10K 

: AS 
P-V AS C Ae p k 

n R-T n p T (s 

P =1.03-10 '*8 

5.9 
See 

This is similar to example 5.8. We use eq. (5.8). There are a total of 9 letters in the word, but since there 
are four E's, two N's, and two S's, we have: 

N =9 Np -4 Nn 2 Ng 2 

N! \ ee Pas N EEN WEN. W =3780 
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Er TAR mre onal tahinieniy tems ue PE ala 

(a) We use eq. (5.8). If the words are kept separately, then for the word PEEWEE, we have: 

N! - 
N - 6 N E 4 Ne! W —< 30 

For the word REFEREE, we have: 

N! 

The number of distinct sequences possible if the letters are not mixed is the product of these: 

W 30-105 W unmixed = 3150 unmixed 

(b) When the words are mixed, we obtain: 

N! 
Nees Nieoes Npoe W mixed Nel-Np! 

W mixed = 77220 

pals 

This is similar to example 5.9. We use eq. (5.10 to calculate the entropy. 

0.0035 mass 78 

Xmen 02247, mass 80 

X,; 0.1156 mass 82 

X, 0.1155 mass 83 

0.569 mass 84 

Ona? mass 86 
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sum Ne X; sum = | Check to see if fractions sum to unity. 

i 

Now, we use eq. (5.10) to compute the entropy: 

2 _ joule is if 
Rin Salas ints AS eR es In X, 

1 

joule 

mole-K 

Ae) 

There are a total of five species: CH4, CH3D, CH2D2, CHD3, and CD4. The fractions of each of these 

species is given by: 

X 0.157 X, = 0.00050625 CH4 Remember, there is more than one way 

; to form some of these species, which Is 

X, 4: 0.15° -(0.85) X, = 0.011475 CH3D why we multiply by 4 and 6. The 
coefficients correspond to those of the 

X, 6: 0.15" - 0.85" —-X, = 0.097538 CH2D2 binomial expansion. 

X,  4:(0.15)- 0.85° X, = 0.368475 CHD3 

X; 0.85" X< = 0.522006 CD4 

sum ys x; sum = | Check to see if fractions sum to unity. 

i 

Now, we use eq. (5.10) to compute the entropy: 

joule 
RY 831451- = AS nix > R-) X;-In X, 

i 

joule 
AS wi, = 8.226: 

Bi ene mole-K 

126 



Physical Chemistry, 3e 

els 

The easiest way to do this problem is to work out problems 5.15 and 5.16 and see the pattern developing. 
If fis the fraction of enriched molecules, and n is the number of available positions, then the fraction of 
each species, p, is given by: 

X pzC(n,p)-eP el" PI 

The entropy of mixing is then calculated using 

SR X pln(X-) 
p 

Using the binomial coefficients works because we have only two possibilities for each site: an enriched 

molecule and a regular molecule. Thus, the problem is analogous to the problem of flipping a coin: there 

are only two possible outcomes. However, if we had more than two different molecules which could 
occupy a site, then this approach would not work. 

ale 

It may be helpful to reread the subsection entitled "Third Law Anomalies." Since NNO can crystallize in 
two different orientations, the contribution to the entropy will be: 

joule 
R 8.31451 SP 

= ene AS = 5.763 -20ule oe ee +109 ole K 

Since phosgene can crystallize in three orientations, the contribution to the entropy will be: 

S R-In(3 NASON Ree pagel?) es kolo 
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aed 

(a) From eq. (5.1), 

S=k-In( W) 

= 
L- 

5 

S=k-In A-L7-e Nd 

Sak: In A-L> 

To find the minim -™, we set the derivative equal to zero and solve for L: 

dS 2:A-L 

db as? = N-A?2 

hes L> 
O= c O= 0=1 my 

Lb NAS Lo oN-A? N-A* 

L*=N-A2 

L=ea-.N 
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(b) Let Lo be the original length. The change in entropy will be: 

| Ubi ce eee 
Aoak ein flac eee erin A Lee 

' ; \ in N-2- \ / 
aa 
nN 

CACM Clee loll als 
ASak: In = -\ = gO Meee tee we 

mA NA 

7) 
/ \2 2 LLILigs* = 9 ess aye 

AS#k: In 1.17) Eo ig ASek: In 1.1? 

Substituting in for Lo: 

pare N Nao teen 
L gea:\N AS=k: In‘1.17 bo 

N:A? 

For one mole of chains: 

joule 
(mn 3806610 3 L 6.021033 ’ 

mole:-K 

. . : joule he? Ria we Hee AS = 0.161- 7 
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SECTION 5.2 

d.23 

To find the total energy, we use eq. (5.11): 

NB. nc, 

Ea > TALE E 4 =4400-K 

Ep > Be E p =4400-K 

Ec ion: E ¢ =4400-K 

Thus, all three have the same energy. To calculate the number of configurations, we use eq. (5.13): 

>A, ! 2B; | aga. 

i ; hee se Wa Wp ie We ee 

W p = 1.307107” W ¢ =1.562:107 
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For a Boltzmann distribution, the ration of populations is given by: 

n 
i Ae , P> 
cag: kT For equally spaced levels, this means that: P, a 

The only set of populations which mets this condition is set C, so set C is a Boltzmann distribution and is 
more probable than A or B. 

pind 

The Boltzmann distribution is given by eq. (5.21) 

p(500) —_ p( 5000) 

At very high temperatures, all of the energy levels will be equally accessible. The high temperature limit is 

to have 1/3 of the molecules in each level. 

eH 
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Dey 

For systems with degeneracy, we use eq. (5.24). The partition function is defined by eq. (5.23). 

ESS | T 987-K 

The average energy is obtained by dividing the total energy, eq. (5.11), by the total number of particles. 
Since we are working with population ratios, the total number of particles is 1. 

‘ > theta,-p, E =300.3-K 
I 

We can get this in terms of J/mole by multiplying by R: 

joule joule 
R 8.31451: ¥ E-R =2497- 

mole:-K mole 

Paz 
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SECTION 5.3 

D229 

The partition function is defined by eq. (5.22). For the system of problem 5.25: 

z(90) =1.154 

z(500) = 2.489 

z( 5000) = 2.941 

The high temperature limit is z = 3. 

Dou 

The heat capacity at constant colume is defined as: 
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The relationship between the partition function, z, and the internal energy, U, is given by eq. 
(5.26). We take the derivative with respect to temperature to obtain Cv: 

ho Usee RTs (Pn) 
oT ly 

Cy 8 far?(2i22) uy 
oT ly 
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SECTION 5.4 

2159 

Equation (5.31) gives ztr: 

3 

(2-1-m-k:T)?-V 
tre a Ct arte 

The SI units are: 

joule 
m_ kg k af (Pao V m h  joule-sec 

3 - 

joule : 3 k 1 5 joule! P eee 
se kg K K m i K!5 ; kg!?-joule!>-m3 

H (joule-sec)? A joule?-sec? ; joule?-sec? 

ke! 5m? 

joule! >-sec? 

“m= 

A joule is defined as joule= ~ , Substituting this in: 
sec 

kg! 5.m?-sec? 

le sey peta 

Thus, ztr is unitless. 
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332 

Following example 5.16 in the text, we use the Sackur-Tetrode equation, eq. (5.35), with the constants 

substituted in. This gives us: 

“ae 
APESED Goes T 298.15-K M  4.022602:." 

mole:K mole 

M T 
Si aisatld 25RIn 11S167-R 

l- gm-mole I-K 

joule 
= 126.216- 

= mole:K 
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Dao, 

Following example 5.16 in the text, we use the Sackur-Tetrode equation, eq. (5.35), with the constants 

substituted in. This gives us: 

joul Ree 3 45s m = 9.109390-10 28-¢m (602213710 T = 1000:K 
mole:K mole 

| teal ii joul 
NS ly es ein eI S167 Re 16S = 40371 

| \ 1K} mole-K | 1-\gm-mole ) 
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SECTION 5.5 

5.39 

This problem is similar to example 5.19. We use eq. (5.39) to calculate the vibrational partition function. 

The constant for vibration for HCI can be found on Table 5.1. Boltzmann's law gives the fraction of the 

molecules in the lower state. 

@, - 43016 n-0 

300-K ft, 2B 
Ay 300-K Z vib 9 exp | n: 

1 exp a p Yeas 
i Z vib 

Z vib = 1.000000593 p =0.999999407 

> / i tS) Vv 
i 3000:K Z vib “ 9 exp. nm 

1 - exp!-- : p \_ es 

T Z vib 

Z vib = 1.313 p =0.7616 

5.41 

As T goes to infinity, the expression becomes indeterminate. We can either use L'Hopital's rule or 
expand the function in a Taylor series. Here, we will expand in a series for the exponents: 

138 



Physical Chemistry, 3e 

R(O) (148+ 842s.) 
a ih ee Tee 

2 3 2 3 1420, 402, 80 tos )- (24284 284 284 Jo 
Lier OTe ie 6s: Teer ot LGre 

We combine terms in the denominator to obtain: 

2 2 3 

R (8) ji+o+ 8 oe, 
Cpe De eee os 

2 3 2054 Oe 
pe an 

Multiplying top and bottom by (T/6)?: 

2 3 R(1+8+0 404.) 
Gee TNOROTEA 6 Ts 

eth chs 
6T 

Now, if we take the limit as T goes to infinity, all of the terms in the sum in the denominator will be 

zero except for the leading 1, and all the terms in the denominator will be zero except for the 

leading one. This gives us: 

Cy=R 

5.43 7 

Equation (5.43) is the high temperature approximation of the rotational partition function. The molecular 

constants for oxygen can be found on Table 5.1. For oxygen, a linear, symmetric molecule, the symmetry 

number is 2: 

2.08 @ 2 W = AAORSES 

ee] 
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By direct summation of eq. (5.42): 

n-0..10 

J, on 

i a. “GE. 
Zot = i) {2dq V)-exp| Jy (Jy t Ds | Z rot = 2-585 

| 

5.45 

Equation (5.43) is the high temperature approximation of the rotational partition function. The molecular 

constants for HF can be found on Table 5.1. For HCl, a linear, unsymmetric molecule, the symmetry 
number is 1. 

8, * 30.127 ove | T  300-K 

it 
ht eae Z rot = 9.958 

rE 

The percent population is given by Boltzmann's law (see example 5.24):: 

0; 
(2-J - 1)-expj- J-(J - I) 

Hae) oy Py hee 
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5.47 

This problem is similar to exmaple 5.27 in the text. We must write out the partition function explicitly. The 

electronic energy levels are listed in Table 5.2. 

joul T.100000K i -0..3 R = 831451--2-"—, kJ = 1000-joule 
mole-K 

jl 
{ (8) e \ B; expr T } 

2 elec > Sie at T P; 
; , 

Z elec = 4.723545 

ee 
V elec Boe Pi Pe, eee mole 

i 
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5.49 

As in example 5.27, eq. (5.27) can be used to calculate the entropy. For a species in which only the 

ground state contributes, the electronic entropy will be equal to R In (gO). 

ioul 
Re elise ee 1 ee 500 M . 22.98977 

mole-K 

5 : , joule 
S elec © R:In(2) S elec = 9-763 paras 

The entropy also has a contribution from translational motion: 

joule 
1.5-R-In(M) - 2.5-R-In(T) 1.15167-R S trans = 181.539 ---——- S 

trans mole:K 

Since we are dealing with an atomic species, there are not contributions from vibration or rotation. The 

total entropy is: 

joule See ela") S Grane $= 187.3024 —— = 

EY 

Since there is no degeneracy, the partition function is just a sum over all the energy levels: 

7 = bs em O/T 

m 

At high temperatures, we would expect many levels to be populated, so the sum can be 
approximated as an integral up to infinity. This integral can be computed using an integral table: 

nT Z= em OT dm = tS 

} 2 or 
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Equation (5.26) relates the partition function to the internal energy: 

U=RT’ Piel Ue 
oT lv 

Inz=In(L)+1[In x +In T- In 64 
Mp DB) 

ena =e U=RT(L)+U, u=RT +uU, 
GNU he BNR ome 

The heat capacity at constant volume is defined as: 

c= 
oT /y 

c= (2) as 
Obiwau2 

5253 

The partition function for this system is: 

aes Ss mem &/T 

m 

At high temperatures, we would expect many levels to be populated, so the sum can be 
approximated as an integral up to infinity. This integral can be computed using an integral table: 

y ! 
Zz -| m2e™&T Gm | Bde ea espe ee 

() 0 
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Equation (5.26) relates the partition function to the internal energy: 

u=RT? (22 aly 
oT ly 

Inz=In2+3In(T) 
6x 

2 a U=RT’(3}+U, 
CPM peal af 

The heat capacity at constant volume is defined as: 

ee | 
oT Iv 

c.=(2) oe Ged 

oT /y 

144 

U =3RT + Uo 



Physical Chemistry, 3e 

SECTION 5.6 

2) 

We use the formulas on Table 5.3 for a linear molecule. 

joule 
R 8.31451-—> —— T - 298.15:K Olan 523 kJ = 1000-joule 

mole-K 

RO, kJ 
U  1.5:R:T- R-T - U =6.199- 

oy \ mole 
exp T 1 

/ 

To compute the enthaply, we use the definition, H= U+PV. For an ideal gas, PV = RT, so we have 

H=U+RT. 

kJ 
Ini = (Won TREAT H = 8:677 -=—=—— 

mole 

Skew 

We use the formulas on Table 5.3 for a nonlinear molecule. 

2 One ay joule 

nole-K Wy elias 
R ep olaole 
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ee Ci ee: joule 
Cyt aR Loh) ee ; C ym = 81.087 

1 Ver eal 
\ / 

For an ideal gas, 

joule 
Com > C vm: R C pm = 89.402 + 

meh, 

We use the formulas on Table 5.3 for a nonlinear molecule. Also, because Table 5.1 indicates that NO2 

has a ground electronic state of 2, we must add on a term of R In(gO) to the entropy. 

joul 
Roh tas fe M ~ 46.0067 T - 298.15-K go egoh ow 

mole-K 

OabbOc - 4.24244-K? i 

vmT! 5 

o- _ BabbOc 

S - 1.5-R-In(M) - 2.5-R-In(T) 1.15167-R + 1.5-R + R-In Zr) 

By. 
1 

So! ape SA tina Peter pS Oy n exp T n(2) 

i , ! 
EXP | a ] 

joule ; S = 240.031 ae This agrees well with the literature value of 239.9 J/moleK. 
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SECTION 5.7 

ey! 

Since we only have a table of energy levels, we must use direct sums to compute the desired quantities. 

We use eas. (5.47) and (5.48). 

ae 029 T 600° 

0. joule i exp! u, 
R 8.31451 oe ui FT Zz > exp’ uj 

joule 

mole-K 

tl 

Re Urms Yay V 
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SECTION 5.8 

5.63 

Because we are concerned with an atomic species, we will only have contributions from translational 

motion and electrical energy. The formulas for the free energy function can be found on Table 5.3. 

Equation (5.53) gives the electronic contribution to the free energy function. 

: joule 
b= Cad R ~ 8.31451: M_ 15.9994 

mole:K 

0 , ej gi 

i; %e\ 
! / ‘ % atanl 1) YB exp T | Patent) R:In(Z elec(T)) 

6(T) 1.5:ReIn(M) + 2.5-R-In(T)  3.65167-R » 4 etec(T) 

, 2 joule joule 298.15-K) = 138.504: 2000:K) = : o( p= I3 ee $(2000-K) = 180.031 teas 

joul $(500:K) = 150.062. 2°" < 
mole-K 
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5.65 

We use the equations on Table 5.3 for a linear molecule. 

joule ; : ; Ree $.3.1451 te M = 2:14.0067 0 := 3395-K 0, = 2.89-K sees 

a 
ie " 

Z ( ) o:0, 

Oy 
G(T) 1.5-R:In(M) + 2.5-Rln(T) 3.65167-R - Rln’z,(T)) Rn 1 exp 

joule joule 

mole-K 
o(1500-K) =210.349- - (298.15-K) = 162.42- = 

mole:K 

Oy) 

We use the equations on Table 5.3 for a linear molecule. For oxygen, we must include the electronic 

contribution, eq. (5.53). 

} 
/ 

ERIM M - 215.9994 6, :2274K  6,7208K co 2 
mole-K 

it On. Zing) o0, 

oe 8 * 

© e;| 
Z elec(T) Darr, Ta 9 elec(T) R:In(Z elec(T)\ 

| 
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eeu a 

‘ Q(T) LS-Rln(M) 2.5-RIn(T) 3.65167R Riln (TY Ren 1 exp -  gtec(T) 
* : SoH it y re) pata pa af, geo. 

hi a ba! 
7 \ = hp 

. joule ; - «joule — sire: ae 298.15-K) = 175.952: -K) =225.028- ae | 6( ) =175.952. 0 §(1500-K) = 225.028. 700" | 

v¢ ae ‘4 
joule -K) =212.068- al = © (1000:K) =212.068- 2. OCF, tag : 

r “ ° 

7 
f | i 

a : 
ith 

4 

- 

& i 

4 
i 

S ’ ~ 
re i 

qe 

- 
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SECTION 5.9 

aie] 

At low temperatures, the state of the system is dominated by energy considerations. Thus, at low 
temperatures, a graph of the order parameter versus the configurational free energy would have a 

minimum in the middle at J = 0, since in this state there are mainly A-B interactions. This is exactly the 
opposite of the low-temperature graph in Figure 5.11. At higher temperatures, entropy begins to play a 
role. The entropy will want to drive the system towards a disordered state, where J = 0, so the shape of 
the high temperature graph in Figure 5.11 will stay the same. However, a disordered state is already 
favorable from an energetics point of view. So we will probably not see an order-disorder transition if A-B 

interactions are higher in energy than A-A and B-B interactions. If this seems confusing, reread section 

5.9. 

7A! 

The order parameter is given by eq. (5.61): 

NERA” © BB GAS AB) 
eiaerenne hy k \ 

Solving for T, we obtain: 

J = 0.5 Ona - 100:K @ pp - 200-K O ap - 50-K 

4-3-0 ,4 +8 pp - 2:0 1 ee Ae 1 =364-K 
a 
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CHAPTER6 Chemical Reactions 

SECTION 6.2 

6.1 

Formation reactions of compounds are written using the component elements in their most sta 

forms at 1 bar and a given (usually room) temperature. 

C(s,graphite) +2H,(g) +504) =CH,OH(liq) 

C(s,graphite)+2H,(g) +50,8) =-CH,OH(g) 

H,(g)+5(s,rhombic) +20,(g)=H,SO, (liq) 

2Na(s) +C(s,graphite) +O,(2) =Na,CO,(s) 

Na(s)+I(s)+ : O,(g)=NalO,(s) 

6.3 a 

Combustion products are usually a combination of CO,, SO,, and H,O (liq). 

C,,H,0,,+120,=12C0,+11H,0 

C,H,S+60,=4CO,+2H,0+SO, 
152 
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6.5 

The standard enthalpy change is the heat of reaction (at standard conditions), and thus can be calculated 

from eq. 6.4 in the text. Stoichiometric coefficients are positive for products and negative for reactants. 

Heats of formation are given in Table 6.1 at 298.15 K. 

kJ 
kJ = 1000-joule 

kJ 
AfH N2H4gas 3 95.40: AfH Olu Di ate 

kJ 

ArxnH = 2:AfH NO2 ~ 2-AfH H2Ogas ~ AfH N2H4gas ~ 3-AfH O2 

kJ 
ArxnH =-512.68 -——~ 

mole 

6.7 

The formation reaction of TiN can be obtained by reversing the second equation and adding it to the 

first equation. The heat of the formation reaction can be obtained using Hess's law of heat summation 

(remembering to reverse the sign of the enthalpy change for the second equation because we flipped 

it). The result is 

kJ 

mole 
Ti(6)+Ny= TIN A H°=-333.0 
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6.9 

The only components that can undergo combustion are CO and Hy. The heats of combustion of these do 

not appear in Table 6.2, but they can be calculated using heats of formation given in Table 6.1. (Heats of 

formation of elements in their most stable form at standard conditions are defined to be zero.) 

l kJ = 1000-joule 
CO(g) + 5-0 2(g)=CO 9(g) ; 

MJ = 10°-joule 

kJ kJ 

AcH co = AfH co2 - 4fH co 

l 
H 9(g) + 50 2(g)=H20(liq) Remember that H2O(liq) is used for defining 

" combustion reactions. 

AfH 1420 = -285.830-——- 

AcH H2 - AfH H20 

For 1 kg of water gas, 

nt! 0.40-( I-kg) : ries P0524 I-kg) 
CO 2 gm Ei Pers ty 

28.0104: —— 2Z201588-—== 
mole mole 

AcH watergas = Moles CQ’AcH CQ + moles }47-AcH y47 

AcH watergas = -78 “MJ 

6.1] eee 

Table 6.2 gives the heat of combustion of thiophene 

C,H,S+60,(g)=4C0,(g) +2H,O(liq)+SO,(g) AH oa -2805 
. 

. 
mole ibe dial if converted to the formation reaction of thiophene using the following formation reacti 

able 6. 
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C(s,graphite) +O,(g)=CO,(g) A H°=-393.509 2 (2 
mo 

H,(g)+~O,(g)=H,O(lig) —A,H®=-285.830 (3 
oD mo 

S(s,rhombic) +O,(g)=SO,(g) A H°=-296.830 2 (4 
mole 

The formation reaction of thiophene can be obtained by adding 4 times eq.(2), 2 times eq.(3), eq.(4) 

and the reverse of eq.(1). The result is 

4C(s,graphite) +2H,(g) +S(s,rhombic) =C,H,S A fl 9=362.474 ual 
mole 

On13 

Eq. 6.8 in the text gives a formula to calculate the temperature dependence of the heat of reaction 

If A,,,C, (defined by eq. 6.6) is constant, this equation simplifies to 

A nll(T,) =A, H(T,)+4,,,C, (T,-T)) 

It will be most convenient to take T, =298.15 K because that is where we can most easily calculate 

the heat of reaction (using heats of formation from Table 6.1). 

A, f(298.15)=A H°(CO,g)+A H°(Cl,.g)-A H°(COCL,,g) 

kJ 

mo 

A nfl (298.15) =-110.525 +0-(-218.8)=108.275 

Similarly, we can use the heat capacities in Table 6.1 to determine A,,,C, 

A np =C pm (COB) +E, (Cl,.8) -C,,,(COCI, 8) 

df 

mole: 
A nC p= 29.142 +33.907 -57.66 =5.389 

| oye) 



Student's Solutions Manual 

Thus 

A__H°(T) =108275 +(5.389)(T-298.15) 

Af 
H®°(T)=(106668 +5.3897) —— 

a ()=( ‘ ete 

6.15 

We can use eq. 6.8 in the text to derive an accurate formula for the enthalpy of the reaction. It is easiest to 
take T;=298.15 K because then we can use Table 6.1 to calculate the heat of reaction at T4. 

kJ = 1000-joule kJ 
ArxnH 298.15 ° 241.818-——— 

Table 2.2 gives the heat capacities needed to calculate 4-,7Cp. 

2.20:10°\ joule 
T? } mole:-K 

Cpm 74909(T) = 26.06 + 17.7-10°?-T - 2.63-10°°-T? - 

1.15-10°\ joule 
- T) = 126.36 ~435-107"-T -.0.245: 10° °-T".~ eed: 

Par Hote T? | mole-K 

1.59-10°\ joule 
T? | mole-K 

Cpm 92(T) = | 29.30 + 6.14:10°>-T - 0.88-10°°-T? - 

l 
ArxnCp(T) = Cpm y49Q(T) - Cpm 449(T) - 7/Cpm 02(T) 

eT 

ArxnH(T) = ArxnH 99 15 ~ | ArxnCp(T) dT 
3298.15 

1.845-10°\ joule ArxnH(T) = -2.37182-10° - 14.95-T + 0.00514-T? - 6.483-10°7-T? - sade 
\ 48 mole 

156 



Physical Chemistry, 3e 

SECTION 6.3 

Cali 

The adiabatic flame temperature is the temperature at which the reaction products have absorbed all of 

the heat generated by the reaction. However, in these calculations, the "reaction products" include any 

species that are present after the reaction has taken place, including inerts and unreacted reactants as 

well as the "new" products. The adiabatic flame temperature can be found by finding the temperature that 
Satisfies eq. 6.9. 

The overall reaction can be written as 

C(s, graphite) - O 9(g) - 4-N 2(g)=CO 9(g) ~ 4-N 9(g) 

ArxnH 9 = -393509 joule/mole from Table 6.1 

Heat capacities are given by Table 2.2 as follows 

3 oT 10: 
Cpm cg7(T) = 41.58 + 15.6:10°?-T - 2.95-10°°-T? - Baie 

3 fei eee 
OMNI (1) 2a 9 OOF 10s Te 1.46710 TS eet 

Cp prod(T) = Cpm co2(T) + 4¢-Cpm y2(T) 

Solving eq. 6.9: 

ah guess * 2000 

| an guess \ 

edamete root| ArxnH ae | Cp prod(T) dian guess | 

2298.15 | 

T flame = 2376Kelvin 
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ek, 

The adiabatic flame temperature is the temperature at which the reaction products have absorbed all of 

the heat generated by the reaction. However, in these calculations, the "reaction products" include any 
species that are present after the reaction has taken place, including inerts and unreacted reactants as 

well as the "new" products. The adiabatic flame temperature can be found by finding the temperature that 

satisfies eq. 6.9. 

The overall reaction can be written as 

CH 3-OH(g) ~ 1.5-0 9(g) - 6-N 9(g)#CO 9(g) - 2°H 2°O(g) - 6-N 9(g) 

ArxnH g = (-393509) + 2:(-241818) - (-200660) joule/mole from Table 6.1 

Heat capacities are given by Table 2.2 as follows 

5 3 eos ilo 
Cpm c92(T) = 41.58 + 15.6-10° ?-T - 2.95-10°°-TH - = 

iyi: 
Cpm 490(T) = 26.06 + 17.7:10°3-T - 2.63-10°°-T? ~ Seek 

At 

brit! 
Cpm y2(T) = 25.79 - 8.09-10 ?-T - 1.46-10°9°-T? - see 

i 

Cp prod(T) : Cpm co2(T) + 2:Cpm H20(T) + 6:Cpm N2(T) 

Solving eq. 6.9: 

ib guess ~ 2000 

eT guess 

T flame = Toot) ArxnH 9 - Cp prod(T) agtave guess 

3298.15 | 

T game =2270Kelvin 
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6.21 

Again, eq. 6.9 in the text is the basis for the solution. From Table 6.1 we have the following data 

AfH No = 90250 = AfH 593, = -395720 AFH Ng? = 33180 = AfH gq. = - 296830 

All are in joule/mole. Thus, the standard heat of reaction is 

ArxnH g = AfH No ~ 4fH 593 - 4fH No? - 4fH so2 
ArxnH g =~-4.182+10" 

Heat capacities are given by Table 6.1 as follows 

Cpm no = 29.844 Cpm g93 = 50.67 Both are in joule/mole/K 

CP prod(T) = Cem No ~ Cpm so3 

Solving eq. 6.9: 

Pipies 01000 

/ 

i rT guess ‘ 

| aT: E root | ArxnH aoe Cp prod(T) op Beh b guess 

3373 
\ 

max 

T max ~o22 (Kelvin 
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SECTION 6.4 

6.23 

Given: P = l-atm Pg = 10°-Pa 

Xcs2 ~ 0.85 Xs? = 1-Xes2 There is no graphite in the gas phase. 

The equilibrium constant is defined by eq. 6.13 and 6.15 in the text. 

eCSz 

a"acas? 
The activity of any solid can be approximated as one at reasonable pressures. If we assume ideal gas 

behavior, then the activity of each gas is its partial pressure divided by the standard pressure. Dalton's 

law can be used to express the partial pressures as the mole fraction times the total pressure. 

X CS2 P 

235 X Cs? 
K a — (Xg°P\ K a3 Xia K a = 5.67 

a c. Tew | 

We can see that with the ideal gas assumption and Dalton's law of partial pressures, the resulting 

expression for Ka does not depend on the reaction pressure. Therefore, the percentage of CS5 at 10 atm 

will still be 85%. The reason is there is no change in the number of moles of gas during the reaction. You 
may recall from Le Chatelier's Principle that increasing the pressure drives equilibrium toward the 

direction of fewer moles of gas. Since the number of moles of gas does not change, the equilibrium does 
not change either (with the assumptions made). 
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EUR a ee 

(a) Given: P - 0,5523-bar Pg = I-bar bar=10°-Pa 

X20 = 9.5 XcQ2 : 0.5 Water vapor and carbon dioxide are formed in equimolar 
amounts. 

The equilibrium constant is defined by eq. 6.13 and 6.15 in the text. 

2 Na2CO3 2#H20/4CO2 
a 2 

4 NaHCO3 

The activity of any solid can be approximated as one at reasonable pressures. If we assume ideal gas 
behavior, then the activity of each gas is its partial pressure divided by the standard pressure. Dalton's 

law can be used to express the partial pressures as the mole fraction times the total pressure. 

4Na2CO3 =! 4NaHCO3 = ! 

XH20'P\ /X co2'P 
4 Na2CO3 Ry me aus 

Ka ; K 4 = 0.076259 
@ NaHCO3 

(b) Peo2(S) = 1.6500-bar - € Pr0(&) = 
/ 

The equilibrium constant can be expressed in terms of the partial pressures 

P co2’P H20 

z i CO2 (6 guess) "P H20 (§ guess) 
Sie $$$ 

| 
\ 

P a2 -Ka.é guess | 

0 / 

P 1720(5) = 0.0450 -bar 

P total = P co2(S) + P H20(5) 

P total = 1.7400 «bar 

161 



Student's Solutions Manual 

SECTION 6.5 

[1 i eee ots ee 

From Table 6.1 we can calculate the free energy change for the reaction, CCl4(liq) = CCl4(g) 

kJ kJ kJ = 1000-joule 
AfG CCI4liq * 65.21 AfG CCl4gas > US) faa joule 

R =8.31451- 
mole-K 

ArxnG g = AFG CCi4gas - 4G CCI4liq 
lias 20 Sales 

We can use eq. 6.15 in the text to calculate the equilibrium constant. 

/ArxnG 9\ 
Ka Sehr RT| K 4 = 02155 

In this reaction, Kg is equal to the activity of the vapor divided by the activity of the liquid. Because liquid: 

are largely incompressible, their activities can be assumed to be one at reasonable pressures. The 
activity of the vapor can be estimated as the vapor pressure divided by the standard pressure (assuming 

an ideal gas). 

_ | vap P -KyP 9 P 9-10°-Pa a” P g vap a S) 

P vap ~ 116.3 -torr 

’ The methods of chapter 4 can also be used to estimate the vanor pressure. The data from Table 4.2 give 

the normal boiling point of carbon tetrachloride and the heat of vaporization at the normal boiling point. 

T 1 = 349.9-K P, = l-atm AVH = a 
mole 

The Clausius-Clapeyron equation (eq. 4.20) gives the dependence of the vapor pressure-temperature 

relation on the heat of vaporization. For a constant heat of vaporization, this equation can be integrated t 
give eq. 4.22. This will allow us to predict the vapor pressure of carbon tetrachloride at 25 C. 
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poteee en AVH fl 14 
eee Reape tsi | \ / \ / 

T > = 298.15-K 

i - (AVH-T l- AvH:T a) 

Pin exp! — —4°P 4 
R/T >T 4." 
t = / 

P = 126.9 «torr 

In order to tell which answer is more accurate, we have to look at the assumptions that accompany both 

solutions. Using the methods of chapter 6, we assumed that the liquid activity was one and that the vapor 

could be treated as an ideal gas. The first is a very good assumption, and the second is reasonable. 

Using the methods of chapter 4, we assumed that the heat of vaporization did not vary with temperature 
over approximately a 50 K range. This assumption turns out to cause the greatest error. Therefore, the 

first answer is most accurate. The actual vapor pressure is about 115 torr. 

oye 

Eq. 6.25 can be used to calculate the equilibrium constant at 1000 K. In order to use this it is necessary 

the standard free energy of reaction and the standard enthalpy of reaction (both at 298.15 K) using data 

from Table 6.1 

kJ kJ kJ kJ 
AfG cio = 98.1 Le Acle AfG CO2 = 5394552) AfG ccl4 = SUE ra AfG 92 = eae 

AmnG jeg = 4:AfG Cio + AFG Co2 - AFG CcI4 - 3-4fG O2 

kJ kJ kJ kJ 

AnH ref = 4°AfH cig ~ 4fH Co2 - 4fH cig - 3-4fH 92 
We also need to consider the temperature dependence of the enthalpy 

a ee te yee 
EU CIO mau K-mole ~P™CO2 *°"-'" K-mole kJ = 1000-joule 

joul 

joule joule Re 831451 EK 
CIN CC(4 693.005. CPM 7a= 29.35) 

K-mole K-mole T pep = 298:15-K 

ArxnCp = 4-Cpm cjg + Cpm cg? - Cem ¢¢ 14 - 3-Cpm 92 
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eT 

ArxnH(T) = ArxnH je¢ + | ArxnCp dT 

ni ref 

kJ 
ArxnH(1000-K) =111 ar 

Now we can use eq. 6.25 to calculate the equilibrium constant at 1000 K. 

| -T 
ArxnG ref | ArxnH(T) an 

T ref R-T? 

oT ref 

K 4(1000-K) =7.1+10° 

6.29 

We will use the free energy function based on 298.15 K because Table 6.5 contains the data needed for 
this problem. The equilibrium constant can then be determined by solving eq. 6.21. Necessary data are 

joule joule joule 
> TIN : ea (0) Ti: 54.2: of (0) N2 ° ZAG Le ar 

Reena ese pret 224 R 8.31451 seeks 1000-oul =O TIN - 9 Ti > ZO N2 8. oie = 1000: joule 

kJ kJ kJ 
AfH TIN ° PI). sees AfH i es 0 panle AfH N2 ap 

] 
AH 9 = AfH Tin - AFH 7; - 7 4fH N2 

T = 1500-K 

/ 

Ao 4H» 
K 4 = exp RO RT eq. 6.21 

K . =7.2:10° 
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O33 

The equilibrium constant for this reaction can be expressed as follows if we assume the ideal gas law 
applies and the activity of solids is one. 

te / Pp io P = 0.249-bar Pg = I-bar bar=10°-Pa kJ = 1000-joule 

a —|P@/ 

K , =9.16-10 / 

The standard free energy of reaction can be calculated using eq. 6.15 

T = 298.15-K Peet eee 
mole-K 

kJ 
ArxnG Q = “RT In(kK a) ArxnG Om =34.5- re 

The equilibrium constant can then be determined by solving eq. 6.21. Data at 773 K can be interpolated 

from the data given by assuming a linear relationship. 

cal cal ite : epic $ NH3 ° 49.2456-—- N2 = 48.14856-4-- dH2 = 33.56326 K 

1 3 
Ad = ONH3 ~~ 7°9N2~ 9°9 H2 

kcal kcal a kcal 

AfH yH3 = -10.97-——- AfH yy? = 0-—- AfH H2 = OS 

1 3 
AH 9 = AfH NH3 - 5°4fH N2 - 5 Af 2 

joule 
kcal = 1000-cal T -773-K R =8.31451- =a Pe ca a 

AH Ad | 
2 ws: Sale eq. 6.21 Ka = exp Rumer q 

K 4 =4.0-10° 
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6.37 

(a) In order to tell which form is more stable at 25 C and 1 bar, all we have to do is examine the standard 

free energies of formation in Table 6.1 

kJ kJ : 
AfG PbOred ~ 188.93: AfG PbOyel = MF ES reat kJ = 1000-joule 

Since red PbO has a lower standard free energy at 25 C, it is the thermodynamically more stable form 

under these conditions. 

(b) Consider the reaction PbO(red) = PbO(yel). The standard free energy of reaction is just the difference 

between the standard free energies of formation. The temperature dependence of 4,,,Gg can be 

determined assuming 4,,,Hg and 4,,,S¢ are constant. The temperature at which 4,,,Gg equals zero 

represents the point at which the standard free energies of formation are equal, and the temperature 

above which the yellow form will presumably be more stable. 
kJ kJ 

AfH ppored * 218.99: AfH PbOyel = 217.32 ArxnH 9 = AfH PbOyel ~ AfH ppored 

joule joule 
S PbOred = 66.5: EK S PbOyel * 68.70: OK ArxnS g = S phOyel ~ S PbOred 

ArxnG 9(T) = ArxnH g - T-ArxnS g 

ag guess ° 500:K 

ees root (ArxnG g(t guess) ah guess) 

T =759°-K 

Above this temperature, the yellow form of PbO is predicted to be more stable. 

Thus far we have only dealt with the standard free energy of reaction, which does not by itself predict 
whether a reaction is spontaneous or not. Spontaneity is determined by ArynG, not ArynGg. Eq. 6.14 in 

the text relates the two quantities. In this example because we are dealing only with solids, all activities will 
be equal to one and the distinction is not significant. 
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6:39 

Solving eq. 6.24 in the text is the easiest way to estimate ArxnHg. 

ArxnH g fgl 1m 833145] joule 

Uae (1s ee pce Ml bp mole-K 
In‘K 9:=In/K ie 

kJ - 1000-joule 

Ke 9.8510. 4.» Ty 4 1000-K 

K>  2.04:10° T  ~ 2000-K 

ArxnH 9 s | i io ie DREGE 

ARTS RT 

kJ 
ArxnH g = 55.8 +--—- 

mole 

This value represents the mean reaction enthalpy over the temperature interval 1000 K to 2000 K. Data in 

Table 6.1 are for 298.15 K. The value given in Table 6.1 is -46.11 kJ/mole. Remember that ArxnHg is a 

function of temperature through eq. 6.8. 

6.41 

Eq. 6.23 tells us that the slope of In(K,) versus 1/T is equal to -ArxnH/R. For this reaction Kp = Kg since 

the activity of solids is one and there is no net change in the total moles of gas. 

points = 5 i = 0.. points - 1 

T; = Ka. = 
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We are now ready to perform the regression. 

m = slope(x,y) m= -2.861-10° mis the slope of the In Kg vs. 1/T graph 

ros conm(x,¥) r =-0.997168 ris the correlation factor related to the goodness of fit 

b = intercept(x,y) b=-0.737 b is the intercept of the In Kg vs 1/T graph 

The standard deviation of the slope may be calculated using eq. Al.25 of the Appendix. 

m | ] - r 

re re Ramee Sm = 124.56 R28.31451 

joule kJ kJ = 1000-joule 

ArxnH g = -mR- Anh 9 =23./86%——= 
: mole mole 

joule 7 kJ 
S ArxnH® * 9 m'R Te S ArxnH6é — 1030 sé 

The confidence interval is defined by eq. Al.27 of the Appendix. In this problem there are 5 points and 2 

parameters, which means there are 3 degrees of freedom. For 90% confidence, t,. = 2.35. Therefore, the 

confidence interval, A, is 
kJ 

te = 2.35 A 90% = too ArxnHO A 90% = 2.434 + 

It may be helpful to see a plot of the data and regressed fit on a In Kg vs 1/T graph. 

InKa(x) = m-x -b 

inverseT = 0.00100,0.00101..0.00130 

This graph shows the fit of the In Ky vs 1/T 

data. The slope of this line is -ArxnHg/R 
InKa{ inverseT ) 
—_ : according to eq. 6.23 
yj 

0.00108 inverseT, x; 0.00123 

Summary 

kJ kJ kJ ArxnH g =24-—— i eet oi ee i a 
ral mole » 90% =2 mole 5 ArxnHe =! mole 
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SECTION 6.6 

6.43 

Since the given equation of state is explicit in volume, we can use eq. 6.29 to calculate the fugacity 

coefficient, and hence “the fugacity. 

Substituting the given equation of state for V,, gives 

P 

elias Ind= rol yP)dP 

rats wre 
ae 

RT 2RT 

BP ie 
f=Pex 

RT 2RT 
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6.45 

Eq. 6.30 in the text can be used to calculate the fugacity coefficient. A cubic spline will be used to fit the 

data. 

ee Oe 20 

fit = cspline(p,z) atm = 101325 

Z(P) = interp(fit,p,z,P) 

P = 0-atm,l-atm.. 1000-atm 

— 

b = 

S 

O 

0 
O-atm P,p; 1000-atm 

sae Ps (Tes 
Oo CO 

e uv 

——— 

(100-atm) =0.471 

$(200-atm) =0.327 

$(500-atm) =0.317 

o(1000-atm) = 0.552 
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6.47 

Eq. 6.30 in the text can be used to calculate the fugacity coefficient. A cubic spline will be used to fit the 

data. 

120.24 

Pie bai 
fit = cspline(p,z) MPa = 10° 

Z(P) = interp(fit,p,z,P) 

P = 0.1-MPa,0.2:MPa.. 82:MPa rrr O 

0.8055 O 

0.72] 
3013] 
OST] 

0.5805 O 

C 0:MPa P,P 82-MPa 

@ ¢ 

0 eS eae | 
( CXR), = exP| | p dP | 

\.0 | 

(5:MPa) =0.726 

(10-MPa) = 0.485 

(20:MPa) = 0.329 

SS 

a CO S ES Oo CO 

=> 

2. oo Ss 

Oo 

o oo O oO 

(40:MPa) = 0.270 

(80:MPa) = 0.394 
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6.49 

(a) For an incompressible solid, we can use eq. 6.31 to calculate the activity 

joul P -1000-atm Pg = I-bar R 8.314512 bar=10°-Pa 
3 T © 298.15-K = Vay = 7.1-em 

Beak. (ee Sane ene Eg l = 1.336 

(b) If we no longer assume the molar volume is constant, then we have to integrate the following equation 

R-T-d(In())*V .)(P)-dP 

The dependence of the molar volume on pressure is given by eq. 1.51 

io 
P P K = ee Vin(P) - Vil -« 7-(P - Pg) T° atm 

rc - 1000-atm 
V m(P) 

| din()= aioe 
4] R:T 

P69 

/ = 1000-atm 
r m(P) dP 

exp “ar lr = 1,336 

.P9 

6.51 

Kp is defined by the following equation 

where Avg represents the change in moles of gas for the reaction and Ky represents the collection of 

fugacity coefficients (and activity coefficients for solids). 
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K, = 0.46 AV g =-] P = 1000-atm Pg =l-bar T = 873-K 

Estimation of fugacity (or activity) coefficients: 

Carbon 

MW 
Pee 6c MW = 12,011 ce epteatl 

em? mole p 

Fe = ye 9)V m | r 
el ea ea PmrR Tat Lo = 1,077 

Hydrogen Methane 

Tc H2 - 33.2:K Re H2s3 1.297-MPa Iie GH4a 190.6-K 

ali Pp U Ab 4 Pyo° =" ry. > =— r > 
Boston aie ps pas slecHa 

ir H2 = 26.295 le H2 = 78.123 Tr CH4 = 4.58 

$12 ° 1.36 from Figure 6.8 > CH4 

Therefore 

> CH4 
¢° = K g =0.718 

Poop 

A 
KaPo 8 

Shy Pe oe ee K p = 0.649 -atm 
> 

We can easily solve for mole fraction of methane using Kp. 

P CH4 | 
ii PcH4(XcHa) ~XcHaP  P H2(X cua) 

H2 

X guess - 0.5 

\ / Wi \ 

X CH4 ~ root; P CH4 * guess’  Kp'P H2 X guess) »* guess, 

X CH4 =96-% a 

bar=10°-Pa 
joule is Resslast— 

MPa = 10°-Pa 

Pe CH4 = 4.641-MPa 

© 

a ecans 
ee CH4 = 21.833 

> 1.43 from Figure 6.8 

= (1-Xcn4)P 
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SECTION 6.7 

6.53 

The most systematic way to approach equilibrium problems is to set up a mass balance table. With no 

loss of generality we may assume that there is one mole of CO and two moles of H initially. ¢ is the 

extent of reaction. 

moles initial moles at equilibrium 

CO 1 1-& 

H> 2 Fe 15a) 

CH30H 0 e totalmoles(&) = 3 - 2-€ 

L | an, pee ae) : @ 
Xcol®) ~ fgtaimoies(é)  ~H2(5) * jgtaimotes(E) - * CH3OH(S) * totalmotes(E) 

The equilibrium constant may be expressed as follows using Dalton's Law of Partial Pressures. 

" X CH30H(5):P P = 56-atm 

Pe) XK cole PX Hate) PE 
Oh gabe TOL =0.001 

Adjust tolerance until the calculated 

value of Kp matches the given one. It 

may also be necessary to refine the 

initial guess if convergence problems 

§ guess ~ 9-9 are encountered. 

K given = 9.00608-atm 

Solving for § and Xcy30H: 

: H \ \ 2 
§ = root) X CH30H g guess) ’P (Xx CO (6 guess)" P)(X H2(6 guess) 'P) ‘K given>S guess 

£ =0.715 

X CH30H(§) = 0.456 

Recalculate Kp to check: K p(S) = 0.00608 -atm * 
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(oee}s) 

The equilibrium constant can easily be calculated with data from Table 6.1 and eq. 6.15 in the text. 

AfG No? ° ces AfG N204 - 97.89. kJ = 1000-joule R 283145120 

ArxnG 9 = 2-AfG No? - 4fG N204 T..< 298.15: 

/ ArxnG Q\ 

Ka cale = maak Rare, Ka calc = 0.148 

The most systematic way to solve equilibrium problems is to set up a mass balance table. We may 
assume that there is one mole of N90, initially. a is the degree of dissociation. 

moles initial moles at equilibrium 

No04 ] Ik fod 

NO» 0 2-a _ totalmoles(a) - l-a@ 

il — @ 2a 

*N204(%) © ioiaimoles(a) ~~ NO2() ~ iotaimoles(a) 

If we neglect non-idealities, the activities and equilibrium constant may be expressed as follows 

X N204(a):P X NO2():P P = |-bar bar=10°-Pa 
SNOW) Reg oe ce SN} On 

) 0 P g- I-bar 

te iss aNo2(@) 
a a eee NE) 

a\ a N204(@) 

Solving for a: 

Caney Us TOL = 10° 
Adjust tolerance until the calculated 

/ 4) \ . 

@ = root/a ng? (% guess) ~ KA calc’@N204(% guess) »& guess } value of Kz matches the given one. It 

may also be necessary to refine the 
a =0.189 initial guess if convergence problems 

encountered. 
Recalculate Kg tocheck: K g(a) =0.148 rhs eas 
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BSL ghee whol ee 

The most systematic way to approach equilibrium problems is to set up a mass balance table. With no 

loss of generality we may assume that there is one, mole each of NOz and SO initially. € is the extent of 

reaction, which is also the conversion of SO9 to SO3. 

moles initial moles at equilibrium 

NO 9 ee 

SO > lee 

NO 0 E 

SO 3 0 E totalmoles 2 

*NO2(5) © iotaimoles ~SO2(5) ° totalmoles “NOC5)  iotaimotes ~SO3‘5) * totalmoles 

The equilibrium constant may be expressed as follows. Notice that because there is no net change in the 

moles of gas, the pressure does not appear in Kp. 

X NO(§):X 593(5) 
K = = as . pS) = XNonEYX sont) 

TOL =0.001 

R. - 15.8-102 Adjust tolerance until the calculated 
given value of Kp matches the given one. It 

Solving for E: may also be necessary to refine the 
initial guess if convergence problems 

5 guess ) 0.9 are encountered. 

§ = root/X No (é guess ‘X 503 (§ guess ) XNO2 (6 guess) * SO2 (6 guess) K given>S guess) 

E =99.2-% 

Recalculate Kp to check: K p(5) = 1.58-107 
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Gro? 

The most systematic way to approach equilibrium problems is to set up a mass balance table. € is the 

extent of reaction. 

totalmoles(é) 5S € 

E 
totalmoles(&) 

2-€ 

moles initial moles at equilibrium 

HCl 4 4-(1 -&) 

0% l 16g 

Cl5 0 2-E 

H20 0 Ue 

tele 4s) 
Xyeils) totalmoles(&) *02(5) 

X ci2(8) 2 X y20(E) totalmoles(&) totalmoles(&) 

The equilibrium constant may be expressed as follows using Dalton's Law. 

X Cyy(E)-P7-/X yao (E)-P” 
ped 

X HeIlS)-PY"(X Q2(S)-P 

K given 23.14-atm 

Solving for €: 

Bris OE 

/ \ 2 / < ve 

& root: Spee gss,'P “XH20 & gss)'P) 

E = 0.762 

PACING) eee Cinta) be 

P cy2(S) = 1.80-atm 

Recalculate Kp to check: K p(§) = 23.14-atm 

P - 5-atm 

TOL =0.001 

\4,, 6 ’ 1? he . 

; x HCl 5 ess Ce Xo2'6 gss Py K given>S gss 
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6.61 

The equilibrium constant for the reaction 4 So = Sg can be calculated with free energy function data from 

Table 6.5 and eq. 6.21 in the text. 

kJ : 
joule 

joule r 

ethiga -)12°.0 ie Resa 145 e 
mole-K 

joule 
S2 1000K ° are bint Pa oS2 1500K - 256.7 

kJ = 1000-joule 
joul k S608 EA ee 101d a 

mole 

joule 
oS8 1500K SENET: 

Ad 1000K = 9S8 1000K - 4°¢S2 1000K 

Ad 1500K * 988 1500K  4°OS2 1500K 

AH = AfH gg - 4-AfH > 

‘A$ 1000K AH | 3 
Ka 1000K exp ? R- = R-1000-K, Ka 1000K — 1.923-10 

4$ 1500K AH \ : 
- | Ka 1500K =3-717:10 BA 1S00K Pl sO 

The most systematic way to solve equilibrium problems is to set up a gas phase mass balance table. We 

may assume that there are 4 moles of So initially. € is the extent of reaction. 

moles at equilibrium moles initial 

S> 4 44 de} 

Sg 0 e totalmoles(&) = 4 - 3-€ 

Atl! &) ; 3 
X$3(6) - totalmoles(&) * S25) ~toteimoles(E) 

lf we neglect non-idealities, the activities and equilibrium constant may be expressed as follows 

X 52(&)-P X gg(&)-P Se tn _ ins 
Reale )-=— ae a og(E) sees atm bar=10°-Pa 

: E P g= 1-bar 

a sg() 
(E) -——— 

aso(§) 
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Solving for € at 1000K: 

E guess ~ 9.5 

/ / \ / \4 \ 

§ 1000K ~ Toot’ a sg ‘6 guess) 4S2 (6 guess) “Ka 1000K»& guess ; TOL = 10°? 

E 1000K = 9-158 Adjust tolerance until the calculated 
value of K, matches the given one. It 

X $85 1000K) = 9-045 
; : may also be necessary to refine the 

initial guess if convergence problems 
Solving for € at 1500K: 

are encountered. 

g guess ~ 0.5 
/ ‘ aay \ 

6 1500K Toot. asg € guess 4 S216 guess) “K1500K>5 guess, 

E 1500K = 4176-10 ° 
ce 8 

X §8(S 1500K) =!.0-10 
Recalculate Ka to check: = K a/§ 1000K) = 1923-10 ° K a6 1500K’ =3.717-10 

i eee 6 ee 

The most systematic way to approach equilibrium problems is to set up a mass balance table. € is the 

extent of reaction, which is also the fractional conversion of A to B. 

moles initial moles at equilibrium 

A 1 ee 

15 hire 

HI 0 2-£ 

B 0 eG totalmoles(&) - 2 -& 

1-¢ Ss 2-€ g 
~ totalmoles(E) *1o(6)i totalmoles(&) CHI S les totalmoles(€) Ble) s totalmoles(€) 
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The equilibrium constant may be expressed as follows using Dalton's Law of Partial Pressures. 

(X py (E)-PY?-/X p(E)-P» P = 2-atm 

p(S) > 7X ,(E)-P7X 12(E):P\ TOL =0.001 
K 

Adjust tolerance until the calculated 

Gila eae value of K, matches the given one. It 

may also be necessary to refine the 
initial guess if convergence problems 

are encountered. 

Solving for &: 

& guess = 0.9 

E root! /X HI (6 guess)"P) “(X B (6 guess)’ (X AG guess) P)*(% 12(6 guess)’P) °K given>S guess 

E = 34-% 

Recalculate Kp to check: K p(5) =0.30-atm 

6.65 

We can determine the equilibrium constant from free energy function data in Tables 6.4 and 6.5 for 
1500 K. 

kJ 
d 1.050-—— 

b 175. joule mole — Equation 5.27 was used to convert $ based on 0 K to 
Cc mole-K —-1500-K > based on 298.15 K. 

(eI case 7; _ joule pie Ei 
qi “ mole-K TiC ™ mole-K joule 

R =8.31451- 

AfH 0 i AfH 185 es fH aa we Ti mole TiC "— mole SIE ee Oaale T = 1500-K 

4¢-¢Tic-¢cC- oT) 4H = Af Tic - AfHC - AH 7; 

Ad AH 
"Wakes 4 ty ay eq. 6.21 

K 4 =6.858+10° 
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We can calculate ArxnGg using equation 6.15 

k 
ArxnG 6 - R-T-In(K a) ArxnG g = -167.6 — 

However, it is ArxnG, not ArxnGg, that determines spontaneity. The two are related by eq. 6.14. Since we 

are dealing only with solids, the activity quotient is one (and In Q = 0). Thus, for this case the two are equal. 

Orel 

kJ 
ArxnG = ArxnGg+R:T-In(Q) = ArxnG =-167.6 -—— 

mole 

Since ArxnG < 0, the reaction is spontaneous under these conditions. 

6.67 

The most stable hydrate is the one which minimizes free energy. The general reaction for hydrate 

formation is given below. We will first calculate ArxnGg, and then use eq. 6.14 to calculate ArxnG. (Lone 

subscripts refer to the degree of hydration of MgCly.) 

MgCl 9 - n-H2O0=MgCl2-n-H20 
kJ - 1000-joule 

kJ kJ kJ kJ 
AfG g 592.33: - AfG, 862.36: AfG 5 1118.5: AfG 4 1633.8: 

mole mole 2 mole mole 

kJ kJ 
5) : 49 phn oe AfG @ 1278.8 nie AfG H20 22S Bees Ts 

kJ 
ArxnG 9] AfG l AfG 0 AfG H20 ArxnG 61 41.458 eo 

kJ 
ArxnG 92 AfG 2 AfG 0 2-AfG H20 ArxnG 62 = 69.026 tei 

kJ 
ArxnG 9g APG 4 AFG Q 4:-AfG y7Q © ArxnG gq =-127.182+ 

| 7 kJ 
ArxnG gg AfG 6 APG g 6 APG y2Q ArxnG gg = 684.962° 
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Because the only non-condensed phase in this reaction is H2O (g), the activity quotient found in eq. 6.14 

simplifies to (Pg/Py20)". 

: joule 
TT) 298.) 57k P1790 — 0.8*(23.76torr) -P’9 - T-atm Re 8.31451) 

P69 kJ 
ArxnG y_~ ArxnG g; - R-T:In ArxnG 232.5 acre 

Pin0 mole 

P Oveis kJ 
ArxnG 5) ArxnG g2 : R-T-In ArxnG 5 = 50.739 

ms 2 P20 > mole 

eee kJ F inimi 
ArxnG 4) ArxnG gg - R-T-In ArxnG 4 = 90.608 ---- - pclae snl arte MULES Bs ee! 

P20 mole jg therefore the most stable. 

6 

Pg kJ 
ArxnG 6 ArxnG i R:T-In ArxnG sa 739.824 - 

z H20 mole 
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CHAPTER] Solutions 

SECTION 7.1 

1 

It is easiest to calculate the mole fractions of both components first, and then use eq. 7.3 to obtain the 
molality. 

m 
MW acetone ~ 58.08: MASS acetone > 10.0-gm MASS ethano] ~ 450:gm mole 

ares MAaSS acetone aah MASS ethanol MW ethanol 46.07. 2 
Woe es mole acetone yyw Re ethanol = yyw Beal 

moles total ~ Moles acetone | Moles ethanol 

ye moles acetone x } moles ethanol 
acetone ~ “Toles ain ethanol ~ “ioles fous 

X acetone = 9.017 X ethanol = 9-983 

Pee ye O00eme 2 48 
ee iy 1 a amen 

m(X acetone a ethanol) = 0.383 Units are moles of acetone per kg ethanol 

i3 

We'll calculate the mole fraction of sucrose first, and then use eq. 7.3 to obtain the molality. 
gm 

MW = 342.300--—-— 
MASS ierpce @ 220 BM mass water = 250-gm Belsites mole 

m 
MASS. Sucrose pelea owaten MW Sater 18.015-— 

moles > + moles = 
sucrose MW sucrose PELE AY water 

X moles sucrose 
SUMTOSeHE ee RICO eis 

moles gucrose * Moles water 
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Ke erace = U00so4 

1000-gm *2 

m(X sucrose: iW water) = 0.298 Units are moles of sucrose per kg water. 

The molality could also be determined by multiplying the given amounts of sucrose and water by 4. The 

result is 102 g of sucrose in 1000 g of water. 102 g of sucrose is 0.298 moles. 

(Ps 

Since we have 60.12 g of NaCl in 1 kg of water, all we have to do to find the molality is determine how 

many moles of NaCl there are. 

MW Nac} — 58.443: ve mass Vac} © 60.12-gm 

MaSS NaC] 

moles - 
NaCl “MW nacl 

m = moles NaCl 

m=1.0287 = Molality units are moles of solute per kg of solvent. 

Concentration is moles of solute per liter of solution. We can use the density and total mass of the solution 
to determine the total volume of solution. Then, the concentration is easily determined. 

m 
p 1.03887. MASS tota] ~ I-kg + 60.12-gm 

cm 

MASS total ; 
Vtotal > ~~, V total = 1-020 liter 

moles NaCl | 

¢ = ¢ = 1.00807 
total liter 
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SECTION 7.2 

i) 

The volume change on mixing can be estimated using eq. 7.10. Vpm denotes a partial molar volume. Vm 

denotes a pure component molar volume. 

gm gm 
Water MW water - 18.015 re moles water = 2*mole Ohyatcr @ ate Sane 

MW water cm? 
Vm water ~ sah Vpm water ~ !7° Fale 

gm /0.4\ , gm 
Ethanol MW ethanol] 46-069-.- moles ethano]!. moles water’ EPeinanol Med ees 3 

mole 0.6, cm 

MW ethanol cm? 
VM ethanol Deiat VPM ethanol 97" oje 

AmixV — moles water’ VP™ water Vm water) * MOles ethanol’ / YP™ ethanol VM ethanol) €4. 7-10 

AmixV = 4.0 om? 
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SECTION 7.3 

(Pe 

Let's first list all of the distinct chemical species that we can identify: 1) water, 2) Ag+ ion, 3) 

ion, 4) AgCl, 5) AgBr, 6) Cl- ion, 7) Br- ion. 

The number of components is the number of distinct species minus the number of constr 

on the system. Constraints include things such as mass balance, electrical neutrality, and cher 

equilibrium requirements. 

Constraints here are 1) mass balance/electrical neutrality between Ag+ ions and all neg 

ions, 2) equilibrium between solid AgCl and the dissociated salt, 3) equilibrium between solid AgB 

the dissociated salt. Thus, 7-3 = 4 components. 

You may be wondering why the first constraint was not three constraints. After all, ther 

three mass balance/electrical neutrality requirements that must be satisfied individually by each o 

three salts (AgNO,, AgCl, AgBr). This is perfectly valid. However, if this is how you choos¢e 

constraints, you have to distinguish between Ag + derived from each salt. Thus, Ag+ becomes 1 

components. Then there would be 9 components, 5 constraints, and still 4 components. 

The different phases present are 1) aqueous solution, 2) vapor, 3) solid AgCl, and 4) 

AgBr. 

Gibbs’ Phase Rule gives the degrees of freedom as F = components + 2 - phases = 2. T 

if P is fixed, the temperature can still vary. 

ake 

(a) There is only one component because the two species present, the monomer and the c 
are constrained by the reaction equilibrium between the two. The gas phase is the only phase pre 

(b) There is only one component which can be independently varied because the three di: 
species present and bound by two constraints: 1) the reaction equilibrium and 2) mass ba 
between CO and Cl, (they must be formed in equal amounts if none is added). The gas phase is 
the only phase present. 

(c) There are two components because the second constraint discussed in part (b) is no I 
present. There gas phase is the only phase. 
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(d) There are two components because there are 3 distinct species and 1 constraint (the reaction 

equilibrium of NH,Cl = HCl + NH,). There is no mass balance linking HCI and NH, since there are 

arbitrary amounts of these gases. There are two phases, solid NH,Cl and gas. 

TS 

There are three distinct species: 1) ammonia (g), 2) carbon dioxide (g), and 3) ammonium 

carbamate (s). There is one constraint, that of reaction equilibrium. Thus there are two components. 

There are also two phases, solid and gas. The degree of freedom is F = c + 2-p = 2. 
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SECTION 7.5 

7.15 

(a) An ideal solution is one that obey's Raoult's Law, eq. 7.21. From the given data, we can calculate the 
partial pressures for each component using this equation. The total pressure is just the sum of the two 
partial pressures. Pure component pressures are denoted here as Pstar. All data and calculations are for 

80 C. 

Pstar benzene 760:torr Pstar toluene = 350-torr 

> benzene( benzene) > X benzene’ Pstar benzene ?P toluene (* benzene) = G = benzene) Pstar toluene 

P benzene(9.2) = 152 -torr Proienei ot) — 25u Storr 

P total (x benzene. P benzene(* benzene) +P toluene * benzene) 

P total(0-2) = 432 -torr 

(b) Boiling occurs when the total vapor pressure equals the ambient pressure. 

X guess 0.5 

X benzene © T00t P total(X guess) 200-torr, X guess’ 

X benzene = 9-366 

1 - X benzene 

X toluene = 9-634 

X toluene 

fod 

Raoult's Law, eq. 7.21, predicts partial pressures based on liquid mole fractions and pure component 

Vapor pressures. Pure component vapor pressures are denoted here as Pstar. 

0.05223-a a + 

; -2 : 
Pstar(a,b,T) - 10. \* torr |S 296-15°K 

4 bromide © 32430 b bromide = 7-821 @ chloride ~ 28894 — b chloride = 7-593 

Pstar bromide ~ Pstar/a bromide» bromide»! \ Pstar chloride = Pstar (a chloride» > chloride» !) 

Pstar bromide = 126.339 -torr Pstar chloride = 314.165 -torr 
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Calculation of partial pressures: 

X bromide = 9-381 

P bromide = X bromide’ PStar bromide P chloride 

P bromide = 48.135 «torr 

P total = P bromide + P chloride total = 243 -torr 

Holo. 

x chloride ~ 

- X chloride’ Pstar chloride 

1 - X bromide 

P chloride = 194.468 -torr 

(a) The activities may be estimated using eq. 7.25, assuming the fugacity may be estimated as the partial 

pressure. Dalton's Law can be used to estimate the partial pressure. The activity coefficient can be 

estimated using eq. 7.26. 

X 1 = 0.9006 Pstar ; = 130.4-torr Pstar> 43.9: torr 

Y 1 > 0.6667 Pen | Soeostonr 

Yack (Neat Y 7c 
See =) ea! S50) 

al Pstar | paleo. 2) a2 Pstar 9 <2 

a ] a D 

Y,.== af apeil-055 Y2 a ¥2 = 14.20 
Sa oe (1-X1) 

(b) Raoult's Law is eq. 7.21 in the text 

Por ees X 1 \-Pstar 9 P IRL x 1 Pstar | 

Beis 117.438 -torr Porn ian 4.364 -torr 

Bei iri © ORL 

PRp = 121.8 -torr 
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Wal 

(a) Using eas. 7.25 and 7.26, the activity coefficient may be estimated as y; = Pj / (Pstar;*X;), where Pstar 

represents the pure component vapor pressure. 

rae the oA VY, 21-Y9 
i i 

Pstar ; = 1008-torr Pstar 9 = 48.3-torr 

fed sacs Et Rigen YoeR, 

"1° pstaryXy, i” Pstarp-Xq 
! 

(b) We can use eq. 7.27 to calculate AmixG©&* 
if we divide through by (n1+n2). Thus, the moles 

become mole fractions. But what is the mole 

fraction? Since we are not given data on the 

sizes of the liquid and vapor phases, we'll assume 

the majority is in the liquid phase and thus use the 
liquid mole fractions. 

joule 
ae. R28.31451-——_. : 15: 

AmixG ex; R-T:/X 1 (v1, : Xa;In(vanyh care molek | Bees 

AmixG ex, 

joule 

\mole 

195108 
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23 a OP Oe EV SS Ew Sey 

Table 7.2 gives values for w, the first derivative with respect to T, and the second derivative with 
respect to T. If we start with the second derivative, we can gradually integrate these derivatives back 
to give w(T). 

aw =-0.046 
aT? 

Integrating with respect to T gives 

&*\--0.046T+c, 
ar 

We can determine the value of the integration constant, c,, using the known value for the first 

derivative. Table 7.2 gives the first derivative as -7.03 at T = 293 K. This means c, = 6.448. 

OW) __9.046T+6.448 
ar 

Integrating again gives 

w=-0.023T7+6.448T+c, 
Since Table 7.2 gives w = 1275 at T = 293 K, c2 = 1360.263. 

W(T) =1360.263 +6.4487-0.02377 

UE 

(a) If we assume an ideal solution, then Raoult's Law, eq. 7.21, applies. Pstar denotes the pure 

component vapor pressure. 

Pstar 1? 118-torr xX i= ORS Ie Ve xX 1 'Pstar 1 iB 1 = 29.5 -torr 

Pstar 9 = 122-torr X 9 ‘= 0.75 P> = X4°Pstar 9 P59 1.) tor, 

P total - Pp Pas P95 P total = 121 -torr 

(b) Regular solution theory tries to correct for the differing interactions between like-like and like-unlike 

molecules. The parameter, w, was derived as a function of temperature in problem 7.23, and can be used 

here to calculate w at 303 K. 

joule 
( . . Wis ae = ° 3 joule w(T) = (1360.263 + 6.448-T - 0.023:7%)) =F w(303) = 1.202-10 GE 
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The predicted activity coefficients are given by eq. 7.28. 

T 303:K 
X ,7-w(303) | 

RT ee 

/X 47-w(303) | 
Y 1] = ©Xp eres oy Y¥ 2 := &xp 

Y¥ 1 = 1.308 ¥2 =1.03 

The partial pressures are then given by eqs. 7.25 and 7.26. 

Py =X 4-7 1"Pstar q P45 = X9:7 9°Pstar 9 

P 1 =38.585 «torr P 4 = 94.271 -torr 

P total =P 1+P2 P total = 133 :torr 

192 
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SECTION 7.6 

eo. 

The Henry's Law constant is defined by eq. 7.31. If we plot Po/Xz2 as a function of Xz, k, can be found by 

extrapolating back to X = 0. 

¥e=0,: 4 

The Henry's Law constant 

is ky = 7.05 atm. 

729 

Henry's Law, eq. 7.30, gives us the Kr liquid phase mole fraction. Keep in mind that the 100 atm is the 

partial pressure of Kr. 

kx = intercept(X7,y) m = slope (X 2>Y) 

k , =7.05 «atm Y fit (X 2) -ky+mx9 

10-atm 

PQ; 

XQ; 

a} 

Y fit(* 2) 

O-atm 

ky = 2.00:10*-atm = P-2 = 100-atm 

ie? | X 9 = 0.00500 X9 ce 2 
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Now we just have to find how many grams of Kr is equivalent to this mole fraction in 1000 g of water. 

m M, - 18.015- © Mouee3s0 TOL = 10° 
mole mole 

1000-gm 
ny M : N 2ouess 1-mole 

n root. WPS Xx 2° — nN 
\. 1 + 2puess 2 pe 

n> =0.279 

mass Kr 0n 2M 2 

mass x, = 23.4-gm 
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SECTION 7.7 

esl et eee ee ee 8 SN a we, OO ee I ne. 

The osmotic coefficient data can be fit to a polynomial, and the activity coefficients of n-octane can be 
estimated with eq. 7.37. A curve fitting program gives 

d(m) = 1 - 0.397281-m + 0.0359014-m? + 0.117675-m? - 0.00871332-m4 

m 
mx) - 1 

Y2m(m) = sot = il (mx) - 1 dmx 
mx | 

20 | 

¥2m(0.01) =0.992  ¥2m(0.1) =0.925  ¥ 2(0.5) = 0.695 

7239 

We can use eq. 7.36 to estimate the osmotic coefficient. The solvent activity may be estimated as the 

partial pressure over the pure component pressure (Pstar). The solute molality is given in the problem. 

ie H20 = 23.6798:torr Pstar H20 = 23.7675:torr M 1 = 18.015 

P20 
GLY Spacer a p= 0.996 en) = WS) 

Pstar H20 

2 1000-In (a 1) 
2 oe sg eS =], b mM | b 368 
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7.35 

The osmotic coefficient can be calculated with eq. 7.36 (using v = 1 for nonelectrolytes). Then, the quantit 

(>-1)/m can be fit to a linear function of m, which can be used in eq. 7.37 to calculate the desired activity 

coefficients. 

ete d m, care ‘ Jp t 1) M1 ~ 18.015 

ar sre 
6-1 

‘he ths 
1 

s — slope(m,y) b - intercept(m,y) 

s =0.010 b =0.078 

Yt(m) b+ sm 

dfr(m) yy ge(m)-ms I molal 0,0.1.. 1.5 

0.1 

em \ 

Y2m(™M) © exp >¢(m) 1 - Y gt( mx) dmx | ~ 

ie / = 0.08 b 
1 

Oo 

Y 2m(0.1) = 1.016 y g(molal ) 

¥ 2m(0-5) = 1.085 0.06 

¥ Im( 1-0) = 1.186 
m;,molal 
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SECTION 7.8 

eE! 

The first thing we have to do is calculate the molality of ethanol in this solution, since the freezing point 

depression equations use molality. In 1000 g of water, we need 1000/9 g of ethanol to make a 10% 
ethanol solution by weight. 

1000-gm gm 
ppassethanol | yung) MW ethanol = 46-069:-——=— 

mole 

MAasS ethanol 
m= —_—-—-—— 

MW ethanol 

Now we can use eq. 7.4 to determine the freezing point depression. 

m =2.412 

K ¢ = 1.860 Wstah ¢eenz 73.1595. 

8-Krm O= 4% 

Titpe= star p70: 

T ¢=268.66-K 

Ue: 

The boiling point elevation derivation directly parallels the freezing point depression derivation in the 

text. We can start with 

},(vap) =p , (solution) 

With eqs. 7.16, 7.17, and the Raoult’s Law reference state (pure liquid), the solution chemical 

potential becomes 

Hi =, +RTIn(a,) 
Solving for In(a,), 

Layee 
In(a,)=—(n1- (a,) alt Hy) 

Taking the partial derivative with respect to T gives the following (remember that T and yw are functions 

ina, eer ei ol; || ony 
ae | es iPS lee le 
oT RT? RT\\ oT oT 
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Using p=G=H-TS and (FF) =-S gives the following 
P 

—— = -——(H, -H 
oT R i! ested 

Aina, Avy 

oT RT? 
Integrating from T, and a,=1 to T, and a, gives 

T, 
AuwH 

Ina, = { -—2—dT 
yk 

T, 
If we assume the boiling point elevation is small, then the integrand may be assumed to be cons 

and T may be replaced with T,”. Defining 6 = T, - T,’, we now have 

Moot 6 

RT, 
The osmotic coefficient was given by eq. 7.36 as 

_ ~1000(g/kg)Ina, 

Wy mM, 

Substituting eq. (1) into eq. (2) gives 

rae 1000(g/kg) AH ic) 

2 m M,RT, 
The grouping in the brackets can be used to define a boiling point elevation constant, K, 

2 
M,RT, 

” 1000(g/kg) A. Hf 
Thus, eq. (3) becomes 

peeas 
K,m 

Since @ approaches one in dilute solution, we have finally 

6=K,m 
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7.41 
a a ee ee 

The necessary data for ethanol can be obtained from Table 4.2. Equations for boiling point elevation were 
derived in problem 7.39. 

kJ Tstarp =351.7-K | AvH = 38.58-——_ M , = 46.0692 kJ=1000-joule 
mole mole 

mole joule m = 0.82570 see ee R=8.31451- 

M ,-R-Tstar 5,” K-kg 
K Se = 6 oe 

b /1000-gm fibaeeos mole 
; — |-AvH 
\ kg 

AT ph -Kpm AT 4 = 1.0*K 

Th e Tstar p TANT *f; 

Type ol2.7 Kk 

7.43 

The average molecular weight can be calculated using eq. 7.43, noting that the "c" is a molar 

concentration. We are given mass concentrations, and the two are related by the molecular weight. Thus, 

we may estimate the molecular weight as (mass concentration * R * T / osmotic pressure) at each data 

point, and then extrapolate back to infinite dilution. 

= Wise 
= : -R-T joule @ a yas © mass. : : e mass; F Mw, ; = T = 298.15-K R=8.31451 Sealer 

i 

m= slope (c mass» MW) ele intercept (¢ mass »>MW) 

lit m 
eke b= 2559-108 

mole mole 

, 2D ee gm 

MWY ftie ab ate eo liter’? tee oe liter 
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300.8 
mole 

The molecular weight extrapolated to 
infinite dilution is just the y-intercept MW. 
of the straight line fit. me 2B 

MW fi(c) MA es, 
MW =b pow 

k MW =256+—>— _ 
mole 200.-*8- 

mole gm € yriass;-° 3m 

liter liter 

7.45 

The hydrostatic pressure is given by pgh, while the osmotic pressure is given in the problem. All we have 

to do is find the depth at which the two become equal. 

gm a! m 
p ail (M4 a 9.81 aye: P static( 1) = p:g-h Pp. osmotic = 23-atm 

h guess © 10-m 

h: root (P static (h guess) ~ P osmoticeh guess) 

h=23l1-m Ata depth below 231 m, the hydrostatic pressure would exceed the osmotic 

pressure, and fresh water would flow into the pipe. 

7.47 

The osmotic pressure is approximated by eq. 7.43. 

ou 
Bath tae eRe 

liter mole:K 
T = 293,15-K 

Piss GR f Pi = 4.81 -atm 

This is reasonably close to the observed value of 5.06 atm. 
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SECTION 7.9 

7.49 
re ee eee ee ee ee ee 

The equilibrium constant is the ratio of the activities of boric acid in the various solvents. At infinite dilution, 
the Henry's law activity (concentration scale) is just the concentration. Thus, the equilibrium constant is just 
the ratio of the concentrations in the limit of infinite dilution. We can plot c (acid in HO) / c (acid in 

alcohol) as a function of either concentration and then extrapolate to zero. 

UA 

cacid H20, - cacid alcohol, cacid H20, , 
ane m = slope (cacid alcohol» K a) 

i cacid alcohol. 
basta parses Tih intercept (cacid alcohol» K a) 

Ka gy(c) © b+: me 

c - 0,0.001..0.020 

Ka - Ka fit(9) 

Risa 3 

0 0.01 0.02 

cacid alcohol; >© 

eal 

For the "reaction" Ip(solid) = Ila (ao), we can calculate ArxnGg(T) using data from Tables 6.1 and 8.3. 

Table 6.1 gives data for pure components, while Table 8.3 gives data for components in solution (HL 

molality scale). Since we are asked to calculate the solubility at several temperatures, we need to derive a 

temperature dependent expression for ArxnGg(T). This can be done by assuming constant 

ArxnHg and ArxnSg. 
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kJ ; joule : ae 

ATH 12solid = ays S]12solid = 116.135: kJ = 1000-jou ‘eile 

: R =8.31451-—_, 
- kJ _ 1372: joule mole:-K 

ATH }2a0 = 22.6°— Te S }2a0 = Po ass 

ArxnH 9 = AfH ]2a0 ~ AH }2solid ArxnS 9 = S }2a0 ~ S I2solid 

kJ ~~ joule 

ArxnH g = 22.6-— ArxnS g =21.065-—— 

ArxnG 9(T) = ArxnH g - T-ArxnS 9g 

The equilibrium constant can easily be calculated from the ArxnGg using eq. 6.15 

/- ArxnG e(T)\ 
K ,(T) = exp nel Saeed 

K, is the ratio of activities. For solid 12, the activity is one. For aqueous Io, the activity is (ym)/(m®), since 

Table 8.3 uses the Henry's Law molality scale reference state. We are going to assume dilute solution, so 

the activity coefficient will be approximated as one. Once we find the answer, we'll see that the dilute 

solution approximation is justified. 

Thus Kg becomes just 

m m g= 1 == 
mg 

‘a 

a 

m(T) = K4(T):mg 

| ] l 
m(273.15:K) =0.00060-——~ —m(298.15:K) =0.0014 ~~ m(373.15:K) = 0.0086 no ke kg kg 

7.53 

For the "reaction" Xe (g) = Xe (ao), we can calculate ArxnGg(T) by assuming constant 

ArxnHg and ArxnSg. 

kJ j ArxnH g =-17.6——- —ArxnSg = -103,98-20Ule 
mole mole-K kJ=1000-joule 

‘ joule 
ArxnG 9(T) = ArxnH g - T-ArxnS g a Oe Solent 

The equilibrium constant can easily be calculated from the ArxnGg using eq. 6.15 
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/-ArxnG @(T) 
K 4(T) = | | 

Kg is the ratio of activities. For Xe (g), the activity is (P/P®), For Xe (ao), the activity is (ym)/(m®). We are 

going to assume dilute solution, so the activity coefficient will be approximated as one. Once we find the 
answer, we'll see that the dilute solution approximation is justified. 

Thus Kg becomes just 
| 

no m 1? = Ilelert Pg = ]-bar m 9= Ade 
eee ee e 

P mg 

P bar=10°-Pa 

m(T) = K a(Tm og 
| | m(273.15-K) = 0.0086 m(298.15-K) =0.0045 ee m(373.15:K) =0.0011 oe 

1S) 

The first thing we need to do is calculate the equilibrium constant, Ky. For the reaction 

H9S (g) = H9S (aq), the equilibrium constant is 

_a(H2S,aq)_/y-m\ | P9 \ 

See a H29, 2) |m6 j \P H2s/ 

In the limit of infinite dilution, the activity coefficient is one. We will calculate K, for each data point using 

the above expression (with y =1 ). Then, Kg at infinite dilution will be found by regressing the calculated Kg 

values vs molarity and finding the intercept at m=0. 
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5 
m; Pg Po 10°-Pa 

Ke . 
i mg/ \P mole Pe DEG | | H2S; | mg 1: ie 

s = slope(m,K q' 

b interceptym,K 4) 
/ 

Ka ge(mx) ~ b + ssmx ee p.mole 0.95 mele “9 39:mole 

kg ° kg kg 

K aj 

a) ; 

Ka ¢t(mx) 

m;,mx 

The equilibrium constant is related to ArxnG® by eq. 6.15. However, we also know that ArxnG? for this 

reaction is AfG9(aq) . AfG9(g). AfG°(g) can be found in Table 6.1, so we may readily solve for 

AfG9(aq). 
joule 

kJ 1S: ; : 
ArxnG 9 R:T-In/K 4 ArxnG g = 5.663 ore Gere aa Rab mole:-K 

kJ kJ- 1000-joule 
AfG Ogas 33.56: ae 

- kJ 
AfG Oaq ArxnG Q + AfG gas AfG aq ~ 27.90 ars 

This is in excellent agreement with the value given in Table 8.3, -27.83 kJ/mole. 
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TEM 

The first thing we need to do is calculate the equilibrium constant, Kg. For the reaction 

glycine (s) = glycine (aq), the equilibrium constant is 

mole _ mole 
3 Y2m'm Y2m = 0.872 nis= 333: ke mg=l- & 

a m9 

K , =2.878 

The equilibrium constant is related to ArxnG® by eq. 6.15. However, we also know that ArxnG® for this 

reaction is AfG°(aq) - AfG%s). AfG%(s) can be found in Table 7.7, so we may readily solve for 

AfG®(aq). 
joule 

kJ RS : . 
ArxnG g ~ -R'T-In(K a) ArxnG 9 =-2.62 + Sas hee SERGE mole-K 

mole 

kJ kJ = 1000-joule 
AfG solid RU aa 

kJ 
AfG 8aq ~ ArxnG Qt AfG solid AfG 8aq = -373.3 iaaate 

This is in excellent agreement with the value given in Table 7.7, -373.0 kJ/mole. 

HaOo 

Given 
| 1152.5 | 

X4(T) - exp) 6.0579 TT | P - l-atm Pg - 10°-Pa 

x | 

For the reaction, He(g) = He(NMA), the equilibrium constant can be written as follows assuming an ideal 

solution (HL, X scale). 

With an expression for the equilibrium constant, eq. 6.15 can be used to obtain ArxnGg(T). 
205 



Student's Solutions Manual 

| Reb aiasiee a 

An expression for ArxnHg(T) can be found using eq. 6.23. Taking the derivative of In(K3(T)) with respect t 

1/T gives -ArxnHo/R. 

ArxnH g = -R-(-1152.5-K) 

The "reaction" here is just the formation reaction for He in solution in NMA, since He(g) is already in its 

most stable form at standard conditions. Therefore, AfG(He, NMA:X) = ArxnGg and 

AfH(He, NMA:X) = ArxnHg 

AfG(T) = ArxnG 9(T) AfH = ArxnH 9 kJ = 1000-joule 

kJ 
AfG(298.15-K) =24.63- AfH =9.58- an 

mole mole 
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SECTION 7.10 

HeOH 

This system is similar to that shown in Figure 7.19(c). 

350 

300 | 

250 | 

200 

Temperature, C 150 

100 

Wt % Pb 

a represents the solution that is rich in component A. £8 represents the solutions that is rich in 

component B. 

(1) @ 
(2) a + vapor 

(3) vapor + B 

(4) B 
(5) a+B8 
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Cooling histories: 

Degrees of Freedom (F) = c + 2-p. 

Composition of single phase regions are given by extending dotted line down to composition 

Compositions of two phase regions are given by the ends of horizontal tie lines spanning that are 

that temperature. 

All samples start as a homogenous vapor (F=2+2-1=3). 

(a) As the sample moves into area (2), the phases present are a and the vapor (F=2). Wher 

sample passes into area (1), the only phase is a (F=3). As the sample passes into area (5), ther 

two immiscible phases a and # present (F= 2). 

(b) When the sample reaches the intersection of areas (2), (3), and (5), there are three phases pre: 

vapor, a, and f. At this point F=1; this degree of freedom was used when constant pressure 

specified in creating the T vs X phase diagram. As the sample passes into area (5), the two ph 

present are immisicible a and B (F=2). 

(c) When the sample passes into are (3), the phases present are vapor and 8 (F=2). As the sai 

passes into area (5), the phases are a and B (F=2). 
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CHAPTER 8 = Jonic Solutions 

SECTION 8.1 

8.1 

From eq. 8.1, we can calculate the "osmotic factor," i. We are given the molality of the acid, and the 
freezing point depression constant of water is found in Table 7.6. 

K | K ¢ - 1.860- Bee0.0208K = (me 0. 0le— 
/mole\ kg 

\ kg / 

(ee i=1.118 1 K em bs he 

The degree of ionization (or dissociation) can be found using eq. 8.2. v=2 since a weak acid should only 
dissociate into two ions at most. 

i-] 
Woe a a =0.118 

v= | 

8.3 

The activity coefficients can be evaluated by using eq. 7.37, but we first need an expression for j(m). We 

can use the given freezing point depression data to estimate the osmotic coefficient 9, using eq. 8.8 

ignoring the b term. j is calculated as 1-). Finally, the desired fit for j(m) can be found by regressing (j/m) 

vs 1/sqrt(m). 

Tes: 

m, 0; v-2 Kg 1.860 9; ep fae | oko: 
0; VK pm; Jj iF 

X. = —— ye s = slope(x,y)  b = intercept(x,y) 

qi 
A fit( molal) = De St 

,{molal 

molal - 0.003 ,0.004.. 0.050 
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j gi¢(molal) - molal-y ¢(molal) 

em. yj 

; Se) O 

Ymean(™) = exp -j ge¢(m) - | sae -dm y ft( molal ) 

0 

Y mean(9-01) =0.901 

Y mean(0-05) = 0.762 

8.5 

The distance of closest approach is the a, parameter in the Debye-Huckel equation, eq. 8.10. Fora 1:1 

electrolyte like KCI, 2, = z_= 1, and| =m. With these simplifications and a little rearrangement, eq. 8.10 

becomes 

l Bag l 

In Y mean a a:./m 

Thus, ao can be determined by regressing 1/InN(¥mean) VS 1/sqrt(m) and finding the intercept. Only 

experimental activity coefficients up to m = 0.1 mol/kg will be used since the DH equation is only valid in 

this range. Values for a and B can be found in Table 8.2 for 25 C. 
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Recah NE aS 
Oo Lyi B<= 0329 

1 1 
Xie = y; 4 a 

i im, i In/y mean, 

1 
s = slope(x,y) b = intercept(x,y) y ft(molal) - b+ s: 

,molal 

molal - 0.001,0.002..0.1 

vi 
= . o ae 

Aine ue y ¢i¢(molal ) 

ag =4.0 This is in Angstroms 
(see Table 8.2). 

Dal 

(a) The DHG equation is given by eq. 8.13. Fora 1:1 electrolyte, the DHG equation can be solved for B to 

give 

fh mie 0050p roestiel (70 ey ee 2 0.830) 
‘ey a pees Sore. mean oe = ay \ / 1 +,|m/ 

B =0.288 

(b) The DHG equation can be used to predict activity coefficients at other molalities with this B value. 

| -ce-,/ \ 
Y mean(™) ab 2D 2:B-m | 

1 + jm } 

i SUSE OF _ Yactual; 
Y mean (™;) 

Remember, the DHG equation does not 

work well for ionic strengths greater than 

0.1 mole/kg. 
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8.9 

The hydrogen ion activity is given by the mean ionic activity coefficient * hydrogen ion molality. Table 8.’ 

gives the activity coefficient for this case. 

Y mean 0.809 my 1 aH ~~ Ymean™H aH 0.809 

pH is defined as the negative base 10 log of hydrogen ion activity. 

pH ~ -log/ay) pH =0.0921 

8.11 

The ionic strength is given by eq. 8.9. For a 1:1 electrolyte like KCI, 

] 
m ~ 0.0250 I >'(m +m) I =0.0250 

The DHG equation gives the mean ionic activity coefficient 

From Table 8.2, ag = 1.133 
exp 

L+ I 
a 

Ymean() 95 = 1.177 

& 100 LeSi72 

Y mean(@ 9) = 9.857 

Y mean( 25) = 0-852 

Y mean(% 100) = 9-829 : 
/ Vv ae PRE ENT ne SMa : 

The mean ionic activity is given by = a mean=_m plus’™ minus’Y mean 

Since Mpjys — m M minus = ™ By 

1 

Vv 
. . 6 Vv 

@ mean(®) ~ ™pjus’™ minus’Y mean(®) 

@ mean(0 0) =0.0214 

4 mean a 100 = (0.0207 
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8.13 

The ionic strength is given by eq. 8.9. For a 3:2 electrolyte like Lag(SO4)3, 

m= 0.00150 I 7 3*-2-m + 27-(3-m)| 1 =0.0225 

The DHG equation gives the mean ionic activity coefficient 

-@3:2-) 
From Table 8.2, oe = IL y/9 

Y mean ~~ ©XP 
eal | 

Pere 0398 

SECTION 8.2 

8.15 

For the reaction, DCAH = DCA + H, the equilibrium constant is 

Y ‘m : Y ‘m \\ 

ees DCA) (Y mean'™ H) Re 337-102 
Y DCAH'™ DCAH 

(a) Assuming ideal solution, all activity coefficients are one. We can introduce € as the degree of 

dissociation. 

E guess = 0.5 

Pee oa coe guess) Hie guess) ee | 

E ideal = 9-40 

oa: 
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(b) Using DHG for the mean ionic activity coefficient, we'll still assume ideal solution for the neutral acid. 

The DHG equation requires the ionic strength, which depends on the degree of dissociation, so iterative 

solution is required. 

W) — 5-(mpca(é) » my(é)) Y mean(£) - €xP|— MG) Se 
\1 + 1(E)/ from Table 8.2 

First Approximation, Ideal dissociation 

Y mean(§ ideal) = 9-807 

/ we \ 
M DCA ‘§ ideal )"™ H(§ ideal )’Y mean 6 ideal ) \ 

root Racy E ist M DCAH (6 ideal a et 

E 16 = 0.469 

Second Approximation 

Y mean(§ 1st) = 9-795 

2 
MDCA‘S§ Ist)" H(§ Ist)'Y mean(6 Ist) 

$ 2nd ~ root : Sass Ist 
MDCAH (5 Ist } 

E ang = 0.472 

Third Approximation 

Y mean(§ 2nd) = 9-795 

12 \ 
; “oot A DCA § 2nd)'™ (5 2nd)Y mean(6 2nd) \ 

a M DCAH (6 2nd ar 2nd 

E 31q = 0.472 

The iteration has converged. 

PH is defined as the - logy (ay) 

pH log ¥ mean § 3rd) H/(5 3rd pH = 1.33 

Recalculate the equilibrium constant to check: 

2) 
MDCA(5 3rd)"™ H(§ 3rd)"Y mean(& 3rd 

2 Ka =3.32-10 
M™DCAH (5 3rd’ cace 

Ka check 
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8.17 

For the reaction given, the equilibrium constant can be calculated from data in Tables 6.1 and 8.3. 

H s kJ 2 joule 
AfG CH3NH2 = 20.77 facie AfG H20liq = - 237.129: AR kJ=1000-joule R #6.5 143 7 

G ase kJ Tie 29851 5ek 
AfG CH3NH3 * ~39.86: Pars AfG oy = - 157.244-— 

kJ ArxnG g = ATG CH3NH3 + AFG OY - AFG CH3NH2 ~ 4fG H20liq ArxnG g = 19.255 ae 

-ArxnG 9 { 
Rae 42338°10 Ka:= ep 

(Y mean’™ CH3NH3)"(¥ mean’™ OH) 

(Y CH3NH2"™ CH3NH2)"@ H20 
The equilibrium constant is given by Ky 

Water is referenced to the RL reference state. Since X}499 is almost one, we will assume the activity of 

water is also one. We will also assume the activity coefficient for the neutral base is one.Defining € as the 

degree of dissociation, the molalities are expressed as 

Moy = 0.178 = mcCH3NH3(5) =S&M_ = =MOH(S) =EM_Q = MCH3ZNH2(S) = (1 - &)-mo 

We will use the DHG equation to estimate the mean ionic activity coefficient. However, this quantity 

depends on the ionic strength, which in turn depends on the degree of dissociation. Since we don't know 

what € is yet, we will assume an ideal solution first, and then iterate successively. 

1 [-o-f1(E) 1.177 
I() := x (m CH3NH3(8) + ™ QH(S)) Y mean(&) := €xP| of@)| 

\I + {ICE)/ from Table 8.2 

5 guess © 9° TOL := 10° 

M CH3NH3 (6 guess)"™ OH (6 guess) E: 
E ideal = ot ae CH3NH2(E ate -Ka.d guess E ideal = 9.048 

First Approximation 

Y mean (§ ideal) = 0.906 

M CH3NH3 (6 ideal)"™ OH (6 ideal)"Y mean (6 ideal) 
E ist = root m Eason) CH3NH2 (5 ideal) -Ka,6 el E ist = 0-053 
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Second Approximation 

Y mean (6 Ist) =0.901 

[m CH3NH3(6 Ist)"™ OH(6 Ist)"Y mean(& Le} 
6 2nd ah CHEN a sd Kad ist € 2nd = 9.053 

The iteration has converged. 

Recalculate the equilibrium constant to check: 

2 cpg MOHINHS(S 2nd)" 01 (62n4)Ymean(62n4)® anno 
cane M CH3NH2 (5 2nd) ag 

The concentration of hydroxide ion and the pH of the solution are given by: 

m OH (6 2nd) = 9.00937 pH = 14+ log(y mean(& 2nd)" OH(6 2nd)) PH = 11.927 

Remember that pH + pOH = 14 is a useful rule of thumb. If you didn't know this, just do the 

calculations for HyO = H+ + OH” and you'll find that -log[a(H*)] - log[a(OH”)] = 14.00. 

8.19 

For the reaction, HCOOH = HCOO +H, the equilibrium constant can be calculated from data in Table 8.3. 

kJ kJ kJ kJ 1000-joule 

Reels 
ArxnG 9 © AfG Coo + AFG Y - AfG HCOOH od mole-K 

kJ 

Ka =exp(————} Ka =1.855-10“ 

The equilibrium constant can also be expressed as 

(Y mean'™ HCOO) (1 mean’™ H) 

Y HCOOH’™ HCOOH 
K 

We can introduce € as the degree of dissociation. 

Mg = 0.022 MHCOOH(S) = (1-§)-mo mHCOO(S) = 6M my(6) =&mo 
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Using DHG for the mean ionic activity coefficient, we'll assume ideal solution for the neutral acid. The 
DHG equation requires the ionic strength, which depends on the degree of dissociation, so iterative 

solution is required. As a starting point, we'll assume ideal solution to calculate the first €. 

l eae Oye LAT? 
1() = 5°(MHCoO(S) + mH(S)) ’ (Meee, a-4/1(§) | 

: mean VS een \1 + f(é)/ from Table 8.2 

E guess = 9-5 oa 
x = 10 

™HCOO(S guess)'™H(5 guess) a es M HCOOH (6 guess) ge / 
E ideal = root 

§ ideal = 09-0877 

First Approximation (using ideal dissociation to calculate ¥>,e4n) 

Y mean(§ ideal) = 9-952 

2 

™HCOO (5 ideal)'™ H(6 ideal)"Y mean( ideal) 
M HCOOH (5 ideal) repeat 

E ist = root 

E tot = 0.0921 

Second Approximation 

Y mean (6 Ist) =0.951 

/ 2 \ 

[m HCOO (§ Ist)'™ H(6 Ist)" mean c Ist) ‘ | 
Song) ABOU Se a opeaets Coremcpe mete eu ReA 

\ ™ HCOOH (5 Ist) | 

E ong = 0.0921 

The iteration has converged. 

Recalculate the equilibrium constant to check: 

; 2 

Ka _™HCOO (5 2nd)'MH(S 2nd)" mean(5 2nd) \ = 1.855-104 
check M HCOOH (§ 2nd) es 
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8.21 
ii eee ee eg ge 

For the reaction, CH3COOH = CH3COO +H, the equilibrium constant can be calculated from data in 

Table 8.3 

kJ kJ kJ 
AfG CH3COOH > FT None AfG CH3COO = 369.31 AfG ae eee 

ArxnG g = AfG CH3C00 + 4FG H~ AFG CH3COOH kJ = 1000-joule 

kJ : joule 
ArxnG g = 27.15 -— R =8.31451 molek 

/- ArxnG 9\ Te 298aloek —§ . 

= —-_ --—- ——— | = . 2- Ka gk RT | K g =1.752-10 

The equilibrium constant can also be expressed as 

Uh mean’™ " CH3COO)’ (Y mean’ m H) 

Y CH3COOH' am CH3COOH 
he 

We can introduce & as the degree of dissociation and express the molalities as follows. Since HClis a 

very strong acid, we can assume that it is totally dissociated. 

my = 0.012 mepy3cooH(6) -(1-&)-mM_5 = MeH3COQO(E) = EMo 

m (§) = mg + 0.05 mc = 0.05 

Using DHG for the mean ionic activity coefficient, we'll assume ideal solution for the neutral acetic acid. 
The DHG equation requires the ionic strength, which depends on the degree of dissociation, so iterative 

solution is required. As a starting point, we'll assume ideal solution to calculate the first €. 

I 
ote = 

M5) = 5°(™ cH3coo(S) + mH(E) § ™ cy) + meant) = exp( 221) a 
I(6)| from Table 8.2 

§ guess = 0.5 
, 

TOL 32 10 
jm ™ CH3COO(5 guess) “ he guess) 

™ CH3COOH i(é guess) 
E ideal = TOot, Karg pes 

E ideal =3-5026-10 “ 

First Approximation (using ideal dissociation to calculate Ymean) 

Y mean & ideal ) = 0.806 

™ CH3COO(6 ideal)'™ H (6 ideal)"Y mean(& ideal)” 
E Ist = root | 

: m CHICOOH( ideal ash eal ‘= Ist = 0.00054 
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Second Approximation 

Y mean (6 Ist) = 0.806 

ae ath CH3COO(S Ist)’'™H(5 Ist)'Y mean (6 Ist)” gat: | E>,4 =0.00054 
i \ ™M CH3COOH (6 Ist) a’ a 2nd ; 

The iteration has converged. Recalculate the equilibrium constant to check: 

™ CH3COO(§ 2nd)'™ H(5 2nd)'Y mean(& and)” 
Kaeo = Ka =1.752°10 > 

ae M CH3COOH (6 2nd) cpa 

The pH is defined as -log(ay)) 

pike. log(y mean (6 2nd)"™ H(§ 2nd) ) pH = 1.394 

8.23 

For the reaction, AgaSO, (s) = 2 Ag (ao) + SOg (a0), the equilibrium constant can be calculated from data 

in Tables 6.1 and 8.3. 

kJ kJ = 1000-joule 
AIG goq = -744.53-——. 

kJ 
AG ag = 77.107--—= ~~ J 

AfG as2so4 = -618.41-——- 

is R28.31451- 20 
ArxnG 9 = 2-AfG ag + AFG so4 - 4fG agoso4 SOMO Tole K 

T + 298.15-K kJ 
ArxnG g = 28.094: aa 

-ArxnG 9 - 
Nae gee Ree O71) 

The equilibrium constant can also be expressed as 

(Y mean’'™ Ag)” (Y mean’™ S04) 

4 Ag2S04 
Ka 
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We can introduce S as the moles of AggSOzg soluble in 1 kg of water. Since CuSO, is very soluble in 

water, we will assume that it is totally dissociated. 

m Ag(S) := 2-S mgo4(S) = S + 0.012 mM Cy = 0.012 

We will use DHG for the mean ionic activity coefficient. The activity of the solid salt is one. The DHG 

equation requires the ionic strength, which depends on the solubility, so an iterative solution is required. 

As a starting point, we'll assume ideal solution to calculate the first estimate for S. 

1 ;.9 2 2 =O°2-f 103.) a= 1.177 
(S$) = 5-(1°-m 4,(S)+2-mgoq(S) #2°mo,) _¥ mean(S) = exP| 

oe ; 1+ JS) from Table 8.2 

S guess = 9-1 TOL := 10° '° 

( / \2 = 
S ideal = TOOt(M Ag(S guess) “Mm so4(S guess) ~ Kas guess) S ideal =9-0113 

First Approximation (using ideal solubility to calculate Yp,ean) 

Y mean (s ideal) = 9-592 

S ist * root(m Ag(S ideal) ™ so4(§ ideal )"Y mean(S ideal)” 1S ae) ideal) S 1st = 0.0228 

Second Approximation 

Y mean(S 1st) = 9.550 

Sand © root(m ag(S Ist) "™ so4(S 1st)'Y mean(S Ist)” ~ K ayS 1st S ang = 0.0228 

The iteration has converged. 

Recalculate the equilibrium constant to check: 

la / 2 a 

Ka check = ™ Ag(S 2nd) “"™ S04(S 2nd)" mean/S and)" Ka check = !.197-10 : 

8.25 

Since we now have two independent processes by which the salt may solubilize, we have to calculate the 
individual solubilities and add them together. 

For the reaction, AgCl (s) = Ag+ (ao) + Cl- (ao), the equilibrium constant at 100 C can be calculated from 
data in Tables 6.1 and 8.3. We will assume ArxnHg and ArxnSg are independent of T. 
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kJ kJ kJ 
AfH = - 127. OS = a _——__ = = : ps ae = +] AgCl 7.0687, Af ag = 105.579-— ATH cy = -167.159-——-_kJ= 1000-joule 

joule 
kJ 3 ; 

ArxnH g = AfH Agt AfH qc, - AfH AgCl ArxnH g = 65.488 rs AEE mole:-K 

joule joule joule 
S B06 2ra es pi dpe 505: 
AgCl =? mole-K SNe 8 mole:-K = Clues t mole:K 

s a joule 
ArxnS 9 = S Ag t Gl lee AgCl ArxnS g = 32.98 aes Fa 

kJ 
ArxnG 9(T) .= ArxnH g ~- T-ArxnS 9 ArxnG 9(373.15-K) =53.182 ae 

-ArxnG 9(T) y 
Kalo ilo) =3,09)°10 K ,(T) = 20a 

The equilibrium constant can also be expressed as 

“ (Y mean'™ Ag)’ (Y mean’™ Cl) 

We can introduce Sj as the moles of AgCl soluble in 1 kg of water by ionization. Since NaNO3 is very 

soluble in water, we will assume it is totally dissociated. 

m ag(S 1) = S 1 mc(S 1) =.9 1 MNa = 0.034 MNO3 = 0.034 

We will use DHG for the mean ionic activity coefficient. The activity of the solid salt is one. The DHG 

equation requires the ionic strength, which depends on the solubility, so an iterative solution is required. 

As a starting point, we'll assume ideal solution to calculate the first estimate for S4. 

l 
ibe 1) = 5(m Ag(8 1) +m ci(s 1) +MWNa + m NO3) 

Ne 1) | a = 1.372 from Table 8.2 for 100 C 
Y mean(S 1) AIS Y 1+ fie 

© 1 

-10 Sipuess#ei0.! TOL = 10 
-4 S jg = root(m ag (S guess)’ CI(S guess) ~ K a(373.15°K),S guess) S ig = 1.896+10 

Successive Approximations 

2 P -4 
S Ist = root (m Ag(S id)'™ ci(s id)'Y mean(S id) - K ,(373.15-K),S id) S Ist =2:349°10 

2 a -4 S and = root(m ag(S 1st)"™ CI(S Ist)"Y mean(S 1st)” ~ K a(373-15-K),S 1st) S ong =2.349-10 

The iteration has converged. Recalculate the equilibrium constant to check: 

2 % -8 
Ka check = ™ Ag(S 2nd)"™ ci(§ 2nd)"Y mean (s 2nd) Ka check =3-595:10 

Therefore, the solubility of AgCl through the dissociation is S1:= Sond S | =2.349- 10" 
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For the reaction AgCl (s) = AgCl (ao), we can find the equilibrium constant using data in Tables 6.1 and 

8.3. We will again assume that ArxnHg and ArxnSg are independent of temperature. 

<J 
AfH AgCls =~ 127.068: — AfH AgClao * ne Ores ArxnH g = AfH AgClao ~ AfH AgCls 

SAgCls = 96.2-——— S AgClao = !54. Malet ArxnS 9 = S AgClao ~ S AgCls 

ArxnG 9(T) = ArxnH g - T-ArxnS g 

{-ArxnG Q(T) 
K ,(T) -= 23 Wag ey a K (373.15:K) =2.647-10 > 

The equilibrium constant can also be expressed as 

Y AgClao’™ AgClao 
Ka 

We will assume that the activity of the solid salt and the activity coefficient of the neutral solute are equal to 
one. (This ideal assumption is not valid for ions.) Thus, we see that the solubility of AgCI through the 
dissolution of the neutral salt is just Ka. 

S > =K4(373.15:K) S$ =2.647-10° 

Stotal =51+52 S total =2-614- 10 4 The units are moles of salt per kg water. 

8.27 
eee 

Since there are now three processes by which TICI can solubilize, we have to calculate the individual 
solubilities of each process. 

Process 1: TICI (s) = TICI (ao) 

K ; = 7.167-104 

The equilibrium constant can also be expressed as 

M T|Clao'Y TIClao 
Kjy= 

=: 4 TICls 

ito 3 
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We may assume that the activity of the solid salt is again one. Since there are no ions, it is reasonable to 
assume an ideal solution so Ky is the solubility of TICI through process 1. 

Si Ky S | =7.167°10 “ 

Process 2: TICI (s) = Tl+ (ao) + Cl- (ao) 

K > = 1.861-10°4 

The equilibrium constant may also be expressed as 

Nahe (am a) Ei mean)‘ (™ Chey mean) 

In writing this expression, we have assumed the activity of the solid salt is one. We will use the DHG 

equation to calculate the mean ionic activity coefficient. However, since this quantity is dependent on ionic 
strength and we don't know the ionic strength until we calculate the solubility, an iterative solution is 
needed. 

We can introduce So as the moles of TICI soluble in 1 kg of water through process 2. Since KCl is very 

soluble in water, we will assume it is totally ionized. 

m71(52) =S$9 mci(5 2) =$9+ 0.05 mK = 0.05 

CMTE 
I(S 2) = 5-(mq(S 2) +mMc(S2) + mK . a |1(S 2) | Coe LTT 
\ ) é \ ( ) ( ) ) Ymean(S 2) yee fe fi(s2)) from Table 8.2 

Successive Approximations ' TOL =: 108 

SB rressn a0. 00 

S ist = root(m T1(8 guess)"™ ci(s guess) 'Y mean(S guess)” K2,8 guess) S 1st = 9.0053 

S 2nd root(m 71(8 Ist)"™ CI(S Ist)'Y mean(S Ist)” -K2,8 Ist) S 2nd = 9.0053 

Therefore: S72 =Sonq S 9 =0.00527 

The iteration has converged. Recalculate the equilibrium constant to check: 

K2 check = ™ T1(S 2nd)"™ ci(s 2nd)"Y mean(S and)” K2 check = !-861:- 10° 

Process 3: TICI (s) + Cl- (ao) = TICIg- (ao) 

K 3 = 2.724-10°4 

The equilibrium constant may be expressed as 

MT ICI2*Y TICI2 

AN 6) 3 AC 223 
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= 
$3 Sts wl (el Se =0e3G2*10 

Although we assumed the molality of the chloride ion was due only to the KCl, there is actually some 
interaction between processes 2 and 3. Process 2 produces some chloride ions, while process 3 uses 

them. Rigorously, each process should take into account the other. However, compared to the chloride 
ions produced by KCl, neither process changes the chloride molality significantly. Therefore, we can treat 

the processes as independent. 

S total = S1+52+83 S total = 0.0060 Units are moles of TICI per kg water. 

Although it is not reasonable to assume that ionic activity coefficients equal one, we have to assume that 
the activity coefficients here are equal, for lack of a better way to estimate them. 

m cy = 9.05 mTici2 °K3m¢q| 

8.29 

The solubility of iodine will be calculated separately for each process, and then added together. 

Process 1: For the reaction, Io (s) = Ip (ao), the equilibrium constant can be calculated from data in Tables 

6.1 and 8.3. 

AfG 12solid ia AfG {2a0 16.40. kJ = uel 

™ Re $3145 ees 
ArxnG Q AfG I2a0 - AfG I2solid ArxnG Q= 10S beer 

; /-ArxnG 0\ 4 Te 298715. 

Ka = sri RT K 4 = 1.33910 

The equilibrium constant can also be expressed as 

K _({12a0"™ I2a0) The activity of the solid and the activity coefficient of the neutral solute 
a 4 I2solid can be assumed to be one. (This assumption is not valid for ionic solutes.) 

Thus, the solubility of iodine through process 1 is just Kg. (Actually, the standard molality of 1 mol/kg 

should rigorously be included to make the units correct. Units will added at the end.) 

M120 = Ka M 1940 = 1.33910 
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Process 2: For the reaction, Io (s) + I- (ao) = I3- (ao), the equilibrium constant is calculated as 

6G kJ kJ kJ 

AIG |2solid * aE pie ulaC ae fat ler rale MEME G Se ceaale 

wh joule 
ArxnG g := AfG J3a9 - AFG Jocolig - AFG lao ArxnG 9 = OS Ae 

-ArxnG re) 

K , =0.934 Eve sl ea 
The equilibrium constant can be expressed as 

™M ]3a0'Y I3a0 

#4 [2solid'™ fao'? lao 

The activity of the solid is one. It will also be assumed that the ionic activity coefficients of I- and I3- are 

approximately equal. In calculating the molalities, Nal is presumably totally dissociated, since it is very 
soluble in water. 

m lao(™ 13a0) = 0.015 - m 340 since the formation of I3- consumes I- 

M guess = 0.1 

M 1320 = root(m lao(™ guess) 'K a ~ M guess»M guess) This solves the equilibrium expression for 
the molality of I3-. M 3a = 0.00724 vias 

The total solubility is the sum of the solubilities for the two processes. 

S =M)9a0 + ™ [3a0 S = 0.00858 Units are mole of iodine per kg of water. 

8.31 

(a) The equilibrium constant can be calculated using data in Table 8.3 and eq. 6.15. 
kJ kJ kJ kJ 

AfG Fe2 = LEM Pesca AfG @u2 = CR ea ps AfG Fe3 = oath ar AfG Cul = 47 28 

£ kJ 
ArxnG 9 |= AfG Fez + AfG Cul - AfG Fe? - AfG Cu2 ArxnG 9 pe B07 crerere 1h Ss BAIS 

-ArxnG g\ ef kJ = 1000-joule | 

Si) MCs ying La a R=8.31451-2 
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(b) The equilibrium constant can be expressed as follows for an ideal solution. 

M Fe3'™ Cul 

2M Fe2"™ Cu2 
The molalities can be expressed in terms of the extent of reaction, &. 

mFre3(6) -& mMoeuyi(S) =F mMpe2(S) = 0.001-E mey2(S) = 0.001 -& 

§ guess = 0.0005 TOL = 10°!5 

m Fe3(§ guess)"™ Cul (6 : E = root| - re ( guess) "Cu ( guess) aE edeee E =7.228-10 9 

mM Fe2 (S guess)"™ Cu2 (6 guess) 

m oni ($) =7:2: 10” Units are mole Cu+ per kg water. 

Recalculate the equilibrium constant to check: 

m Fe3(S)"M Cys (8) a} (| See Ka = 5.224-10 
mM pe2(E)"M Cy2(E) chee Ka check > 

8.33 

The molality scale Henry’s Law constant was defined in Chapter 7 as 

ee ae 
k, =lim— 

m-O Mm 

If you consider the equilibrium for the reaction, A (ao) = A (g), k, is like an equilibrium constant ur 

ideal conditions (activity/fugacity coefficients = 1) and without standard states (which are 

constants anyway). This is the reason why this proportionality is constant (at constant T) in the l 
of dilute solution where conditions approach ideal. 

The same reasoning can be used to derive the HL constant for HCl. The reaction we hav 

consider is then H+ (ao) + Cl- (ao) = HCI (g). The equilibrium constant for this reaction is 

K = “Hele 
a 

431, a0" Cl-,a0 

In the limit of ideal solution, the equilibrium constant (without standard states) is just 

since for HCl, m = my... = Mc..0: 
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SECTION 8.3 

8.35 ee ee ee ee ee ee eet) ee 

The measured resistance can be used to calculate the conductivity (x) using eq. 8.21. Then, if we can 

assume Aj, = A, we can calculate this value using eq. 8.27 and Table 8.6. Eq. 8.25 will then give the 

equivalent concentration, which is easily converted to ordinary concentration. 

A 7.2:cm? | = 1.2-em R = 13-Q equiv | 

| SA siemens 

* “AR oes cm 
Deets Ds aaa 

cm™-siemens cm siemens 
From Table 8.6 AD Gq + 59.50: Bate AO NO} ~ 71-44: 

equiv 

IN» INO) Ca’ Xo NO3 

mole 
: =0.098: 

liter Pequive. © equiv 

Since vz; = 2 for Ca(NO3)o, 

© equiv mole 

D Tee liter 

8.37 

We can use data in Table 8.6 and eqs 8.27 and 8.29 to calculate the equivalent conductivities and cation 

transference numbers, respectively. 

(a) rubidium acetate 
IE ao ots : 

cm” -siemens cm” -siemens equiv l 
do Rb 77.8: = “equiv = Ao acetate 40.9- ~ equiv 

Des 
a cm -siemen 

MeeNG ny TAD acetate ig S Faeroe ae 

ho Rb 

= t Rb = 0.66 
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(b) ammonium sulphate 

cm?-siemens 
Ao NH4 D340 pcan 

Ag AONH4: 4°S04 

; hO NH4 
NH4 © A, 

(c) K3Fe(CN)g 

cm?-siemens 
AD pe = 13 SO mreremernas 

equiv 

Ng AOK : AO FeCN6 

AOK 

tk A 6 

8.39 

The inverse of the resistivity is the conductivity (Kk) of the solution. Eq. 8.25 can be used to then calculate 

the equivalent conductivity. The ionic conductivity of the hydrogen ion can then be calculated using the 

Deere 
cm™~-siemens 

AS04 AOS equiv 

cm*:siemens 
Ng ds34: mony 

equiv 

tNH4 = 0.48 

cm?-siemens 
Lo FeCN6 99.1-- equi 

ae 
cm~:siemens 

ea Kee : 
equiv 

tK =0.43 

cation transference number and eq. 8.29. 

9 - 25.554:Q:cm K 

K 
A A =391.328 >| 

© equiv 

AY tH A A yy = 325.4 

| mole 
c : Ls 
equiv liter 

/ 2 a ; 

/cm*~-siemens \ 

\ equiv 

re 
cm*-siemens 

equiv 

The value given in Table 8.6 is 349.8 (cm2*S/equiv). 

228 
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8.41 

The data should be fit to a function of the form 

AzAgta peo Pea aC acts fas: 

For this problem, we used a second order regression in sqrt(c) to obtain the following fit 

A(c) = 126.895 - 87.5336-c°> » 109.352:c 
Thus, we see that A, = 126.895 (units are same as those in the problem). The standard deviation for this 

parameter is o = 0.025. 

It may be useful to see a graph of the data and the curve fit. 

C= Adata, conc - 0,0.001..0.06 

Adata; 

eee a oie 
A(conc) 

8.43 

For the reaction, PAH (ao) = PA- (ao) + H+ (ao), the thermodynamic dissociation constant can be 

evaluated as 

2 
C pa’C H'Y mean 

Be DAT WPAL 
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DHG will be used to evaluate the mean ionic activity coefficient. The neutral acid activity coefficient will be 

assumed to be one. 

1-053 

@& DH 

dissociation, a. 

C PAH. cl 
i \ 

2 
C PA; © H- ry mean, | 

C PAH, 

The extrapolated value for Kg at infinite 

a. 

1 

18351014 

dilution is just the intercept of the linear fit. 

Pak: K 4 =1.83-10 

ied Y mean, 

The concentrations are expressed in terms of the degree 

a) é PA, CO; G H; Ci 

m - slope(c,K 4’ b intercept/c,K 4° 
\ \ / 

Ka gy(conc) b- m-conc 

conce= OF OLOOMES O20) 

K aj 

Oo 

Ka iy( conc) 

0.01 0.015 
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SECTION 8.4 

8.45 

Oxidation reaction (left): Hz (g) = 2 H* (ao) + 2 & 

Reduction reaction (right): 2 AgCl (s) + 2 e&° = 2 Ag (s) + 2 CI” (ao) 

Cell reaction: 2 AgCl (s) + Ho (g) = 2 H* (ao) + 2 Cl” (ao) + 2 Ag (s) 

Table 8.7 gives the standard EMF values for the half cell reactions (given as reduction potentials). 

Ele = O-volt € right ~ 0.2225-volt € 9 -€ right ~ © left € g = 0.2225 -volt 

Since we are given the EMF of the cell, and we have just determined the standard EMF, we can use eq. 

8.40 to calculate the activity quotient, Q. 

R-T 
E=EQ~ nr [(Q) € ~ 0.20534-volt lee 29 8lork n = 2-mole 

joul | RES S145 Peoeqas 
Piecnoeece on he mole-K mole 

expis = Se | = 3.803 eeu ee (RI) hee 
The activity quotient is also the ratio of component activities raised to their stoichiometric coefficients. We 

will assume that solid activities = 1. Thus, Q can be expressed as 

2 2 4 
Pulau Cla mean Pg l-atm_ (Table 8.7 uses this as the standard state) 

& H2\ Piya latm > my = 1.5346 mg 1.5346 
ne | 

/ 

Now we can solve for the mean ionic activity coefficient. 

Y guess ~ | 

; 2 2 sl 
or tcl Vpuess 

Y =root) ———————--—- — -Q,y | Y = 0.910 ean iP H2| fae mean 

\Po | | 

The pH is the - log49 (ay+) 

pH - logy mean'™ }}) pie 01> 

eau 
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8.47 

Oxidation reaction (left): Cu (s) = Cu2t (ao) +2e 

Reduction reaction (right): PbSOg (s) + 2 e” = Pb (s) + S042 (ao) 

Cell reaction: Cu (s) + PbSOg (s) = Cu2* (ao) + SO4?" (ao) + Pb (s) 

Table 8.7 gives the standard EMF values for the half cell reactions (given as reduction potentials). 

E left ~ 0.337-volt € right © 0.3546-volt £9 -€right € left € g = -0.6916 «volt 

We still need to calculate the activity quotient, Q. The activity quotient is the ratio of component activities 

raised to their stoichiometric coefficients. We will assume that solid activities = 1. Thus, Q can be 

expressed as 

Q-mMcy™Mso4'y oo Bele MCy - 0.2 Mico4 = U-24 <Vaneaneaitslibe RrOoMmsabiedud 

Q =4.84-10 4 

Eq. 8.40 can then be used to calculate the EMF. 

R:T é : oe aa * In(Q) Tee O Sala n - 2:mole 

joule coul 

€ = 0.594 «volt Ra pmiees mole:K i Sea NAie 

8.49 

Oxidation reaction (left): Pb (s) + 2 Br (ao) = PbBro (s) + 2 & 

Reduction reaction (right): Cu2+ (ao) + 2 e& = Cu (s) 

Cell reaction: Pb (s) + 2 Br (ao) + Cu2+ (ao) = PbBro (s) + Cu (s) 

We are given the EMF of the cell. We can also calculate the activity quotient, Q, using DHG to estimate 
the mean ionic activity coefficient. If we assume the solid activities are one, Q may be expressed as 
follows 

| ; 
mp, - 0.02 mcy -0.01 1 5 (2m cy + 1’-mp,) o = 1.177 een eel 

\ 1+ afl 

l 5 Q 2 --5-——- QQ =7.091-10 
™ Br “™ Cu'Y mean 

The standard EMF may now be estimated using eq. 8.40. 

R-T : : ’ 
Eg -€1 — -In(Q) € ~ 0.442-volt ere 98. Laake n = 2-mole 

joule coul 
Re 86145) poate 

€ g =0.615-+volt : mole:-K Coase mole 
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8.51 Se ree eee ey, BP e ee eee ee ee ee ee 

Oxidation reaction (left): Cu (s) = Cu2t (ao)+2e 

Reduction reaction (right): PbSO, (s) + 2 &° = Pb (s) + SO42 (ao) 

Cell reaction: Cu (s) + PbSO4 (s) = Cu2* (ao) + SO42" (ao) + Pb (s) 

Table 8.7 gives the standard EMF values for the half cell reactions (given as reduction potentials). 

E left > 0.337-volt € right -0.3546-volt €9 fright © left Eg = 0.6916 -volt 

We still need to calculate the activity quotient, Q. The activity quotient is the ratio of component activities 
raised to their stoichiometric coefficients. We will assume that solid activities = 1. Thus, Q can be 
expressed as 

My = 9.03 msgoq 0.03 1+ 5+(2>mcy+2*mgo4\ Ymean =- ata DHG equation 
2 ‘ 

Q- Mcu'™ s04'Y mean 

Q =1.321-10 7 

Eq. 8.40 can then be used to calculate the EMF. 

Reals T = 298.15-K 2:mol 
€ -€6 wp /n(Q) 5 n mole 

joule coul 

é = 0.606 «volt Spates mole:K aca: mole 

8.53 

The following cell can be used 

Zn(s) |ZnCL,(ai,m) |Hg,CL(s) |Hg(lig) 

The electrode reactions are 

Oxidation: Zn(s)=Zn** (ao) +2e~ Fip=-0.7628 volt 

Reduction: Hg,Cl,(s)+2e ~=2Hg(lig)+2Cl (ao) Frige=0-2680 volt 

Cell Reaction: Zn(s)+Hg,Cl,(s)=Zn** (ao) +2Cl (ao) +2Hg (Liq) =| .0308 volt 

For this reaction, Q simplifies to 
3 3 

Q=(m)(2m)*y,=4m*y, 

if we assume solid and liquid activities = 1. 

The Nernst equation, eq. 8.40, can now be used to derive a formula relating measured EMFs to the 

mean ionic activity coefficient. 

RT 253 
= 1.0308 volt-——In(4m“y,) &: vo ae ( 
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8.55 

Oxidation reaction (left): 1/2 Ha (g) = H* (ao) + e& 

Reduction reaction (right): AgCl (s) + e~ = Cl (ao) + Ag (s) 

Cell reaction: 1/2 Hz (g) + AgCl (s) = HCI (ai) + Ag (s) 

The Nernst equation, eq. 8.40, for this cell can be expressed as follows. Solid activities were assumed to 

be one, as well as the Ha gas activity (since P/Pg = 1) 

R:T coul joule 
‘In(m?-Y mean) T -208.15-K m= Iemole F-96485: R-8.31451- 

rte n-F \ ole mole:-K 

This can be rearranged to give 

2:R:T 
e+ wE ‘In(m)=€ 9 In/ ar Un(Y mean) 

If the quantity on the left hand side is calculated from the data points and extrapolated to m = 0, the right 

hand side will become just €g, since the mean ionic activity coefficient will approach 1. The quantity on the 

left and right sides of the above equation is called e' in the text, and will be referred to here as Eprime: 

Ae Ena -In‘m.)\ prime, i iP Hh 

These Eprime results were fit to a polynomial in sqrt(m) with the following result: 

€ gr(m) ~.0.22283 : 0.0497872-m°> _ 0.0324658-m 

Eg €& Ft(0) &€g =0.2228 The standard deviation of the leading term in the polynomial fit is o 
= 0.0003. 
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Here is a graph of the fit and the data. 

molal 0,0.0002..0.03 

(ape rey prime; 

volt 

& ¢j,( molal ) 0.225 

0 0.01 0.02 0.03 

mi, molal 

Another way to approach the problem is to calculate the quantity c" as described in the text. This uses the 

DHG equation to evaluate the mean ionic activity coefficient as it approaches one. The answer with this 

method is the same as given above, but with o = 0.00004. 

iol) 

Oxidation reaction (left): Zn (s) = Zn2* (ao) +2e 

Reduction reaction (right): PbSOg (s) + 2 e° = SO42- (ao) + Pb (Hg) 

Cell reaction: Zn (s) + PbSOg (s) = ZnSOzg (ai) + Pb (Hg) 

The Nernst equation, eq. 8.40, for this cell can be expressed as follows, assuming the activities of 

condensed phases = 1. 

‘ a 2 2\ ; 2 “san! qaeule c= 9 ep in{m ‘Y mean | T  298.15-K n - 2-mole F 2964851 R=8. 314510 oe 
\ 

This can be rearranged to give 

oy eae 27) 
E+ aE in(m)=e (ep pay mean) 
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If the quantity on the left hand side is calculated from the data points and extrapolated to m = 0, the right 

hand side will become just €g, since the mean ionic activity coefficient will approach 1. The quantity on the 

left and right sides of the above equation is called ¢' in the text, and will be referred to here as Eprime- 

i oie © prime; 
prime, © 

volt 

These Eprime results were fit to a polynomial in sqrt(m) with the following result: 

0.407828 . 0.410941-m°> — 1.37626-m 

The standard deviation of the leading term in the polynomial fit is o 

= 0.0006. 

€ gy(m) 

Eq € Ft(9) € g = 0.4078 

Here is a graph of the fit and the data. 

molal 0,0.0002..0.012 

£ F prime; 

volt 0.42 
Oo 

€ fy molal ) 

0.4 
0 0.005 0.01 

mi, molal 
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8.59 

Cell reaction: Zn (s) + 2 MnOo9 (s) + H20 (liq) = zn2+ (a0) + 2 OH" (ao) + Mng03 (s) 

The maximum work obtainable from this cell is given by (-W) m3, = nFe. For a stoichiometric amount of 

reactancts, 

| 
nee? moleue £96485: ¢ - 1.5-volt 

mole 

energy = n-F-e energy = 289.455 -kJ 

Now we have to determine the mass of a stoichiometric amount of reactants. 

mass 7, -.65.39-gm — MASS pynQ? - !173.8736-gm mass py7xQ ~~ ‘:18.01528-gm 

energy 

mass 77 + MASS pynQ? ' MASS 20 energy specific = 1.13: enerey specific 

The time this cell will last is the energy divided by the power. 

(10-gm)-energy specific ; 
time wee en rage time =38+min 

5-watt 
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SECTION 8.5 

8.61 

Oxidation reaction (left): Hz (g) = 2 H* (ao) +2 & 

Reduction reaction (right): 2 AgCl (s) + 2 e& = 2 Ag (s) + 2 CI’ (ao) 

Cell reaction: Hz (g) + 2 AgCl (s) = 2 Ag (s) + 2 HCI (ai) 

With data from Tables 6.1 and 8.3, we can calculate A-y,Gg at 60 C. 

kJ kJ kJ 
: 27.068: . : kJ - 1000:joul AfH H2 0 ati AfH AgCl 127.068 mele AfH Ag 0 male Jou ma 

Reegl4s ie 
kJ kJ mole-K 

AfH H Seon AfH Cl ROL Ee ar 

D) 9 = kJ ArxnH g © 2-AfH Ag * 2:AfH yy + 2:AfH c) ~ AFH pyo ~ 2-AfH AgCl ArxnH 9 = -80.182 aa 

_ Joule 5, Joule » ec, joule 
rig (eH.0e4 mole:K AgCl ates mole:K : Ag “~~ mole-K 

joule joule 

ae mole-K sk 8 “ mole:K 

ArxnS 2S oS cr othe Sry = 2S RAS ald OE: joule 
Se ee Ae oe ey hee el H2- “iAgcl 0 ; mole 

kJ 
ArxnG 9(T) = ArxnH gq T:ArxnS 9 ArxnG g(333.15:K) = 38.544 ova 

Now we can use eq. 8.41 to calculate the standard EMF. 

| 
n = 2:mole F 96485: 0" 

mole 

ArxnG 9(333.15-K) 
ome) aay 8 name € g =0.1997-volt 
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865 

Oxidation reaction (left): 1/2 Ho (g) = H* (ao) + e7 

Reduction reaction (right): AgBr (s) + e” = Ag (s) + Br (ao) 

Cell reaction: 1/2 Hz (g) + AgBr (s) = Ag (s) + HBr (ai) 

Eq. 8.43 can be used to calculate ArxnSg with the given data 

£15 :=0.07595-volt €45 :=0.07131-volt £35 :=0.06597-volt F=96485- coul kJ=1000-joule 

mole R=8.31451-20ule_ 
Exc-€ : 5}. mole-K 

ArxnS 9 -=n-F- pau ArxnS 9 =-48 146 __joule_ n «= I-mole 

20-K mole:K 

From Tables 6.1 and 8.3 we have the following data 

joule joule = joule i joule 
S ag (= 42.55: ——— ._ Sy '= 0- ——— S = 130.684-———-_. § = 107.1-———_ 
a mole-K a mole: K ie mole-K aE mole-K 

| _Joule 
Sp, =AmnS 9- Sag- Spyt+—Spy+S8 5 sell? Br Dent A pms. Fd 2 H2 AgBr Br ee 

The value given in Table 8.3 is 82.4 J/(mole*K). 
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52 en 

Oxidation reaction (left): 1/2 Ho (g) = H* (ao) + e° 

Reduction reaction (right): HzO (liq) + e” = 1/2 Ho (g) + (OH) (ao) 

Cell reaction: HO (liq) = H* (ao) + (OH) (ao) 

Table 8.7 gives 

E left 0-volt € right -0.82806-volt Eg =f right E left 

Eq. 8.45 gives the equilibrium constant (also the ion product) as 

F | Pe dice 6 T -298.15:K on Imole — F96485: 7 
a Fh R-T ] mo 

# q7l4 joule K 4 = 1.007-10 R 8.314519 

8.67 th Bh ee 

(a) Oxidation reaction (left): Pb (s) + 2 Cl’ (ao) = PbClo (s) +2 € 

Reduction reaction (right): HgoClo (s) + 2 & = 2 Hg (liq) + 2 Cl (ao) 

Cell reaction: Pb (s) + HgaClo (s) = PbClo (s) + 2 Hg (liq) 

(b) Free energies of formation from Table 6.1 can be used to calculate ArxnGg. (Remember, the free 

energy of formation of elements in their most stable form at standard pressure and a given temperature is 
zero). Then, eq. 8.41 can be used to calculate the standard EMF. 

kJ kJ kJ kJ 
AfG Pb aecar AfG Hg2Cl2 = 210.745: AfG PbCI2 oe Oe AfG Hg - Dale 

ArxnG g - AfG £2 AG po - AfG yo AIG ArenG pint 0a 35 rxXnU § PbCl2 * Hg ~ Hg Hg2Cl2 rXNS 9 = Sgt AK Stes pe 

cbae -2-mole kJ = 1000-joul Ae £925 = € 995 = 0.5356 -volt Seales JOU at 208 oe 

Equation 8.40 (Nernst equation) relates the standard EMF to the actual EMF. Since we are dealing only 
with condensed phases, all activities are approximately one, and € = eg. 
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(c) The temperature dependence of the standard EMF is given by eq. 8.43. Standard entropies can be 

found in Tables 3.2 and 6.1. 

joule joule joule joule 
4:81. === ee : .0- = 02: = 

2 phgecs:> mole:-K : Hg2Cl2 ee mole-K “asees TENS mole:-K : Hg oe mole-K 

: sy _ joule 
ArxnS re) S PbCI2 ' 2:S Hg S Pb S Hg2Cl2 ArxnS a) 30.73 sya 

ArxnS 9 

E91g - £925 * dedT-(18 - 25)-K E 91g = 0.5345 -volt 

Again, for this cell the standard EMF is the actual EMF since all activities are one. 

(d) When a cell is charged reversibly, the minimum amount of heat is released. This amount is given by 

(ArxnHg - ArxnGg) = T ArxnSg. 

Ty PE eo 
a kJ 

heat reversible  T’Arxns g heat reversible = 9:!6° Pole 

(e) If the cell were discharged totally irreversibly (as in a short circuit), the maximum amount of heat is 

released. This amount is given by ArxnHg = ArxnGg + T ArxnSg. 

kJ 
94.19-- ArxnG g : T-ArxnS 9 heat ; mole heat irreversible irreversible — 
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SECTION 8.6 

8.69 

Oxidation reaction (left): Cl (ao) = 1/2 Clo (g, 1 atm) + & 

Reduction reaction (right): 1/2 Clo (g, 0.3 atm) + e° = CI (ao) 

Cell reaction: 1/2 Clo (g, 0.3 atm) = 1/2 Clo (g, 1 atm) 

Since the two half cell reactions have the same standard EMF, the overall standard EMF is zero. Thus, the 

Nernst equation (eq. 8.40) simplifies to 

coul joule 
T .= 298.15-K ni=I-mole F PAE Pho - R-=8.31451- —_ €(Q) “*-In(Q) le mole-K 

All that needs to be evaluated is the activity quotient, Q. With the ideal gas approximation, the chlorine 

activity is P/Pg. Since the standard pressure cancels out, Q becomes just 

I 
4 

{ l-atm \~ 

\ 0.3-atm / 
Q €(Q) = 0.0155 -volt 

8.71 

The subscript 1 refers to the NaCl compartment with m = 0.1. The subscript 2 refers to the NaCl 

compartment with m = 0.02. 

Oxidation reaction (left): Clr (m4) = 1/2 Cly (g) +e 

Liquid Junction (cation): tyg Na* (m4) = tya Na* (m9) 

Liquid Junction (anion): tey Cl (mz) = te; Cr (m4) 

Reduction reaction (right): 1/2 Clo (g) + e& = Cl (mo) 

Cell reaction: Cl (m4) + tng Na* (m4) + toy Cr (mg) = Cr (mp) + tyg Nat (mg) + toy Cr (m4) 
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This cell reaction can be simplified to: 

tna [Na* (m4) + Cr (m4)] = ta [Na* (mp) + Cl (mo) 

The Nernst equation for this cell is 

expressed below (since the 

standard EMF is zero here). 

[ / D) t Na | 

cy, | /™ Na2"™ Cl2'Y mean2 | 
ae) n — — i 

5 | 2 | 
mF EM Nal™ CI meant | 

€ = 0.0297 -volt 

ie 2981576 n = I-mole 

M Nal 0.1 M Na2 0.02 mC] 0.1 mc)? 0.02 

eat Le Saeorneand abe oeehiOMel able.g.| 

0.3902 + 0.3854 
BE cg! commer: Average value from Table 8.4 

l joul 
PROGA8S hare 2 Rie aits eee 

mole mole:-K 
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SECTION 8.7 

8.73 

We can use eq. 8.54 to estimate the liquid junction potential. Data can be found in Table 8.6. 

joule 
ce; 0.1 c2 = 02 T -298.15-K  R=8.31451->-—, F=96485-coul — equiv 1 

s mole:K 

sie ETERS ge Rat co Gc EME Piiegey 
equiv equiv equiv 

A KOH =~4K+4OH Axcl AKrAci 

eT eK ~4 On)* 2° R= 4 Cl) fers KOH 
J . . - wills ED. . n a ne See 

F cr AKOH- ¢2AKcI | \¢rAxel 

€ y= 0.0107 -volt 

8.75 

We can use the bridge to separate the cell into 2 cells in series, with neither of the resulting ¢ 

having a liquid junction. The following can be used to give the desired overall cell reaction. 

Zn | ZnSO, (ai) | PbSO,(s) | Pb-Pb(s) | PbSO,(s) | CuSO,(ai) | Cu 

8.77 

The liquid junction potential of the following bridge, 

MX(c,) | M"X"(c) | M’X'(c,) 
can be summed from the two individual liquid junctions present. The starting point for the evalu 

of either potential is eq. 8.54. 

SORT c,(A,-A_)-0,(4,-2.)| [cA 
‘ cA-c,A cA! 

where we have replaced the subscripts to avoid confusion with the salt bridge subscripts. 
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For the first junction, c, = c, andc, = c. Since c >> c,, the terms in the left brackets 

containing c, are neglible compared to those containing c,. Thus, the first junction potential is given 

as 

RT A-a) [cA 
Har eek cA! 

The group in the left brackets is now easily seen to be the difference between the transference 

numbers for the concentrated salt species. 

cA 
ys wlse 

SF cA” 

For the second junction, c, = c andc, = c,. Since c >> c,, the terms in the left brackets of 

eq. 8.54 containing c, are negligible to those containing c,. Thus, the second junction potential is 

given as 

Combining the two junction potentials gives 

Rie Fie Seg pl uae ES Juciiacl pel ) 
ae | > 

Since ¢”=1-1"" , we have 
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CHAPTER 9 Transport Properties 
SECTION 9.1 

val 

We use equations (9.2), (9.9c), (9.8), and (9.3). The diameter, sigma, can be found on Table 1.7. 

joule r 3 kg 9 
Re 8:31451- £ T 250:K PS. ostonn M 16.0428-10 ~- nm 10 ’-m 

mole-K le 

23/3 um 10 &m Le 6.022105 o 0.3817:nm 
mole 

age = 574.4." 
V av . 17M nave * "Sec 

R-T 
r . A =11.27-um 

qa: Len-o* 

t nstar RT 

> ae | 
z /2°V ay’ TO -nstar z =5.097-10 . 

93 

We use equations (9.2), (9.9c), (9.8), and (9.3). The diameters for N2 and O2 can be found on Table 1.7, 

and we weight these with their mole fractions in air to obtain an average diameter. 

k 
Pease o T 570-K Po 0210 “tone ane nm 10 %m 

mole-K mole 

ae 8, 
L  6.02-107?. oe S  (0.8)-(0.3698-nm) - (0.2)-(0.358-nm) pe A 

m 
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% 8-R-T . m 
AY ay, V ay = 645.1 de 

R-T 
A fe A =49.22-m 

p2-P Gen o* 

star me 
4 R-T 

yh, DERY “1-o7-nstar z=13.11 
PS “sec 

9.5 

We use equations (9.2), (9.9c), (9.8), and (9.3). The diameter, sigma, can be found on Table 1.7. 

joule : ry LS! 9 R  8.31451- ; T 990-K M_ 83.80-10 3: nm 10 °-m 
mole-K mole 

+ : 
[ee G02310- os  0.360-nm ao 22 bar 10°-Pa um 10 &m 

mole 

P. 

i 8-R-T ae 
meay, . 17M avg bersec 

e 23.747 

ry : A= 0.237 «pm 

2°PL-n-o” 0.016 
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x 6.596+10" 
ratio, ratio= 659.634 

43.976 

P-L 
nstar, os b 

2.1-107 
: l 2 = 9 Zo. 2Vaymo-nstar, Z= 21-10 a 

3.2-10!° 

9.7 

The relative velocity is given by eq. (9.11). First, we calcualte the reduced mass using eq. (9.10b). 

; kg k R a.314si- 2" Ma,  16.0428-10 3» “© Mp s3.80810 4 T 4350 
mole-K mole mole 

Moai 
Lu MiacoMis 

8-R-T m 
= 4 ri . v AB 7 Lu v AB 741.9 sec 

The collision frequency is given by eq. (9.13a). First, we must calculate the reduced mass and the relative 
velocity. "A" denotes methane and "B" denotes krypton. 

joule ie! 3, kg RTL) Eales A, 16.0428:10 7. Mp 83.80:10°. T 350:K 

Pa SStor Pp 25-torr nm 10 %-m oc,  0.3817-nm BR 0.360-nm 
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1 
L 6.0210" = 

| d 

SABaniaa oO -A0 oR eq. (9.12) 

MaMp 

ma M M eq. (9.10b) t A Cat B . . 

8-R-T _ 5 m 

pABIM Lu Vv AB mite Res? q. (9.11) 

P AL P B IL 

In eq. (9.13a), "ZAB" denotes the number of collisions of A with B, or in this case, the number of times 
methane collides with krypton. 

ye 
ZARB TO ABV Ap nstar p AN Oe 

2 gs | 
ZBA TO aR VAR star a ZBA = 4.862-10 Le 

9.11 
a a a a a a 

The relative velocity is given by eq. (9.11), and the number of collisions is given by eq. (9.13a). In the 

following calculations, the first entry in the answer vecot denotes He, the second Ne, the third Ar, and the 

fourth Kr. 

joul k R 831451 | Mop 44,0098:10 3. T 298.15-K nm 10 %m 

Peco? Storr 5CQ2  0.4486-nm 6.0710 a (Pegs 
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Data for other gases: 

PR 10-torr 

: P gL r Mco2M, 
nstar ; = a nnn BRT ri Mco2- M, 

ea 8-R-T es 
OMIX: 2 Oo CO? - Oo; Vv AB; | x Ly, Zz AB, Tl: OmMIXx; “Vv Nee OEY B 

’ et ope 8.991-10’ | 
AB = @ secu oe AB = © -mitine 

549 sec 8694-107 sec 

468 7 
7.77610 
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e3 

The collision frequency of unlike molecules is given by eq. (9.13a). The collision frequency of like 

molecules is given by eq. (9.8). Below, "A" denotes helium and “B" denotes argon. 

joule 3 kg 4. KE 213 «Oi! 
R 8.31451: Ma _  4.002602-10 -- Mp  39.948-10 ~: eo O21 Ome 

mole:-K mole mole mole 

nm 10 ?m 34 0.263-nm op 0.3405-nm T  350-K 

bar 10°-Pa Px  0.124-bar Pp 0.345-bar 

He-He collisions (ZAA) and Ar-Ar collisions (zBB): 

Pal 8-R-T ; ace 
nstar a R-T Van ; EM " ZAA Lev ATS A ‘Mstar 4 Le Ne 1.073-10 en 

PRL 8-R-T ; ei 
nstar B R-T VB . BENG . ZBB sede. Bits BRB nstar B ZBB= 1.583-10 ieee 

He-Ar collisions (ZAB): 

; MaMg 8-R-T 
= ~ = Vv ae 

H Man vi AB , mL 

: : : She a SrA BE ee AS 2B 7 ABoe AB ABZSER NS Maa heh Os et: 

To determine the total number of collisions, we use eqs. (9.14) and (9.15): 

ZAA‘NStar A x 3 1 

CANS Za R= 1.376-10 ete 

Z BB star B 7 3 l 

Z BB = z a Ss Z BB =5.65°10 Sk pte 

da > Z an nstar Z =7.474-10°? ake AB *# AB nstar A AB ae. 
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SECTION 9.2 

9.15 

(a) The probablity is given by eq. (9.16). Since both numbers are odd, the panity factor is 1. 

n! 

(ny m!-(n_ m)! Pnm 

AY rc) dime 9 VL RI W( 11,5) =0.0806 

(b) We integrate the probability distribution function, eq. (9.19), between -6 and 6: 

nook AP ial 

4 P =93-% 

This is similar to example 9.5. First, we use eq. (9.9c) to calculate the mean free path and eq. (9.8) to 
calculate the number of collisions. 

_ joule AS yr ess . 9 
R 8.31451 \ T 300-K M  39.948-10 be Be nm 10 *-m 

mole:K mole 

Sar) : 
L 6,02-107- o 0.3405:nm bar 10°-Pa t  S-min P 

mole 1 

8-R-T Ee a PiL 
Dev? on oihd pata “sec ie R:T 
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& 2 
Z, - +,2'V ay'T-O"-nstar; 

5x ms, Zt, 

2M 

This is similar to example 9.5. First, we useeq. 

8.044 

A= 80.438 -nm 

804.382 

4.957-10!° 

Z= 4957-10" 

4.957+10° 

31 

OX pms bos! 

310.2 

calculate the number of collisions. 

my Ra ees 
; mole-K 

aut 
L 6.02:107-- 

mole 

8-R-T 

Vav . 17M 

R-T 

a z ae 2 

PAI ce i ao he 

i 
a 2 Y av’ 7:O° -nsiar 

5 

5X rms 
ms 

Naerz 

iP) PBS 

OX'ms tem 

BRay 4 
avon He 

A =2.243-10 ° «m 

| 
z= 1.938-10!° . 

sec 

t = 10.25 -sec 

sec 

“mm 

M 28.0134-10 3. 

IP Bese 

t nstar R-T 

O35 

kg 
mole 

ie} 

(9.9c) to calculate the mean free path and eq. (9.8) to 

0.3698-10 ?-m 
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Der 

We integrate the probability distribution function, eq. (9.23), between r1 and r2. 

Make the following substitution: 

>. 
W(r,t)= epe Oe dr uz dus dra. -dr 

W(r,t)= e” du 

The rms distance for a 1-dimensional case is given by eq. (9.22). We can derive the result for a 

2-dimensional system from the probability distribution function. However, we can also use the fact that the 
1-D result is not unique to the x-direction, but also applies to the y-direction (see example 9.9) 

5 

C=x- y7=4-D+t 

lrms™:-,4°D't 

For this problem, 

D 2.2:10 rms 15:10 %m so ns_—10 sec t t =25.6-ns 
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O22) 

We can integrate the 2-dimensional probability distribution function, en (9.23), from 24 to infinity. 

However, since the probabilities must sum to one, we can also compute the probability that the sailor will 

not be in the water (perform the integration from 0 to 24) and subtract this probability from one. If you are 

working the problem on a computer, it does not make any difference, but if you are numerically evaulating 

the integral by hand, it is much easier to do it the second way. We substitue in eq. (9.21) for the diffusion 

coefficient to get the probability distribution function in terms of the number of steps and step size. 

n 159 od 

-24 : S: 
] » 

pal ee 8 irdr P =0.163 
n-A* 

0 

OI], 

Using the result of the previous problem, we have:: 

n 1000 A 1l-cm 
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9.29 

We integrate the 3D probability distribution function, eq. (9.24), from 0 to 1 cm. 

Zi 

Basie t Ihr 
sec 

4 f 
W(r.t):dr= Pa Dt. dr 

(4-n-D-t) 

-I-cm 

4 ‘ 4 “TL 

P r: Tie P =0.6215 
(4-n-D-t) 

. O-cm 

9.31 

When there is no wall, we have: 

C(n,m) ] 
mi-(n my)! P nm 

| : 
EN VT Baie a Tern W(10,0) = 0.2461 

When the reflecting wall is in place, we use eq. (9.25): 

W,ra,m,my, W(n,m)- W n,2-my m 

W ,(10,0,3) =0.29 
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9.33 

We use eq. (9.26) to compute the probabilty, since there is a large number of steps: 

n= 100 | a2 x] = tH 

4 aD 

x 
W(x t SSS == Eo! == 

2) : 

BOI) Fe. pe 

- 100 

Pee 22 W xn. dx Raabe 19.2°% 

Zar 
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SECTION 9.3 

Dias 

We use eq. (9.22). The diffusion constant can be found on Table 9.1. 

D 0.0059-10 5-0 week 7-day 

t |-week 5X mms peak 6 

t 4:-week OX ims ot 5x rms = 0034sem 

9.37 

We rearrange eq. (9.22) and solve for time. The diffusion coefficient can be found on Table 9.1 
4 

D 0.67:10 5." 
sec 

5x rms i'mm t .-D t = 12.4-min 

Peale oes. SENSE IS Re ee 

Equation (9.33) gives the diffusion coefficient in terms of the average velocity and the mean free path. We 
use equations (9.2) and (9.9c) to calculate these. The diameter, sigma, can be found on Table 1.7. 

joule 9 k 
R 8.31451: auc cae nm 10 ’-m P |-atm M  39.948-10 Se 

cok 
L  6.02-107>- o 0.3405-nm i 0.2 

mole 
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Sec 

9.41 

We use eq. (9.34). Here, the upper limit of integration is denoted “curlyQ." 

2 

DD .95:10 > x iemm 1 ORS t 
SEC 

1.188 
x yox 2376 

curlyQ, curlyQ = 0.153 4-Drt, 
0.031 

ro 0.046 
*cur . 

leoeat a y? 0.298 
; : is) Wale pa 

le Tay, es sen e0.4i4 
, 0.482 
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9.43 see SS 8 ee a eee 

We rearrange eq. (9.22) and solve for time. 

ae ate 
sec 

; 

0.1-10 ©-m ox rms 5X rms t Dd t = 50-sec 
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SECTION 9.4 

9.45 

We use eq. (9.37). 

n 0.01-poise Abe estoy r 0.l-cm ipeo-cm 

4 3 
ara o c 

flowrate te flowrate = 188.48: Ht 
8-n-1 min 

9.47 

We use eq. (9.42). This is similar to example 9.18. The diffusion coefficient can be found on Table 9.1, 
and the viscosity of water can be found on Table 9.2. 

T 293.15-K n  10.05:10 3-poise nm 10 ?m 

cm? er 

D 0.0059-10 > k 1.38066-10 '6.°"8 
sec 

r and r =36.212-nm 

9.49 

This is similar to example 9.17. We use eq. (9.43). The diffusion coefficient given in Table 9.1 is at 20 C. 

T, 293.15:K T7 323.15-K ny 10.05:10 poise =n 2_—-5.494-10 ?-poise 

5 cm? 
Dj, 0.4586-10 ~: 

sec 

Perea pay MEME Nala) nN | A ie 
arn Dey T, D> =9.248-10 > + — ee oe LP melee ns 22 2 : fe 

261 



Student's Solutions Manual 

251 

We start with eq. (9.37). This tells us that, if the length of the tube, radius, and pressure drop remain 

constant, the time required is proportional to the viscosity. For an ideal gas, the viscosity is proportional to 

the square root of the temperature: 

M 8-R-T 

AV nr’: AP . 1m: M 

At 8 nl pee ae 

Thus, we have: 

T 1  773.15:K T>  293.15-K 

Ty 
timeratio tT, timeratio = 1.624 It will take 1.62 times as long at 500 C. 

9.53 

Equation (9.51) relates the molecular diameter to the viscosity. 

T 292.05-K n  73.5-10 ®-poise mM 74.1174-10 3. *8 R g3l4siees 
mole mole:-K 

23 OS! 9 
L 6.02-107-- nm 10 7-m 

mole 

8-R-T 8&-R-T 
Bo Mane 
m-M . 17M 

ns et fo} < : o =0.738-nm 
DOS On 1 Weare aL 
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25 

We use eq. (9.48) to calculate the viscosity: 

joule kg 
R 8.31451: M_ 17.0305-10 - nm 10 ?-m up 10 °-poise 

mole:K mole 

L  6.02-107?. Keen 15.6956 S 510-K 
mole K 

apes 
Yt Bella n S yn = 128.1 -pp 

ser 

k o.T 
T4731 5k ae ee n = 164.2 -up 

hee 

4 

Bee. o =0.2675-nm 

Se 

We fit the data to eq. (9.48) using a nonlinear regression program. 
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Alternatively, we can linearize the equation as follows, and use a linear regression package to find the 

parameters: 

The parameters obtained using nonlinear regression are give below. We can compute the diameter by 

solving eq. (9.49) for the diameter: 

joule 3 keg 9 pla: 
R 8.3145 1+ iz M - 39.948-10 nF nm 10 °-m up 10 ~-poise 

les 602.107 k, = 19.09-FP S - 137.7-K 
le K 

R:M 
o ‘1, ota o =0.3001-nm 

tok eb 

9.59 

Equation (9.47) gives the Enskog relation, which can be used to predict viscosities at higher pressures. 
First, we need the molar volume from the van der Waals equation of state: 

mie 3 
P= =100-atm T 323.15-K a 0.3649." e bet? 74 Olgas 

mole~ mole 

joul Ro asiasies 
mole-K 

R:T 
As a first guess, use ifeal gas law: Vv a 

3 
Vm root P-V> - (R:T b:P):V- -aVab,V Vee [49.457 oe 

mi mole 
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The viscosity is then determined as follows. The value of bo can be found on Table 1.7. 

3 
: cm up — 10 °-poise Harep ERE No 163-np 

bo bo ¢ 
Fie niege 1s 0:1 7S. neo) 0,865: n = 266.8 +pp 

¢ Vin Vin 

2.51 

The Mark-Houwink equation, eq. (9.54), can be used to obtain the intrinsic viscosity of polymeric solutions. 

The parameters can be found on Table 9.3: 

3 3 
RK sloiens a 0.5 M 1-10° intn K-M® int =81-—" 

gm gm 

For a dilute solution, we can take the limit of eq. (9.51) to obtain the specific viscosity: 

mg 
3 

c - 20 p 
m em sp &mintn N sp = 1.62 

Finally, we use eq. (9.50) to obtain the viscosity: 

yy pel 3. noise mp 10 3. poise 

n Mio), = N'sp, n =19.65-mp 

9.63 

We can rearrange the Mark-Houwink equation as follows: 

| 

intn % 
=z Sas inty#K-M ,° vay 
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The intrinsic viscosity can be written as follows, using eqs. (9.50) and (9.51) 

n 

No esp 
intn #lim intn slim 

fm 

So, to find the intrinsic viscosity, we regress (n/no - 1)/cm versus cm, and find the limit as cm goes to zero. 

Pe ls 
Nj 

© m, n, 6.04 
sf ao 

mM; 

0 06 

0.04 
yj OO 

© 002 

0 
0 20 40 60 

om; 

; cm} Z > cm? 
intn 0.03--—-- Ke =.0,95-10.5: a 

mg gm 

intn ° 4 
My K M y =5.357-10 

We can use eq. (9.56) to find Mn: 

| 
My ~ 
oe = ; - a M,, ((1 -a)T(1 -a)) 

My 
Mn —- M 7, =2.85-10 

((1 - a)-P(1 - a))? 

266 

0.74 

The intrinsic viscosity seems to be 

about 0.003. We plug this result into 
the Mark-Houwink equation to find Mv. 
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SECTION 9.5 

9.65 

We use eq. (9.57): 

rev 
rev 2-n-rad (a) C000t re x 6-cm Ax  5.1-mm At 3-hr 

Ax 1 13 
Ss ci mae s = 1.994-10 “sec 

At w*-x 

9.67 

(a) We use eq. (9.58): 

at 2 3 
eee D 0.4586-10 5." Bo) 0.9982." | vs 0.630" 

mole-K sec one gm 

gm 
We AM N SS M 342.2407: 

mole 

IMELDP (a) ao) @ 
Swi ee 522010 see 

(b) We use eq. (9.57): 

rev 2:-n-rad XG ecm Ax = Il-mm At 1-hr 

ene = 14562107 
m 
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9.69 

We use eq. (9.59) and solve for the molecular weight. 

joul Vv m R 28314512 rev ¢ 2'n-rad i m= 8000-0" = py 20,995] 
mole:K min cm 

T = 296.15-K x1 = 0.7-cm x9 = 1-cm C25c lee 42 

nee C1). © 2-R-T 

Mees Teer wea: 
Xe aX 1-Ppov,o 

M =7.783-107 - om 
mole 
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CHAPTER10 Chemical Kinetics 

SECTION 10.2 

L001 

For a 3/2 order reaction, the rate law will be something like: 

dea 15 with the units: mole mole!*> ——-= kc a” Se siuoocante ioe 
dt liter-sec 

Thus, k must have units of: 

] ; liter 

ame BE 

10.3 

This is similar to example 10.1. We use eq. (10.4): 

In(v)#In(k) - n-In(C) The slope of this plot will give the order of the reaction. 
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1 Oee 14. 

nee Oe lS 

C C; C, Ce A Cc Coe! 
ay a wii ke av, , 

nm. 1 n 

PO Ae Xx, In Cay. 

order slope(x,y) 

order = 1.073 

10.5 

We use the method of initial velocities to analyze this problem. First, we try to determine the rate law. 

From the first two data points, it appears that when we double [OCI-], we double the rate. From the first 

and third data points, the conclusion is that when we double [I-], we double the rate. Finally, from the first 

and fourth data points, we can see that when we decrease [OH-] by a factor of two, we double the rate. 

This suggests that the rate law is first order in [OCI-] and [I-], and is inversely proportional to [OH-): 

v =k [OCI-] [I-] / [OH-] 

Now, we can use any of the data points to estimate k. 

| | l | 
oats | Cees mG eee (e 0.00l Ts OCit 0.001 Jee 

liter-sec liter liter liter 

v-OH 
k 

OCI] 

1 
k = 60.554: 

sec 
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10.7 

Since we do not have the partial pressures of the individual species, we must first derive them from the 

data given. Let us write the reaction as A = 2B + C, and define an extent of reaction, x. Then, the partial 

pressures of the species at any time will be: 

PazPy x 

P p22-x ta P. 

P cx 

and the total pressure will be: 

Pepe Pepe PG NDZh Gg Xo 2k Xe 42 tO 

BaP rex 4-2 (Orr, 

Pepa re (OMe, 

X= 4 

Now, for a first order reaction: 

dP a 
dt = k-P A P A=P re) xX 

dx 
Bebb ex 

' Po x ke So, a plot of the left-hand side vs. t should be linear with a slope of - k. 
n = K: 

P (0) 

IR 
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P. 4.2-torr Po , ; Po x; 
x : 

1 Be 1 Po 

k slope(t,y) 

] 
k =0.0185-_ . y; 

min 

0 $00 1000 1500 

t. 

1 

10.9 

We use eq. (10.6). This shows that a graph of In (I - linf) vs. t will be linear with a slope of - k. 

Abed inf® Ao” Aing “exp( kt) 

be On,44 ling 4-95 

I y inf 

o inf 

k — slope(t,y) 

k =0.122> : 
sec 

The relaxation time is defined as 1/k. 

TR = 8.201 -sec 

oie 
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10.11 
rr a a a A a a er is ae eee SSE ee 

We can use the information given to calculate the rate constant. Since the reaction is first-order, we know 

that it follows an exponential decay. When the reaction is 20% complete, 80% of the reactant remains. 

kt 
concze tog - 20min conc - 0.80 

In(conc ] 
ie eS) k=1.86-10 »-—- 

tog sec 

When the reaction is 90% complete, the concentration of the reactant will be 10% of the original 

concentration. 

In( conc ) 
k t = 206.4-min conc 0.1 

10S 

Since we are only given total pressure, we must relate this to the partial pressure of ethylene oxide and 

the extent of reaction. Let x be the extent of reaction. Then the partial pressures of the species will be: 

P EO2P ox 

PCH4=* p 

P cox 

The total pressure is given by: 

DUS O ys UNG ERS Le ele tx te es 

RePME REP ro=hoex=Po> P Po =2P oP 

a3 
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Since the reaction is first-order. we have: 

dP FO . 

dt ie EO 

di2P.peoP 
od is ae eee Oe OE 

In 2:P o- , be A plot of the left-hand side vs. t should yield a linear plot with a slope of - k. 

wee Pa 

2-P, P sala) i a 
y, In 2P, Py k — slope(t,y) kal 1105 So 

eae 

. 1 | k — slope(t, 6 =1.451-10° - y n Py slope(t,y) k = 1.451-10 ~ 

10.15 

The concentration will be proportional to the volume of titer. Since the reaction is pseudo-first order, we 
can plot In (titer) vs. time to obtain the rate constant. 

ml -. 10 3 titer 

i .0;.5 

t; Titer; Titer, 

tee ol 

k slope(t,y) 

k=207107. | 
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L071, 

Since a and b are equal, we can use eq. (10.8), and solve for the time. When the reaction is 90% 

complete, the concentrations of the reactants will be 10% of the onginal value. 

KS ae pete ew Cc 0.1-C 
Crane Titer ““"" mole-sec finale o 

1 | 

] ] ket : C final Cc fe) Eee 
Pare gs aes 3 : = ZU, *Séc 

Cc final C fo) k 

10.19 

Since the reaction is second-order, we can use eq. (10.10): 

1 1 Cook 

Bess: ee eee ets rae 0:560 
i; Ear aid Meare OnE ea eg Oy ee ue 

it AO isaeess 

Ae TINT. Tem, aes 
t L UNS oe of" titer 

] 

' Li Ling 

intercept(t,y) = 1.003 

slope(t,y) 

C p:intercept(t.y) 

liter 
k =6.448=)—=-=—- 

mole-min 
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10.21 

We use eq. (10.116): 

1 1 a:(b - x) 

atbeal S. Le cs 

3 mole 
a - 2.508-10 ~- ...-— 

liter 

10.23 

| 
3.230-10 oe mmol = 10 3-mole 

x, BrO; 

] ab x 

Min (ha a) vb ae 

k  slope(t,y) 

liter 
k =0.396- 

mole-sec 

‘| 5 

"King 

A second-order reaction will have a rate law of the form: 
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a dA As inf 2 2 

dA A inf 2 fee Paha infas 

iN “t 

A Ainf > : i 0 

wo 

] l 

1S LG Ur inf 

We can find the value of the proportionality constant by using the inital concentration: 

Co=P Ao Aint ai 

l ] k-C ot 

A Ainf 20 Ainf 40 Ainf 

10.25 

Let x be the extent of reaction. Then, the concentrations of A and P at any time will be: 

Aza - X Pp - x 

We can substitute these into the rate law to obtain: 

a Seka o xX) -(p 2X) 

eH i) 
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Since a is a constant: 

oly oy abe 

dt dt 

dx 
Hak (a X)-(p - x) 

cat ' -t 

Se oe = 1 dt 
Kare X)-(‘pieex) 0 

Mt, % 

Ina- xX, -In p-xXy -In(a) In(p) 
t= 

((p - a)-k) 

p- Xt a p-X_ 
In In In 

a-X¢ Pp pea’ xX, 
ta. +. - tx - een 

k-(p - a) k(p-a 
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SECTION 10.3 

10.27 

The dependence of the rate constant on temperature is given by eq. (10.18): 

d-in(k) Ea 
dT R-T2 

The rate will increase faster for the reaction with the larger activation energy. Even if you don't remember 

eq. (10.18), you should be able to tell this from the definition of an activation energy. 

10.29 

If both rate constants follow an Arrhenius dependence on temperature, and the pre-expoential factors are 

independent of temperature, we can compute the activation energy: 

3A ky 
R-In RT 3 

KTP A eran Ea | I kK 9 
= = ‘ = 

k5 Sy oo Meg dea aw re Be Se 

joule ; : l 5 ; 
R 8.31451" kJ (1000-joule K ratio 5 T 1  298.15-K T > = 308.15-K 

R-In k patio 
Ea ; ; E 4 =53-kJ 

Tate Ia 
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10.31 

We can use eq. (10.18): 

E 
In(k)=In(A) = 

1p=t0 659 / 

kJ = 1000-joule Rowe aids tee 
Tj k ; mole-K 

y; - In k;-sec 

E, R-slope(x,y) 

kJ 
E,=101.401-..--- 

mole 

A . exp(intercept(x,y)) 

in (k) = - Edel + 1m (A) = - Eat «Ban 4 Ea jn (ALVA2 
RT RE ook leek TL A3 

We combine all the terms which are divided by RT to obtain the activation energy: 

Eaoverall = Ea wr ik Ea? - Ea 

2 
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SECTION 10.4 

10.35 eee ee ee es ee et ee ee eee 

We use eq. (10.23): 

joule gm MaMp 
R_ 8.31451: — ant 5. a 2 Byte aoe 

> mole-K Bi Ag aonss mole M Baa at Ma-Mp 

p:l 3 - 4:10 %cm SAB - 107 T = 500-K 

peels 2 apis L - 6.022137-10 i Erin oe 

8-R:T E min 14 cm? , aah ake ate = De py later eet k pLSap ayn EXP pot k =3.592-10 Ratarece 

10.37 

We use eq. (10.23): 

j M a-M 
joule . ous oe bie BLS R = 8.31451 eek Ma © 31.9988 ale Mp =: 2.0159 a7 Lp = aise 

l 
p. 1 o 4  0.358-10 ?-m Sp 0.287:10 +m SAB 5° OA-oB 

l joule : 5 
10e eee pier (eae : : : - 6.0221372510 aoe E min « 9 SATS T = 1500-K SAB OAR 

oat a , 3 
'8-R E min _ 14 cm 

k p-L-S AB’ eer Ret k =e 8.052 10 mole-sec 
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10.39 aN 

We use the formulas for a bimolecular reaction, eq. (10.28). 

joul R 8.31451: hh «6.62607-10 *4:joule'see ky 
mole-K 

kJ 13 cm? 
Ee 2: ---<- A : 8-10°*--------— T - 300-K 

mole mole:sec 

A-h-C joul 
AS Rin - AS a4 Hees ae 

e~-k pT mole-K 

kJ 
OH Eee eRiT. AH =37: 

mole 

10.41 

This is similar to example 10.9. We can write: 

kh AS AH 
kpT R RT 

joul 
T k Re SS14stan 

mole-K 

23 joul kp, 1.38066-10 22—* 

~~ 

|> 

BSE] 
IK 
cua 
BOER O00 

TOO 
TIER 
ea 

h 6.62607-10 34 joule-sec 

AS R-intercept( x.y) AS = 49.749: 

AH — Reslope(x,y) AH = 180.561+ 
mole 
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SECTION 10.5 

10.43 

We use L'Hopital's rule, taking derivatives with respect to k2, and taking the limit as k2 -> k1. 

E kia(e Klee kot) 

k2- ky 
(B) 

- k2t 

TBE mice mek) bled) 

[B] =kiate *! 

10.45 

We use L'Hopital's rule, taking derivatives with respect to k2 of eq. (10.34b), and taking the limit as 
k2 -> k1. 

(B] = limit (k2 > k}) 
[kia (te a 

L l 

{B] =kiate *" 
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SECTION 10.6 

10.47 

We must rearrange eq. (10.41): 

k yk 3M 
unl k3-k 7M 

k | l 2 Nae 
cm ~ Ms—=— 

ani kM k 1k 3 Vie 

t  RT kK 

uni ky P ky k 3 

So, a plot of 1/kuni vs. 1/P shoulw be linear if the 

Lindeman mechanism holds. 

The graph deviates from linearity, indicating that the Lindeman mechanism does not explain this data very 
well. 

Pas 
1 
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SECTION 10.7 

10.49 

Example (10.16) shows the velocity for a photo-initiated reaction. The elementary steps and 
velocities are: 

(1) Br, + hv > 2Br v, = ola 

(2) Br+H,— HBr+H v> = ky [Br] [H] 
3) H+Br,9HBr+Br v, =k; (H] [Br] 
(4) H + HBr — H, + Br v, = ky [H] (HBr] 
(5) Br + Br > Bry v5=ks [Br]? 

The overall rate can be written in terms of the disappearance of Br: 

- d{Br3}/dt = v, + v4 - V5 

Now, we use the steady-state approximation on the radical species: 

0 = d[H]}/dt = v2 - v3 - vy O = d[Br}/dt = 2v, - v7 + vy + V4 - 2v5 

V2-Vz= Vy 2v, = 2Vvs5 

Vv, = V5 

ola = ks[Br]? 

[Br] = (ola/ks}'* 

Now that we have an expression for the concentration of Br, we can use the equation for d[H}/dt 
to find [H): 

V2 sad 

k» (Br) (H2] - ky (H] [Bro] = ky (H) (HBr) 

ko [OIa/ks}'/* [H2) - ky [H) [Bra] = ky [H) [HBr] 

k> (H2} [ola/ks}'? = [H] (ky [HBr] + k3 [Br2}) 

(H) = kfH2) Vols 

Vks (ks [HBr] + ks (Br2]) 

Now, since v1 = V5, the overall rate is given by v3: 

kkfH2] [Bry Vola 
v = v3= ka(H) [Br2] = 

Vks (ks [HBr] + ka [Br2) 
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10.51 

The elementary steps and velocities are: 

(1) 2 ROOH > ROO + RO + H20 v, =k, [ROOH]? 
(2) ROO + RH — ROOH+R v> = k, [ROO] [RH] 
(3) R +0,— ROO v3 = ky [R] [O2] 
(4) 2 ROO ROOR + O, v4 =k, [ROO]? 

The overall rate can be written in terms of the disappearance of O>: 

- d{O,]/dt = vy. vy 

Now, we use the steady-state approximation on the radical species: 

0 = d[R}/dt = v> - v; 0 = d{[ROO}/dt = v, - vr + va - 2vy 
k> [ROO] [RH] = ky [R} [05] v) = 2v4 
[R] = k2 [ROO] [RH]/k3 [02] k, [ROOH]? = 2k, [ROO]? 

[ROO] = [ROOH] [k,/2k,]!* 

We can solve for the concentration of [R] now: 

([R] = k, [ROO] [RH}/k3 [0] 

Ry =| kik3_|” ROOK] [RH]) 
2k} ku [OJ 

Now, we know that the overall rate is given by v3 - v4. If we make the long-chain approximation, 
then the rate of proppagation is much larger than the rate of termination, and so we assume that 
the overall rate is given by v3. 

, 1Lé2 

v= va= kx {Og [R] = SU 
L 2k 4 - 

[{ROOH] [RH]! 
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10.53 

Example (10.16) shows the velocity for a photo-initiated reaction. The elementary steps and 
velocities are: 

(1) H, + hv > 2H 
(2) SiH, + H > Hy, + SiH, 

(3) H, + SiH, > SiH,+H 
(4) QHES Hy 

v,= ola 

V2 = ky (SiH4] (H]) 
V3 = k3 [H»] [SiH] 
v4 = ky [H]? 

We use the steady-state approximation on the radical species: 

0 = d[SiH,Vdt = v> - v3 
ky [S1H4] [H] = k3 [H2]} (SiH3] 

Now we can solve for [SiH3]: 

k2 [SiH4] [H) = k3 [H2] (SiH3) 

ko (Sit) ay a Se CanOle 
X 4 

k2(SiHs} [Tad 
ka(Ho} V ks 

[SiH3] = 

0 = d[{H)/dt = 2v, - v7 + vq - 2v4 

2v, =2v4 

Vee 

ola = k,{H]° 
(H] = {ola/ky}1/2 

[SiH3] is inversely proportional to [H2]. If the goal is to maximize [SiH3], then the concentration of 
hydrogen should be small. 

10.55 

The elementary steps and velocities are: 

(1) C,H, - 2CH, 

(2) CH, + C,He — CHy+ CH; 

(3) C5H; — C,H,+H 

(4) C,H,+ H > H2+ CoH; 

(5) C,H, +H — CH, 

v; =k, [(CH¢] 

V2 = ky [CH] [C2H,] 
v3 = ky [CpHs] 
V4 = ky [H) [CH,] 

vs5= ks [H] [C,Hs] 
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The overall velocity can be written in terms of the appearance of ethylene: 

v= d(C>H, /dt =VW= ky [C3Hs] 

We use the steady-state approximation on the radical species: 

0 = d[CH,]/dt = 2v, - v> 
0 = d[H]/dt = vy - vs- Vs 
0 = d[C,H,]/dt = v2 - v3 + Vy- Vs 

We can add the last two equations and substitute 2v1 = v2. This gives us an expression for the 
concentration of H: 

2v, = 2Vs 

k, (C,H¢] = ks [H} [C2Hs] 

(H} = k; (CHg) /ks [C2Hs] 

Now, we use the equation from the steady-state assumption on [H] to solve for the concentration 
of the ethy! radical. 

O=Vvy-Vy- Vs 

We use the long chain approximation (the rate of propagation is much faster than termination), so 
v4 >> v5, and we have: 

Va=Vy ka [CHs} =ky (H] [C>H¢] 

ka{CoHs] oe kiky [(C>H6)” 

ks [CoHs] 

kaks (CoHs]” = kiks (C2H¢)° 

(CH3) = 4 / KK (CoH) 
kaks 

Thus, the overall rate is given by: 

V = ka [CoHs] = ka Bika [CoH6] = kerr [C2H6] where ker = / Kikaks 
kaks ks 

With this effective rate constant, the activation energy of the overall reaction will be: 

Eaer = (Ea, + Eay + Eay- Eas) 1D 
2 
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Loe 

The elementary steps and velocities are: 

ab ee we eS) 
(2) X +RH > R+ HX v> =k [X] [RH] 

(3) R+X, ~ RX+X v3 =k; ([R] [X)] 
(4) X+R-— RX V4 = kg [X] [R] 

The overall velocity can be written in terms of the appearance of HX: 

v = d{HXJ/dt = v» =k [X] [RH] 

We use the steady-state approximation on the radical species: 

0 =d[R}/dt=v.-v3- v4 

= d{X)/dt = 2v\ =BVart V3 V4 

We can add the last two equations to obtain an expression for [R]: 

ON = 24 

ky [X2] = ky (X] [R] 
[R] = ky [Xq] Ay [X] 

Now, we use the equation from the steady-state assumption on [R] to solve for [X]: 

0 =v.-V3- Vy 

We use the long chain approximation (the rate of propagation is much faster than termination), so 

V3 >> v4, and we have: 

ES ko (X] [RH] = ky (R] (X2] 

kik3 [X2)° 
ky [X] 

kaka [X]{RH] = kik [XJ]° 

[xj=,/ Hike St 
koks [RH]'~ 

Thus, the overall rate is given by: 

v = ko [X] [RH] = ko, / Kika 1X2) RH] = kere (XJ [RH]!7 where ken = 
koks [RH]!? ky 
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SECTION 10.8 

10.59 

The rate of propagation for these types of reactions is given by eq. (10.49): 

Vp = kp [M] [Rx] 

To obtain [R,°], we set the rate of initiation equal to the rate of termination: 

lad = ky [Rx] 

[Re]=4]/ 2 
kt 

vp = kp [M) (Re) = KEY22® yy 

The kinetic chain length can now be computed using eq. (10.44): 

pL, - [M] <= kp (M} 

Yi kt lad VY kao 

10.61 

We use eq. (10.51) to compute the rate of polymerization: 

3 liter liter 
pega aoe OF I A ge ease? OS ea 10>. = Bf p mole-sec t mole: sec k; 1.07 10 sec kJ 1000 joule 

mole f =] M = I-— ee 0.00). mole 
liter liter 

Ik «-f 
ie 0.5 mole 

Vp 2 ky [—M In Vv. = 0.014: 
x 2 \\ Ky P liter 
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To calcualte the activation energy, we define an effective rate constant: 

! 
k kJ kJ kJ Wee) Eas = 76. Fa, = 13 Ea; = 130 

eke P mole mole mole 

1 ] kJ 
Ea off Bee 5 To aden Ea orp = 84.5 aps 

Since the activation energy is positive, the rate will increase with temperature. To look at the behavior of 

the kinetic chain length, we use eq. (10.52) and define an effective rate constnat again: 

kyM k 

aa) baw = = =! 

<a 

a 

> x 

<a Uv Nil — Nil 

Since the effective activation energy is zero, the kinetic chain length will decrease 

with temperature. 
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SECTION 10.9 

10.63 

We use eq. (10.56): 
Lee ORs 

|e l ] 
a + ‘P Plot P/Vads vs. P. Ninds 3 P. = 

Vads &Y max VY max 

Ie 

b | ie : 
ce ads 

| cm 
 aritienicnirenionnaed V = 39.072-—> 

max  slope( Py ) phe gm 

] ] 
b = io Set = 0.069 -—— 

V max’ intercept(P.y) torr 

0 1000 2000 3000 

he Ps 
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10.65 

Use eq. (10.56): 

2 : P Plot P/Vad P ea a fe : oO ads VS. F. 

Viads ©°Yimax Y max eer Vie 

Pi 

Ui V. 
1 

: Vie = 122-em max “ Slope(P.y) aX ee cee 

1 ee eh OO 
V max’ intercept(P.y) torr 

10.67 

The most general expression for a Langmuir-type adsorption would be: 

yee kSobnoPno 

1 + bNoPNo + bN2#PN2 + boPo?2 

If the follwoing are true: 

boPo2 >> | 

boPo2 >> bnPn2 

bo#Po2 >> bNnoPNo 

then we will have a rate law of the form: 

y = ketfPno 
Po? 
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10.69 

lf dissociation occurs upon adsorption, we have: 

H2+ 2S 42H, k=k, 

2H, 4H 2Hy k=k F : : 
ipo : where S is a site and Hs is hydrogen on the surface. 

At equilibrium, the rates of adsorption and desorption are equal: 

ksPH2 (1 - 0) = ke? 

(1 aa [ks p,, 2) 

MF kg 

12 
8 BPH? - where b=_,/ ka 

(1 + bPy2'”*) kg 
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SECTION 10.10 

LOwal are a a Se ee 

A material balance on the enzyme gives: 

Eo = [E] + [ES] + [ESI] 

At equilibrium, from eq. (10.61), we have: 

lA pep pepe Se jeg 1S 
(EST) [ES} Kn 

resn) = FES) (0) _ (E) {S} (0) 
Ki KiKm 

We can plug these into the enzyme balance: 

Eo = (E) + (ES) + (ESI) = (E] + ELIS) , (EN (S) 1) _ ey fy 4 (S), (SL 
Km KiKm Km Kin) 

(el LO 
pe (sil) a 

Km KiKm 

The rate is given by: 

v = k2 [ES] Lhe (E] [S] = k2 [S] Eo 

KL (SL 
Km  KiKm 

Vmax [S] Vmax [S]} 
_—— 

Kor [S) ae Kets] | top wl 
Ki 
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To find the slope and intercept of the graphical method described in the problem: 

Km+{(S]{1 + " 
ive Kj 
. Vmax [S] 

f + U) 

gia: Koes Dent eK 
Vo Vmax [S] Vmax 

slope = Ko intercept = f + My 
Vmax Vina / Kj 

10.73 

This is similar to example 10.18. We use a Lineweaver-Burk plot, which is a plot of 1/v vs. 1S}. 

Pea se.o 

S Vv. = 
1 1 K 

l | Mie 

Y Vmax Vmax © 

| ] 
y = = x a 

] Vv; | S; 

] 
Vat eee ¥ max = O47 

intercept( x,y) 

Kin = Yimax slope(x.¥) K , = 0.073 
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le 

LORS 

This is similar to example 10.18. We use a Lineweaver-Burk plot, which is a plot of 1/v vs. 1/{S). 

+ 

max Vmax ° 

a eae ora 
by its: 

liter: min 
- mole mole Vv Se ee eee Vv =4 397100. 

Lee intercept( x.y) its liter- min 
5910) = — 

liter- min 

mole 3 
Remax sORs ny) K mn = 1-24:10 °° -—— 

TAQ. 
liter: min 

LOR 

A material balance on the-enzyme gives: 

Eo = [E) + [ES] + [EI] + [EST] 

At equilibrium, from eq. (10.61), we have: 

~ [EJ [S] Es) = ELIS) and Kelas (El) = (E) (1) 

a [ES] el ed Km (E]) Ki 

KES =, esr = (ESLU (ELIS 
(ESI) KRM KIKa 

Zor 
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We can plug these into the enzyme balance: 

Eo = (E] + (ES) + (El) + (ES!) = (E) + ELS) , (EN , (EVISI MM _ (gy /) 5 SI, Wy SLM 
Km Ky KiKi 

Kan Ky KiKm 

(eee ee 

1+ (S] | (1) , [S] fal 

Km Ki KiKm 

The rate is given by: 

ve ky (es) = S2JELIS] eee os B15] Eo 

Km {1 +514 Ul, (SI) 
Kn Ky KiKn 
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SECTION 10.11 

LORS. 

For two molecules of equal size, eq. (10.67) reduceds to: 

2 RT) 
3 | | CAS Been 

/ \2 
: | LL At By | 8-R:T 
ma ————————__ | 

\ 

We can get the viscosity from Table 9.2: 

| 
Teens (33157Ko ened 10 R834 

cm: sec mole: K 

ree 8 RT ie 9. 10!° 3 liter 

3-H 5 mole: sec 

10.81 

Equation (10.67) is: 

[ 2 | 
: 28a) (AST B) 

| 

| 3-9 | DAS Bae | 

All other things being equal, at two different temperatures, the relative rates would be: 

/ f ey) Pry 22 
: 2 cael ye otay : 2RT, DAR Bid kK 59 T 50°11 29 

Liesl sen aes wa eee tt Fn ee ae 
eee 

| | 2 ; ' 

Pp atASB 3m, :; TatB ; k20 T2950 
J 

Using data from Table 9.2, 

=e 4 

T 59 = 323.15:K Tq = 293.15-K = mp = 10° *-poise sq = 5.494-mp 11 59 = 10.05-mp 

T 50° 29 
k_ratio = —————— k_ratio = 2.016 

T 99'N 50 

209 
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10:83 io 0) aed Sw rine wen joe Stale yt | 
We can rearrange eq. (10.71) to solve for k1: 

l 
y Ryka Acq * Bea) 

(= 

We know the ratio of k1 to k2 from the equilibrium: 

| 

k 9 H20 oan: = li Zz t t —=K ge kK ratio = ———““__k_ratio = 5.5610" - 
k | H:-OH fa mole’? mole 

3 iy ea 
\ liter / 

5 _7 mole -7 mole 
ts = 10 -sec A =10 -—— B = 10 : tT = 36: 

ie liter a liter re 

l = ] 
k | ns ty Tay Dae eS eee aE k= 2510p a 

e oo of + ! Tt 1 - k_ratio A eq B eq) | sec 

11 liter 
k 5 = k_ratio-k | k 2= 14°10 »-———— 

¢ mole: sec 
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10.85 

First we write the rate of appearance of A: 

GAY | fA] + k.i[B] 
dt 

We can relate [A] and [B] to the equilibrium concentrations and an extent of reaction, x: 

[A] = [A]eq- x and [B] = [Bleq + x 

- = kf [A]eq- x) - k-i(({Bleq + x) 

oe - (ki + kr) + (kilA]eq- k-1[Bleq) 

Because of the equilibrium condition, the second term is zero. 

dx — - (ki + k.1)x 
dt 

The definition of the relaxation time is: 

a Xa | 

dx/dt (ki + k.1) 
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CHAPTER 11 Quantum Theory 

SECTION 11.1 

a) m= 9.11 x 10°! kg 

6.626 x 10 fe = 1,82 10° ns 
(400 x 10°) (9.11 x 10°) 

4003 x 10° k l b) Te eee 6G 647 e 10F ike 
6.022 x 10° mol 

v=0.2492 m/s 

c) m=lg 

v=1.657x10"%m/s 
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2 

Pe ee ee ee ISR) eR 7 8 2bcl 
a) 2L\V M 2L 3RT 

T=300K 

= 3.197 x 10° m = 31.97 pm 

iN 

1 gH.O x 1°C x 4.184 J/g °C = 4.184 J 

= 750 nm 

Ee -<- 2.649 x 10” J 

4.184 J 

750 

# photons = = 1.580 x 10” photons 

303 



Student’s Solutions Manual 

Eizt 

8 = 90° 
44 = 300 pm = 300 x 107? m 

Ae = Ay + AX = 302.4 pm, where Ad is defined in the problem 

=> y= te (a) = 3.40x 10° m/s 
m, \A; Ag 

SECTION 11.2 

11.9 

Vee iy ee (188 GE 
5.2918 x 10° cm 10° bohr 

eae eS TAS GE 
inch cm 

lg 1m, 1 MU _ 1 098 MU Me ae RE RET RE SasETe oS = 
9.1094x 107% g 107 m 

2 2 

1J=1kgm*/s’ (em) x [oe Se) (as (eee = 3.92 x 10° MU GB’ /s” = 0.3 
g m cm kg 

(4.184 J/g K) x (1 g) x (1 K) x (0.392 MEU/J) = 1.64 MEU 
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PE 

E, = 1 hariree 

For Helium, Z = 2 and N= 1 

2 2 
W. 

IP=—-E= Lae = 1? hartree Xx LEE 54.4228 eV 
2N ou hartree 

Lets 

R = 109,737 cm" 

Rye = ZR = 4K = 438,948 cm! 

~ 1 1 

Fal ea 1 2 

Ni N2 V/cm" 

3 4 216383 

3 (oe) 48,772 

4 5 9876 

4 oe) 27,434 

5 6 5365 

5 oo) 17,558 
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BE he: 

N’a, 
NA = m,vr (de Broglie Hypothesis) and r= 

H (Z=1): v/c = 0.0073 

Hg’** (Z=80) = v/c = 0.584 

U""* (Z=92) v/c = 0.671 

a = ap = 137.05 

This implies v/c > 1 when Z = 138 

11.17 

letZ=1,r=l1cm 

then N = 13746.7 = 13747 
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11.19 

let A = 100 pm, m= m, 

h h 
> v=— 

mv mz 

T (Kinetic energy) = = my’ = hee 150.4 eV 
2 2m, 

€ 

SECTION 11.3 

11.21 

O exp[i0] = < sinO “ exp[i0] = exp{i0]—exp[-i9 

Therefore, e” is not an eigenfunction of this operator 

11.23 

d 1 Guets Late — iit 1 fete al So) 2 BS == = 
dr dr\r rdr rdr_r r dr Ir 

307 
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M23 

6 3explid] =i 2 3expfid] = —3exp[id] 

Therefore, 3e is an eigenfunction of this operator with eigenvalue = -1 

11.27 

2 tka 2 2Aexp[-br] 
ex r€ an oh 2) Aexp[-br] = er aE (-Abr exp[-br]) aia ae oneal 

= = (-Abr*( exp[-br]) -2Abr exp|-br]) , 2Aexp[-br] 

Ir 

= Ab? exp[-br] + (2A -2Ab) “XPL-OF 
T 

=> 2A-2Ab=0 => b=landA+0 

eigenvalue = b* = 1 
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11.29 

Oxy oz 

om om om 
WRanvet) Ore Xa) tan” 242126 not an eigenfunction 

Vv’ [322 2) +{—>— sino 2) Gee 
Tol Or rsin® 0 oO rsin® a 

SECTION 11.4 

Et 

h 0 : ae ie P.W=—5- A exp|ikx] = j Aik exp[ikx] = Ak Aexp[ikx] =k y 

eigenvalue is hk 
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11.33 

1 
+si : 

l= Atl cos’ (nmx)dx = es = - since sin 2nz = 0 for integer n 
0 

=> A?=2 => A= 2 

4nt 

1 +n)sin (m-n)x +(m-n)sin (m+ 2 cos (nm) cos (mmx)dx = of fn nin (made tn sin ata yer 
; (m° -n*)1 

= +2 cos (nx) are orthonormal 

SECTION 11.5 

1 ss pe 

2 __ NX 
w=,/— sin 

a a 

% 15 
probability = [ vax =[= sin? dx = detu= 

0 0 és a a 

ae 

=> (x)= : | sin’u du =—— i ae a Beet cin 
(nt) J (nt) \ 8 4 2 4 2nn I 
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11.37 

. TIX 
yw = Asin—— 

a 

1= [ y'dx= fa? in? 2 let u=—* 
0 0 a 

(nx) J (am) 

Ep Aros (M)-a"2 a= 2 
(ni) \ 2 2 a 

11.39 

h2 
E= 2 at, ?? 

(n, + ny) Ae 

(heen) E (multiples of h?/8ma’) degeneracy 

1S} 2) 1 

Dal 5 7 

DD 8 1 

aii 10 2 
23} 13 2, 

ae 17 2 
3,3 18 1 

42 20 2 
43 25 2 
5,1 26 2 

17 total states, highest energy is 26 
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11.41 

_ 3h’ 
°  8ma? 

a) m = (2.016 x 10°/L) kg 
a=1x10°m 

Eo = 4.92 x 10°° J 

b) m=m, 

a=1x10'°m 

Eo = 1.81 x 1077 J 

11.43 

y= A,sin— ~ A,sin Y— AL ree 
Cc 

2 2 ads: 2 ee eer 
cs nee RS nc DX 2 Nn, n, wen 

ByEaa ¥ = Sontlop sett agis A,sin Aysin pe ae Ew 
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SECTION 11.6 

11.45 

1= [|yPax= A? { 2y)? exply?}dx — letx=ay 

= 40. A? | y? expl-y"] dy =4o. ai[ 2) 

1 1 ee ee he 
' Vn * Oa Gaye 

11.47 

J vowsdx = kok, [ expl-y? /2]y expl-y? /2] dy 

= cfy exp[-y’] dy =0 since the integrand is odd 

| vowsdx = kok, i) exp[-y’ /2] (4y’ -2) exp[-y’ /2] dy 

=C{ (y?-2) expl-y"] dy 

= {as a] =0 
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11.51 

: Ay | 2y exp[-y? /2] (2 2) 2y exp[-y? /2] dx 
* 1 

(p) = [ view =—-—___—_—_____—_ let x = ay 

A} | ay? expl-y"] dx 

z—[y exp[-y? /2] x1] exp[-y?/2] dx 
1 alti a 

fay? exp[-y*] dy 

ht 2 2 
=| y(1-y’) exp[-y"] dy 

= —2__________— = 0) since the integrand in the numerator is odd @o 

fay’ exp[-y’] dy 
a) 

f o 
At | 2y exp[-y’ /2] [1 a 2y exp[-y* / 2] dx 

2 =) Oe = let x =ay 

A} | 4y? expl-y?] dx 

- 21f , ek ; 
h = Jy ely /2] eat exp[-y° /2] dx 

fay? exp[-y’] dy 
-0 

Asi 

—— | (y*-3y?) exp[-y’] dy e Ae) ) 
ate rad 2°") 3% 
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P53 

a) 

b) 

hy =(AB+1}y = ABy +1y = Ad +1y =ly 

BILD 
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11.55 

This solution uses the answers to problems 11.53 and 11.54 

a) 

[A, 8] £=(AB-BA)f =(h-1)r-(h+)f =-28 = (A. B)=-2 

b) 

AA 

ABy, =2ny, from 11.54 

ABy, a A@y,) = A(const Yn41) = const ( Ay,.:) =consty, = const=2n 

11.57 

v = 8.963 x 10’? Hz 
My = 1.008 x 10° kg/mol 
Mc = 34.969 x 10° kg/mol 

k 
ve— /— => k=4n’? pv =4n’ 

2n Vp 

m,m, Fyfe My Ma 
Fables v =5.16 x 10° kg/s 

m, +m, L Myt+Ma 
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SECTION 11.7 

LY. 

my = mass of hydrogen atom 

Tcu = 0.11 nm 

= 180° - 67 = 70.53° 

R= Icy sin > = 0.104 nm 

I=3 my R?=5.4x 10” kg m* 
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Student’s Solutions Manual 

11.61 

T=300K 

My = mass of hydrogen atom 

Tou > 95.8 pm 

= 180° - 120°= 60° 

R = Tox sin > = 83.0 pm 

I= my R?=1.15 x 10“ kg m? 

ie ¢ mh? 

kT 8n7IkT 

m E 

0 0 
1 0.117 
2 0.467 
3 1.051 
4 1.869 
5 2.920 
6 4.205 
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11.63 

L_=L, -it, ='(sind 2 + or0eos9 2) (cose 2 -covosing2)| - 
= ~(cos$ —isin9) “ +i cot (cos $—i sind) 

=~ expf-id] = + cot Oexp{ it] 

L_cos@ = — exp[-ib] <cos0 +i cotd exp{-id] < cos0 = exp{—i] sin® 

L,L_cos0 = L, (exp|—id] sin ®) = exp[id] “ (exp[—ip]sin9) +i cot 6 exp[id] = (exp{—id] sin 0) 

=cos6+i cot (sin ®) explid|(—i exp[—id]) = 2 cosO 

11.65 

L, sin9 exp[id] = ei sin 8 exp[id] = —isin9(i exp[id]) = sin® exp[id] 

eigenvalue = m= 1 

L, sin8 exp[—id] = —i = sin 9 exp[—id] = —i sin 6(—i exp[—io]) = — sin9 exp[—id] 

eigenvalue = m= —1 

L, cos0 = -i” cose =0 
Op 

eigenvalue = m= 0 
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11.67 

LL Yn = C¥% mn = (P-L, -L,)%,m = [10+ - m? — mY, 
= (+1) -m(m+)]¥,, 

=>C? =[dd+)-m(m+)]” 

C=0if m=! 

11.69 

x 

LOG EATS hal ele ee ae 

10 Orientations 

9 
_ ™, m, % 9 { 9 ° 

cos@ = — = —————— = ——44 _ = —— => § = arccos| ———| = 25.24 
ll} id+1) aie V99 99 

2D 
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11.71 

m, 25 ED: OP GD BE Sh LS 

Dee ewe oO eee) aie) oe) Ma 

10 Orientations 

= 25.24" 
9 

wt ge et " ys Pe & {2 
9 = — = ———— = —_4*_ = | 5 0 = ee cos n lds) + 9 (19 99 = arcco 9 

\2 2 

11.73 

I= 1.448 x 10“ kg-m?” 
T=300K 

+1)h? ; JO+ WN 8, qty =e = iogei10 > J=10 
871 h 

E=kT= 

S21 
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a1euS 

I= 2.644 x 10° kg-m? 
T=300K 

E Jd+)h 
— ee +1 (0.0507 
kT 8n°IkT Utes ) 

J E/T 

0 0 
5 1533 
10 5.585 
15 Ts 
20 oa ecw 

SECTION 11.8 

11.77 

I= 2.644 x 10° kg-m? 
Jj,=1 

Jp=2 

Brena hee eh 
AE = hv=—— = [eGe +) -FG, +] 

8x7Ic -1 
=> A= [J,G-+1)-J,0, +1] =0.2362 nm 

h 
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P79 

m=m, 

a= 10 bohr 

h2 

E= 24 24? eee) en 

AE =E,,, -Ey, 

pee AR aN (22-1) h 
—> SSS ewes So eee SS 

he 8ma’c 

11.81 

m=m, 

a=0.424 nm 

2 

E=r s ; 
8ma 

AE = E, -E, 

Ab Gren 

hc  8ma’c 

3.249 x 10 cm’ 

84,352 cm! = 10.46 eV 
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11.83 

2 
a 2 2 

i = i x eines sin sues v = = a SAE This should then be scaled to 1 

0 

a a 
0 

2 

ibe “|p sin = gin ™* v =0 

2 

ee cay PA | 
[ x sin sin* dx 

a a 
?, ==° —_______4 =0.0064 

2 

I, 

11.85 

2" 

I, = | i} (sin cos$) cos0(3 cos? 6 — 1) sind dédd = J cos hdd i} cos0(3cos? 0 —1) sin? 0 dO 
0 

= 0[ f..40) =0 

2" 

I, = i} (sin@ sin$) cos0(3.cos? 6 — 1) sin@ dédd = i) sin odo i) cos0(3 cos? 6 —1) sin? 6 do 
0 

= o{ f..40) =0 . 

2" 

fu 
1 

= 2nR| 3u‘ —u’ du ifu=cosd 

a 

x 

re | Rcos@ cos0(3 cos’ 6 —1) sin® dé = 27k | (3cos* 0 —cos’ @) sin@ dO 
0 0 

oe Ie : l6mR_——,—-256n7R? 
oe S| eee = 2k —+--=— ; 
a tree Bede ae 15 225 
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SECTION 11.8 

11.87 

Vv = AE = E, “E, 

Vo Vtunnel 

50 3.14 x 10'° Hz 
100 1.24 x 10'° Hz 
500 2.63 x 10'4 Hz 

11.89 

V(x) = 4 Vo x (1-x) 

1 of 1 

E! = E+ | WiV@)yidx =F +4 Vy (2) i} sin’ (nx) x (1-x)dx 
0 0 

=4.93 + 0.869 V, 

1 1 

E! =E?+ f WiV(x)w,dx = 27? +8 V, | sin? (2x) x (1-x)dx 
0 0 

=19.74 + 0.717 V, 

a2 
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11.91 

V(x) = Vo sin? (x) 

2 1 ] 

BE! =? + | WiV(x)y,dx = +2 V, sin* (nx)dx 
0 2 0 

2 

aa 

1 1 

BE! = Bo + | WiV(x)y,dx = 27? +2 V, sin? (2nx)sin® (nx)dx 
0 0 

=2n° + V, 
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CHAPTER12 Atoms 

SECTION 12.1 

F251 

r=0a, 

iS f lyP'de = f i} A2o? exp[—c] cos? 0(r”) sin OdbdOdr 
all space 

=2nA? f cos’ 0 sin@d0 o” exp[—o]r’dr = ana’) (24a2) (using u - substitution to evaluate each integral 
0 0 

SA : =e : 
5 32na, 32na? 
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12335 
Pt a I ITS SIT 

R=(2-0) expl- 5] 

ae + 
oa -1 1 

52a | ie (2-0) exp[- sd 
Q i250 

pred, Paris o)expl-S]-— (2 3) exp[- hie 

iors Pe = 1 
peas [e-ofZ) -1 espt-S1- @-o)expt- 5) 

-l1 1 o ie & ) oO 1 oO 
= ———_|} —-207 || —]| +] ——-40| |exp[—-—]-— (2-9) exp[-— 

1 4(s 2 2 xPl 2! zat expl 7! 

-1 1 co. -l o, -l 
(= o | exp[ 7%. 3 | o) exp[ 5! 3 

R = Aexp[-30] 

r=oa, (use in u- substitution to evaluate integrals) 

probability = aay =—2 ft = 0.938031 

{ exp{-so]o%do 

evaluate integrals by tables or numerically 
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12.7 

= 2Acexp[-o] 

Ir =0a, (use in u - substitution to evaluate integrals) 

firtrar ‘ar 4A ‘fo? exp[-2o]r*dr y 5, 

(1)= a, 
freer Ride 44 | o? exp[-2o]r?dr "3 3 3 

12.9 

R = A(2- Zo) exp[- a =0 

2 2a 
Oo So) = =ao=— Fe Thode ° Z 

r=oa, (use in u-substitution to evaluate integrals) 

w = Zo (use in u-substitution to evaluate integrals) 

2a, 
Thode Z 

[Rear A? [ 2-20) exp[-Zo]rar 
probability(inside) = Sore So 

[RPdr 2 | @- Zo)? exp[-Zo]rar 
0 

(2- Zo)’ exp[-Zo]o*do 
| 

role 
oOo WIlO WwW 

O Cee, 8 SO Cee | 

(2- Zo)’ exp[—Za]o’do 

1 2 

A i (2—w)’ exp|—w]w*dw 

=—¢_ = 0.052653 
1 2 2 = | (2-w)’ exp[-w]w’dw 
3 

Z J 

Probability (outside) = 1 - probability (inside) = 0.947347 
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12.11 

For 2s and 2p, n= 2 

Energy is a function of n only. Therefore E>, = Ex). They are degenerate 

12.13 

R = Aexp[-30] 

r=oa, (use in u- substitution to evaluate integrals) 

4 
[PR erar A? | exp[-60]r dr 5 4! 

a ee ee ee a, 6° ee 

a, 27, 3 © PP tae She 

fr ie A? { exp[-6o]r"dr 

i 

d, +d_, = R(r) sin cos0 exp[ip] + R(r) sin® cos® exp[—i] 

= R(r) sin® cos0(2 cos) = 2R(r) cosO(sin8 cos) = 2R(0( 2) =) 
Tit 

= xzF(r) = d,, 

d, —d_, = R(r)sin’ 6 exp[2id] — R(x) sin’ 6 exp[-2id] 

= R(r) sin? 0(2isin2$) = 4iR(r) sinO sinO(sin cos) = 4iR(r) sinO cos $(sin® sin) 

= ain(o() (2) = xyF(r) =d,, 
I r 

Note: R(r) and F(r) are not the same in different cases 
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12.17 

f, -f_, = R(r)sin’ 0cos0 exp[2id] — R(r) sin’ 6 cos0 exp[—2id] 

= R(r) sin’ 0 cos0(2isin2$) = 4iR(r) sinO sin® cosO(sin $ cosd) = 4iR(r) sinO cos$(sinO sin )(cos0) 

sino) 3)-we0 =r 
12.19 

2 2 

+|coso]” + sesind exp[—id] 
- * - ] 

*y oc + +p_jp.,« sin9 expfi Ww" W © PpiP; + PoPo + P-1P-1 Ls plid] 

= sin’ 0 +008" 6+ — sin’ 0=1 

SECTION 12.2 

12.21 

1 
Sy ee lt =e) 

S ce (0-p)e 8 
z 2i 

1 i 
SB (0 a0) oman 
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12.25 

let y=a+ifB 

$1. =8,(0+if) =-B+it-a == 
2 

let E=a-if 

S§ = §,(0.-if) == p-iza=— 
1 

2 

Ayal (a +iB) = a 

‘g) = -2 (a -if) = 78 
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SECTION 12.3 

WIG 

PbS 

Ey27 2 eV 

Lies 142s 4.6; 

5 2 

Eva = 42 E, =—7.223E, 

2 

Fe F073 B= 740 cV 
2 

lige Li” tee 

2 

IP = —E, =1224 eV (Hydrogen-like ion) 
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SECTION 12.4 

we Pedy 

2 ] 2 1 
a dt,dt, = 5 J (ab: +a) dtjdt, = 5 J ou'B: +20,B,05B; +a) B, de,de, 

: =[1a) +2(0)(0) +1()] = =) =1 

2 l 2 1 
[x.| dt,dt, = 5 J (ab: — 8) dt,dt, = 5 Jo’: —20,B,0,B; +0, B,'dt,dt, 

= =f —2(0)(0) + 1(1)] = : (2) =1 

l 1 
[xx.drde, = 5 | (a8; + af,)(a,B, — af, )dt,dr, = 5 J o:'B: + 0,808, — «8,08, — 0, B, 'dt,dt, 

= -[1)-0-10]=-@=0 2 

12.31 

Sst = Sue(F0)=(50}(3) = 

not an eigenvalue equation 
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12.33 

oe o,B, +08; 

v2 
xo 1,8, — 8, 

= D 

S," ae = {s, +S," Bs 2(S,.Sox +S, Soy +8,,S,.)} =f V2 

4 Je Wy coer eee hcas a ee aly) = = 16 (3 op, + i a,B, +4 Bio, ne Bio, 4 cP) V2 («,B, +B, ?) =A, 

S," a a Fe (8 + B,0,) BO 

S, X, = 2X, = s;(s, + )X, 
>s,=1 

Sex Nee Xe 

=>s, =0 

12.35 

A, = 58.44 nm 

Ae = 2058.2 nm 

A 665% 10) cm: 
3 1 2 
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SECTION 12.6 

12.37 

h = 3/2 

h = 5/2 

$2017 bh), Gi ti2-D, {hi -k| = 4,3, 2,1 

degeneracy = 2J + 1 4 2(4)+1 =9 

3 fi} 
2 5 

1 3 

Total =9+7+5+3=24 

12.39 

bet | 
j= 1/2 

js= 1/2 

J2=Gi th), Gitie-D,.., lh -j| = 3/2, 1/2 

Ji2s = ha + Js ), Gi2 + ja - 0), ..., | Ji2-js| = 2,1 and 1,0 

degeneracy = 2 2J +1=5+2(3)+1(1)=12 
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12.41 

a) 

4S L=0 g.=2L+1=1 
S = 3/2 gs=2S+1=4 

S— gr (gs) = 1(4)=4 

b) 

4G L=4 £.=2L4-1=9 
S = 3/2 g.=2S41—4 

Par fs) 74) = 30 

c) 

3p L=1 gp=2L+1=3 
S=1 g5=2S+1=3 

Pie on (8s) (5) 2 

d) 

*D L=2 g=2L+1=5 
S=1/2 §s=25+1=2 

g = Bi (es) = 5(2) = 10 
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SECTION 12.7 

12.43 

d orbital - The maximum number of electrons in the d orbitals is 10. 

The number of configurations for 5 electrons in a d orbital is: 

10! _:10(9)(8)(7)(6) _ 
(lO—5)!5!  5(4)(3)(2)() 

ground stat: Tt T tT TT 
amc aes HS 2S hee 

For this configuration, L = 0 and S = 5/2 

°S L=0 g=2L+1=1 
S = 5/2 gs=2S+1=6 

& = gr (gs ) = 1(6) = 6 
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12.45 

p orbital - The maximum number of electrons in the p orbitals is 6 

The number of configurations for 3 electrons in a p orbital is: 

6! -6(5)(4) _ 
(6-3)!3! 3(2)() _ 

Pi Do Di M, Ms 

al i 2 1/2 
NW v 2 -1/2 
TL ‘ H 1/2 
TY tL 1 ANP 
I ul 1 1/2 
7 ape 1 -1/2 

ane 4 -] 1/2 
TW ub ul e1/2 

. a ail 1/2 
Ab TS el S172 

a“ ape 2 ite. 
1 ape *) -1/2 

1 t t 0 3/2 
tt i v 0 1/2 
We + " 0 1/2 
1 ) iP 0 1/2 
1 1 t 0 -1/2 
1 1 1 0 -1/2 
t 1 1 0 =1/2 

1 L 1 0 -3/2 
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12.47 

d? S=1,L=3 3F 

f=f S=5/2,L=5 °H 

ft =f S=0,L=0 B 

s'id° S=1/2+5/2=3,L=0 ’S 

i S = 3/2, L=6 aT 

g Sa 5K 

12.49 

°H §=5/2,L=5 g = 6(11) = 66 

J=L+S,L+S-1.,...,|L-S|=15/, 13/2, 11/2, 9/2, 7/2, 5/2 

g=L2+1=164+14+12+10+8+6=66 

12.51 

E,=0cm" 
E, = 158.265 cm” 
Eo = 226.997 cm” 

E,-E,,_ 1 1 Ars 
Fe GAUGE +D-LL +) -SG+D)-> A(I-DI-LL +) -S+D) => +I-(?-)]= 

= E, -E,_, 

heJ 
=f iN 
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12.53 

E,=0 cm"! 

E; = 415.932 cm’! 
E, = 704.003 cm” 
E, = 888.132 cm" 
Eo = 978.076 cm” 

E,-E 1 
= “bt = > A(I +1) -L(L +1) -S(S +) -— A(J-DJ-LL+)-SS +0) ->[P +J-(07 -J)| = 

=> A= E,-E,_, 

hcJ 

J=4. A= bys. 103.98 cm! 
4he 

J=3) A= eet og po en 
3hc 

Jeo, A= Eau « Lacpyaraive 
2he 

J=k: A ere Of ert 
hc 
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SECTION 12.8 

i255 

The ground state electronic configuration for K is [Ar]4s'. This gives a term symbol of 4°S. The 

selection rules for allowed transitions are AS = 0 and AL = +1. This implies the excited state is 

4°P, which is separated by spin-orbit coupling into 4’P,,. and Ace 

V3. = 393.366 nm 

Vin = 396.847 nm 

i ee af n ya} oer “ _A ‘ <r renal L(L + 1)-S(S+1)) 5 AG DJ=-L(L +1) S(S+))=>[P +J-0?-)]- As 

iy, ae 

J =3/2: pA rn = 1489 om 

vg “- 

342 



Physical Chemistry, 3e 

Li. 

The ground state has energy levels 3°P}/2 (1) and 3°P3/2 (2) 

The first excited state has energy level 47S, (3) 

The second excited state has energy levels 37D3,. (4) and 37Ds;2 (5) 

line transition 

v1 (1) to (3) 

V2 (2) to (3) 

V3 (1) to (4) 

V4 (2) to (4) 
Vs (2) to (5) 

3 
AE(P) = v, —v, =112.1cm" = (2) Ver ioit 
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SECTION 12.9 

12,39 

J(J+1)+SS+)D-L(L+) 
=1+ 

Bi 23(J +1) 

“Sy, J=3/2,S=372,L=0 
=(S+)+56 +)-004)) 2154) 

gy =14-2-2 22 A 41 =2 
2 

343 5 
2565+) % 

P, J=5,8S=3/2,L=1 g,=1+6/10=1.6 

‘Px. J=3/2,S=3/2,L=1 gp =1+22/30=1.733 

Pip IJ=1/2,8=3/7,L=1 g=1+5/3 =2.667 

12.61 

*P, splits into 5 lines (M; = -2 to 2); *S; splits into 3 lines (M; = -1 to 1) 

Parallel - AM; = +1 6 lines 

Perpendicular - AM; = +1, 0 9 lines 
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12.63 

aig 1, JG+)+8G+)-LL+) 
2I(J +1) 

5H, 1=455= 0 =5 3 he Wes 

4s] =8.VJG +Dps = 358n, 

The lower bound for the magnetic moment would be the spin-only moment 

[us| = 2VS(S + Dp, = 2.83p, 

Therefore, the range of values would be 2.83 1,, to 3.581, 

12.65 

ga 
B, = 1.4 Tesla 

pe eEt oe 309 10) He 
h 

12.67 

In the absence of an electric field, there will be a single line for the transition. 

In the presence of the field, the 'P, line will be split into two levels, one for M; = 0 and one for Mj = +1, 

since (£1)* = 1. This will lead to two lines in the transition 
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12.69 

Bn = 5.585486 
Hy = 5.0508 x 107’ J/ Tesla 
v = 500 x 10° Hz 

EnbnB, = -C S>SXWm = = 11.74 Tesla 
Bnew 

SECTION 12.10 

12.71 

exp] 22 
(Py) _ 8x kT | 84 ‘ Fa 
eee ——_— Xp _—_— 

Ko I(Py.) Bin ex aa - Ein 

kT 

g, =2J+1 

The relative intensity will be less for the 4d anf 4f lines because the energy difference is less, meaning 

the exponential is closer to 1, and the ratio of degeneracies is also closer to 1 for larger J. 

The high energy peak is due to 4d3,. and the low energy peak is due to 4ds,2. 

SECTION 12.11 

12.73 

2Na= [Ne] 3s') L=0, S=1/2 

1=3/2 

T=1+58, ..., ES) =2,1 
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12.75 

Hy = {-g1,B,8, + AhLS, }y =(—g,B,m, + Ahm,m,)y = Ey 
=> E=-—gp,B,m, + Ahm,m, 

There will be two transitions, m, = +1/2 when m, = 1/2 and m, = +1/2 when m,; = -1/2. 
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CHAPTER 13 Diatomic Molecules 

SECTION 13.2 

13.1 

me ae 
m, +m, 

p?>> = 2.903359 x 10% g 
pw??? = 2.983962 x 10” g 
>> = 3.069168 x 10% g 

co = 564.9 cm” 

35-37 __ 35-35 | * -1 
. =O, 337: = 957.2 cm 

335 
Bfos7 2 35-45 7 =I Oo, =O, War = 549.4 cm 

13.3 

__ im, 
m, +m, 

k, = (2nco,)’p =(2ncw,)’ “C2 = 1902.5 kg/s? 
mM. +Mo 

m = 1 Ib = 0.4536 kg 
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135 

A,H, = =D,(Ch) +>D,(H) —D, (HCI) = -0.9599 eV =-92.61 kJ / mol 

13h) 

Note: All unprimed varibles refer to H2; All primed variables refer to D2; All double-primed 
variables refer to HD. 

o, =o, fe = 3109.1 cm 
mM 

o, =o, fe = 38068 cm™ 
pu 

Di=D, +0, = 38309.4 cm’ 

inj, =), -+0, = 36754.9 cm? = 4.5570 eV 

ib), e71By -=0, = 36406.0 cm! = 4.5138 eV 

H, +D, > 2HD 

AH, =D,+D, -2D, =67 x 10? eV=6473/mol 
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13.9 

DD. +0, ~70 6%, = 90674 cm! = 11242 eV 

m,m, 

m, + Mm, 

k=(21cwo,.)p => vk = 2nco 2ncw McMo_ = 137934 /s (2nco,)’ Vi = spneae vg 

B= Pp, = 22.9816 nm! 

h= 

= 01128 nm 

2 

E =D, (1-exp[-B(R-R.)]) 

R (nm) E (eV) 

0.06 62.88 eV 
0.11 0.0497 
0.2 8.42 
0.3 10.94 
5 11.24 

n_., =— 2 = 8161 ~81 
20 .X. 

D, = rn £— = 96288.04 cm’ = 11.94 eV 
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13.13 

me — EB 
Vig 2 =, -20,%, = 3958.38 cm’ (fundamental) 

c 

v,= mt = 20, -60,%, = 7736.63 cm’ (first overtone) 
c 

ve = = =0,—40,%, = 3778.24 cm" (hot band) 

13.15 

Vas Bits =@,—20,%, = 38125 cm" (fundamental) 0 he e eNe 

ae a =o, — 40,7, = 37832 cm (hot band) 

T=300K 

Re lative Intensity = By exp|- a = 0.158 
N, kT 
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Ee 

@, = 159.12 cm’ 
@eXe = 0.725 cm" 
®eYe = 0.0011 cm" 

1 1 2 1 3 
eS +—)- +—)*- n+— n =O,(1+>)—0,%,(1+ 5)" -0,7,(+5) 

1 1 1 1 1 1 
E =E ,>0.(n+—)-0.7.(n+—) -o.7.(n+—)? =0.(n—-—) -0,7.(n-—)? -0,7,.(n-—)? n n-l ef % va 5? ayek =» rn y Vel 3 ave >? 

] 2 = Cor) +20 ,X00 +30 YM =) 

Use the quadratic equation to solve for n. 

n= 90.9 = 90 

= D, = Eso - Eo = 7567.7 cm = .9383 eV 
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SECTION 13.3 

13.19 

AE; = E},,-E; = (J+) +2)B, -(J +1)’ +2)’D, - {ag +1)B,-(J) (J+ 1)’D,} 

AE} = 2( + 1)B, -4(J + 1)°D, 

o, = 1405.65 cm" 

B, =75131cm" 

a, = 0.2132 cm’ 

4B? 
c 2 

@. 

= 8.58545 x 10% cm’ 

~ 

B, =B, ~- 0 = 7.4065 cm' 

AE} = 2(J +1)B, —4(J +1)°D, 

J AE;° (GHz) 

0 443.98 
1 887.33 
2 1329.5 
3 1769.7 
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15.21 

AE? = E},, —E} = (J +1)(J +2)B, —(J +1)’ (J +2)’D, - {aya +1)B, -(J)’ J +1)'D,} 

AE? = 2(J + 1)B, —4(J + 1)°D, 

AE) = 4B, —32D, = 23053797 GHz 

AES = 8B, —256D, = 4610468 GHz 

8AE) — AE$ = 24B, = 1383.2567 GHz => B, =57.6357 GHz 

2 AE) — AE} = 192D, = 0.02914 GHz => D,=151.8 MHz 

13.23 

T=300K 

1 = 1656 x 10% g 

R, =1414x 10% cm 

I= pR? 
’ ] ’ 2 

A =Q)'+hexp _VO'+) s 

N, kT 87°pR, 

J’ N’/No 

0 1 

4 4.0 

10 0.24 

20 1.6 x 10° 
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13.25 

Note: The unprimed variables refer to the 35 isotope of chlorine; the primed variables refer to 
the 37 isotope of chlorine 

B, = 1558369 GHz 

B! = 1518922 GHz 

p= 2.044172 x 10” g 

pt! = 2.083803 x 107 g 

T=pR, 
iA h 1/2 

B. = = eee => Re = ( 2 = 0.1623078 nm 
8r I 8m UR: 8x LB. 

h i h 1/2 

c- n-(—4 | = 0.1628311 nm 
8° 8 p'R! 8n°p'B! 
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13.27 

©, = 384.18 cm” 
OcYe = 1.465 cm" 

B, = 0.1142 cm'! 
o& = 0.00053 cm” 
D,=0cm" 

n= o(n+>) -og.(n+5) +(J)\(J+ (8, = n+ 4..,] —(J)°(J+1)’D, 

RO=E}|-E} =—o eed ¥ +28 =—30,—4D.- Lo ae X. | =@,—20,%, +2B, — 3a, = 38148 cm 0 4 ee e e c 2 e 4 ee 

P1=E!-—E° = na ae ey -(4o, ~ 20% +2B, -0,-4D,} =0,—20,%, —2B, +a, = 38102 cm" 

B, = B, = 1.9227 cm" 

Jmax is found by maximizing the expression for the relative population in the Jth rotational 
energy level, as given by Boltzmann's Law. 
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13233 

@. = 2170.21 cm" 
WeXe = 13.461 cm" 
B, = 1.9314 cm" 
ot. = 0.01748 cm? 

‘= oye 1) “fel Ee ORG Tes © X<(+>) +ao+n(B, n+ ha,} 

E! = E° = 50, == 0.¥, -(40,-40., +J(+)B, -430+.,) => J(J+1) = Seat = 1114.75 
ce e 
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13.35 

. = 498.8 cm" 

I n@ he I no he 
— = (* ae e l pa =| Cc ben e 

I exp] kT = {>| n(C,) kT 
0 

: h 
Plot nes vs. nand do linear regression; slope = — ser 

n I/I, (mm) - from figure In (I/I,) 

0 27.6 3.32 

l 152 ap 
2 9.4 2.24 
3 6.1 1.81 

4 4.9 oo 
5 3.0 1.10 

slope = -0.4263 

T = 1686 K = 1700 + 100 K (within standard error) 

358 



Physical Chemistry, 3¢ 

SECTION 13.4 

13357 

(2so,)'(2s0,,*)' 

(2po,)°(2pm,)” 

(2po,)' (2pm) 

(2po,)' (2pm)! (2pm,*)' 

A=0 S=0Oorl Doaore Lae 

first term gives A = 0 S=0 

second term givesA=0 S=Oorl or 

A=+12 S=0 

Total symbols are pr, (OL gD, oreA, 

A=+2 S=0orl Bil; Ore Ue 

A=2H2 S=0orl or 

A=0 S=0orl 

Total symbols are '5,” or 2D," or 'Ay or 2Ay 
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SECTION 13.5 

13.39 

(1sc,)* > (1so,)'(2pm,)' A=+1 S=0orl 

term symbols are ‘II, or “I, 

13.41 

Sides ay Ie Eg | iS oo lot 
71: 2x2=4 “Ay 2x2 = 4 
yy: 20 3 x1=3 [a ex aes 

13.43 

0," (1so,)°(1s0,.*)(2s0,)°(2so,*)*(2pm,)*(2po,)°(2pm,*)' bond order = 5/2 

O, (1so,)°(1s0,*)°(2s0,)°(2s0,,*)°(2pm,)*(2po,)°(2pm,*)” bond order = 2 

Oo; (1so,)*(1so,*)*(2s0,)°(2s0,,*)°(2pm,)*(2po,)°(2pr,*) bond order = 3/2 

As the bond order decreases, the strength of the bond also decreases. This is consistent with 

the fact that the bond length increases as the bond strength decreases (as shown by the data in 
the problem). 

13.45 

X'E, —(1so,)(1so,*)*(2s0,)°(2s0,*)*(2pm,)* 

Th — (1so,)*(1sou*)"(2s0,)°(2sou*)*(2pm,)*(2po,)' 

ee (1so,)"(1so,*)"(2s0,)°(2s0,,*)°(2pm,)°(2po,)” 
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13.47 

BO is a near-homonuclear molecule with 13 electrons 

(1sc)*(1so*)?(2so)*(2so*)°(2pn)‘(2po)' —7=* Bond order = 5/2 

13.49 

CH "TI 7 electrons (10)? (20)°(30)*(17)! 

NH py 8 electrons (1s)? (26)?(30)?(17)* 

OH "TI 9 electrons (10)? (26)°(30)*(17)° 

HF ay 10 electrons (10)? (20)°(36)°(17)* 

13.51 

O, — (1so,)*(1s0,*)"(2s0,)"(2sou*)'(2pm,) (2po,)"(2pm,*)” aur 

13.53 

The selection rules are: AA = 0, +1 

AS =0 

+ does not go to - 

The allowed transitions are: seb wis TE 
bsseaics: 
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13.55 

The selection rules are: AA = 0, +1 

AS =0 

gou 

State A S 

ave 0 1 
oAS 2 

13.57 

The selection rules are: AA = 0, +1 

AS =0 

gau 

vertical mirror symmetry (+/-) does not change 

N> ground state is'," Allowed transiotions are to ',* and 'TT, 

O, ground state is : x, Allowed transiotions are to "sand Lis 
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15559 

2 

Vy-0 = Voo +V'(@, - @2x2) -(V’) 2x. 

Vv-o0 — Voo a eM Os Deke) WY JO oXe 

Voo = 39,699.1 cm! 

Rey ve, ae. ; 
Plotting ——*_—™ vs. v' and using linear regression gives 

Vv 

(slope) -7.280=-0/y! > oly! =7.3 cm' 

(intercept) 1094.84 =(! —o!y!) > o! =1102.1 cm! 

13.61 

a) Plotting the data and doing linear regression gives an intercept of 57,214 cm”. This 

value is the dissociation energy of O2. 

b) Do equals dissociation energy minus atomic energy 

Do =57,214 cm" - 15,868 cm” = 41,346 cm’ = 5.13 eV 
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13.63 

N,* (1s0,)°(1s0,*)?(2so,)"(2sou*)*(2pm) (2Po,)” 

13.65 

Rb — Rb’ +e AE=I/P=4.176eV 

—> Br AE = -EA = -3.364 eV 

Rb +Br — Rb’ +Br AE=0.812 eV=78.3 kJ/mol 

13.67 

©, = 364.6 cm™ 

R, = 2.3609 x 10% cm 
IP-EA = 1.523 eV 
jt = 2.30328 x 107 g 

For equations, see example 13.12 

= 8.1966 
3 

B=2+ KR. Gre.) 

e 

k, =1(2ncw,)’ = 108636.1 g/s? 
ce 

2 

= © PIB _ 439556 x 10" J = 2700.04 eV 
(4ne,)BR, 

D, =-E,(R,) = 3.83 eV 

364 

21, 



Physical Chemistry, 3e 

13.69 

Hy = 6.32 debye 

R, = 15639 x 10° m 

100p, 
% ionic = = 84.14% 

€ 

13.71 

ce 2 
7S pled ae (equation 13.55) 

£+2 p 3 3kT. 

Plotting P vs. - and using linear regression gives 

4xL Be 
——<+2 = 70606 cm’K >, =108D and 
3 3k 

(slope) 

(y - intercept) eo = 25547 ci oO = 1.013 x10, cm, 
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13:73 

pL = 2.3033 x 10° kg 

R, = 2.3609 x 107° m 

I= pR? = 12838 x 10% kg-m’ 

&= 250,000 
m 

Ly = 9.00 Debye 

2.2 

AE(M = 0 to 1) = aa = 19506 x 10% J 

v “= = 2.94 GHz 

13.75 

a) non-zero b) 0 c) 

b) and d) are odd functions 

non-zero 
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CHAPTER 14 Polyatomic Molecules 

SECTION 14.2 

14.1 

C2H2: Dan CV7HCI* Cx 

HCN Co, CCl mela 

14.3 

The Sg molecule has the following symmetry elements: 

C, principal axis 
4 C2 axes perpendicular to C, 

NO Op 

4 og and Sz (the symmetry element, not the actual molecule) parallel to C, 

Therefore, the point group is Dag. 

367 



Student’s Solutions Manual 

a) Dsn b) Dsa c) C, d) Con 

Hexamethylbenzene (see the first figure in problem 14.11) has the following symmetry 

elements: 

C3 principal axis 
3 C» axes perpendicular to C3 

nO On 

3 og and Sz parallel to C3 

Therefore, the point group is Dg. 
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14.11 

a) 

Figure 1 has the following symmetry elements: 

C3 principal axis 

3 Cz axes perpendicular to C3 

no Op 

3 og and Sg parallel to C3 

Therefore, the point group is Dag. 

Figure 2 has the following symmetry elements: 

C2 principal axis 

2 oy parallel to Cz 

Therefore, the point group is Cy. 

b) 

The cyclohexane “chair” is the same as figure 1 (Da), and the cyclohexane “boat” is the same 
as figure 2 (C2). 
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SECTION 14.3 and 14.4 

14.13 

From the C3, character table, A7 ® E is 

A2 1 1 -1 

E 2 -1 0 

2 -l 0 

This direct product is E. 

From the D3), character table, A,” ® A, is 

Ay l 1 ] af “4 
Aa: l 1 =i 4 | 4) 

1 ] = 1 l 

This direct product is Ay. 

From the T, character table, Az ® T, is 

A> l 1 1 -] -1 

Ty 5 0 -] l -l 

3 0 -1 -] 1 

This direct product is T>. 
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14.15 

For the integrals to be non-zero, the integrand must by symmetric, i.e. 

I, @(x,y,z)@L,. =I, (1, means all 1's in the representation) 

The point groups where x, y, or z fall in T, are C, and Cy,. 

SECTION 14.5 

14.17 

a) C(gr) ae H, + 1/2 O, —> CH30H 

AH = X(bonds broken) - X(bonds made) 

C(gr) > C(g) +717 kJ/mol 
2 H-H + 2 (435 kJ/mol) 

1/2 O=O +.5 (492 kJ/mol) 

3 C-H - 3 (415 kJ/mol) 

1C-O - 350 kJ/mol 

1 O-H - 464 kJ/mol 

AH = 1833 - 2059 = -226 kJ/mol 

b) C(gr) + Cl, + 1/2 O, =e COCI, 

AH = 1202 - 1376 = -174 kJ/mol 

c) 2 C(gr) +2 H. > C2H, 

AH = 2304 - 2275 = 29 kJ/mol 
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SECTION 14.6, 14.7, and 14.8 

14.19 

The point group for this hypothetical molecule is Cop. 

function E 

X, 1 

X> 1 

X3 l 

X4 1 

C, i 

B12 

symmetry 

POL 
lox a 
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14.21 

The point group for butadiene is Cp. 

X, = (Cap-) + (Cap.) + (Ccp.) + (Cop) 
Xz = (Capz) + (Capz) - (Ccpz) - (Copz) 

X3 = (Cap.) - (Cap) - (Ccp.) + (Cpp,) 
X4 = (Cap) - (Capz) + (Cepz) - (Copz) 

function E C, i Sh symmetry nodes 

Xi 1 1 -1 -1 la, 0 
Xy 1 -1 1 -1 1b, 1 

X3 ] 1 -1 -1 2a, 2 

X, 1 -1 ] -1 20; 3 

la, 1b, 2ay 2b, State 

4 “Ml + 1 A, 
3 N ft 7 *Ay 

Et 2 N w 1 oe 
1 TN i > ‘Be 
Pa: N wl lA, 

The total state comes from the direct product of the configuration for each electron. For 

example, the state of the ground level is a,k®a,@b,Bb, = ag. S = 0 implies it is a singlet state. 
Thus, the total state is "Ag. 

The selection rules for electric dipole transitions require AS = 0 and g <-— u, So the only 

allowed transition is ‘A, to ‘By. 
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14.23 

BH; has eight electrons 

BH; = (lay )°(2ay’ )*(le’ )* term symbol ' A,’ 

BH;* = (lay’ )?(2a;' )*(e’ )° term symbol 7E’ 

BH; = (lay’ )°(2a,' )°(le’ )“(1a2” )’ term symbol 7A," 

14.25 

NH," = (1a;)*(2a;)?(1b2)*(3.a;)” term symbol 'A, 

NHy — (1a;)*(2a;)?(1b2)?(3a;)7(1b}) term symbol 'A, 

BH, = (la;)°(2a))?(1b2)*(3a;)” term symbol 'A, 

CH, —_(1a))*(2a;)?(1b2)*(3.a))?(1b})' term symbol 7B, 

14.27 

In the first excited state, 1 electron is promoted from e), to b2, 

Cig 2 I -1 2 0 0 2 l -1 
bog l -] l S| “1 l l -1 l 
Cr, 2 -1 iT 2 0 0 2 5 

The final state is 'E>, or “Ex, 
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SECTION 14.9 and 14.10 

14.29 

linear molecules: 

non-linear molecules 

H,03: 

C,H: 

C)H,: 

C2H3Cl: 

CeHsCl: 

14.31 

@,, = 830 cm" 
@,, = 490 cm" 

,,=1110 cm" 

3N-5 normal modes 

3N-6 normal modes 

3 (4) - 6 = 6 vibrational modes 

3 (4) - 5 =7 vibrational modes 

3 (6) - 6 = 12 vibrational modes 

3 (6) - 6 = 12 vibrational modes 

3 (12) - 6 = 30 vibrational modes 

Ev» © 
v=—"= v, +1/2)o, 

hc 2 

(0, 0, 0) 

(0, 1, 0) 

G12 050) 

(0, 2, 0) 

(0, 0, 1) 

C11; 0) 

(0, 3, 0) 

(O51) 

(2, 0, 0) 

v=1215 cm" 
v=1705 cm" 
v = 2045 cm” 
v=2195 cm" 
v = 2325 cm 

v = 2535 cm 

v = 2685 cm” 

v = 2815 cm 

1 

1 

1 

1 

v = 2875 cm" 
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14.33 

Point group C2, 

ground state is given by representation a; 

(0, 0, 0, 1, 0, 0) is by a; @ b; =b 

(1, 0, 0, 0, 0, 1) is a; ® bp =by a; @ b2 = by 

(0, 0, 0, 0, 1, 1) is b; ®@ } =a a; @ a, = ay 

14.35 

A mode will be IR active if the dipole moment changes. 

show a change in dipole moment, so they are IR active. 

14.37 

Point group D2, 

IR active - byy, 2b2,, and 2b3, 

Raman active - 3a,, 2b;,, and 1b2, 

a, is inactive 

Diy @ biy = ay, So this overtone is not IR active 

ay @ bi, = Buu, so this overtone is IR active 

376 

B, is an allowed transition 

Bz is an allowed transition 

Az is NOT an allowed transition 

From Figure 14.12, modes Q3 and Qs 
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14.39 

Oe 6667 cm! 
X% 600 nm 

Scattered frequency will equal the incident frequency minus the fundamental 

1 1 hy = = 
' ¥i-@, (16667-1151)cm" a 

1 1 
- Se, 020 mm 
V,-@, (16667-524)cm 

A, = 654 nm 

SECTION 14.11 

14.41 

Axis 1 is along the C=C double bond. 

Axis 2 is perpendicular to the plane of the molecule through the center of the C=C bond. 

Axis 3 is perpendicular to the C=C bond in the plane of the molecule and through the center of 

the C=C bond. 

Saul, 
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14.43 

Case 1: Axis through 1 corner and center of mass 

a eel 
I= m(0)? +2nf 2) =— ma’ 

2 Z 

Case 2: Axis through center of mass and parallel to one side 

let x = distance from corner to axis 

let .5x = distance from parallel side to axis 

x) (a 3 
x? = i?) +(2) => — x? =— a? => x? =— 9? 

2 2 4 

tema) = n(n) eo oo 2 R) 12 SaaG 2 

14.45 

Axis a is perpendicular to the plane of the molecule and through the center of the molecule. 

Axes b,c are in the plane of the molecule. These moments are the same - see problem 14.43 

I, = 3 m, (R)* =3m,R* 

I, =I, =2 m, (x)’ = */2 m, R® - To calculate the value of x, consider a right triangle with legs x 
and .5R and hypotenuse R. 

None of these moments can be measured with microwave spectroscopy because the molecule 
lacks a permanent dipole moment. 

378 



Physical Chemistry, 3e 

14.47 

R,, = 162.9x 10” m 

R,, =1163x 10" m 

m, = mass of chlorine atom 

m, = mass of carbon atom 

m, = mass of nitrogen atom 

2 2 I= ( m,m, + m,m,)Ri, +2m,m,R,,R,, +( m,m, +m,m, )Ros 
=1405x 10% kg-m’ 

m, +m, +m, 
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14.49 seh Ji a 8 ee ee eS ee ee 

Rj, = Ruc 

R,, =Ra 

molecule 1: 'H'*C'*N 

B= 44.3160 GHz 

h 
I =—— = 0.11404 amu- nm’ 

8n°B 

m, = mass of hydrogen atom 

m, = mass of carbon -12 atom 

m, = mass of nitrogen atom 

er doted +m,m,)Ry, +2m,m,R,,Ry; +(m,m, +m,m,)Ra, = 0.11404 amu- nm’ 
m, +m, +M, 

molecule 2: 'H'c'4N 

B’ = 43.1698 GHz 

h 
I’ =—— = 011707 amu- nm’ 

8x°B’ 

mj; = mass of hydrogen atom 

m‘, = mass of carbon -13 atom 

m‘, = mass of nitrogen atom 

, 

Foe th a PR mh Os | R707 TN Ul 

(m, +m, + m;) 

Solve the equations | and |’ simultaneously using a computer to get Ry2 and R23 

Rj. = 0.1067 nm Ros = 0.1156 nm 
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14.51 

Ry, = Roc 

R,, = Res 

molecule 1: '*O'?C”S 

B= 6.08149 GHz 

[=—1_ = 083101 amu- nm? 
81° B 

m, = mass of oxygen- 16 atom 

m, = mass of carbon atom 

m, = mass of sulfur atom 

t= (m,m, +m,m,)Ry, +2m,m,R,,R,, +(m,m, +m,m,)R3, = 083101 amu: nm? 
m, +m, +m, 

molecule 2: '°O'?C*??S 

B’ =5.70483 GHz 

I'= : = 0.88588 amu-nm’ 
8n°B' 

mj = mass of oxygen-18 atom 

my, = mass of carbon atom 

m’, = mass of sulfur atom 

! 

yy = (mat + mans) Ry +2mymsRyR,, +(mym, +m) Res _ 9 99698 amu-nm? 
U 

(m, +m, +m) 

Solve the equations | and I’ simultaneously using a computer to get R42 and R23 

Ri2 = 0.1155 nm Ro3 = 0.1566 nm 
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14.53 

CO;; 0=C=0 

Reo = bond length 

m, = mass of oxygen atom 

B = 0.3937 cm' = 1.180 x 10'° Hz 

I=2m,Ri, 

Sue 
~ 8771 
eh 

~ $n?B 

= Reo =( 

= 2m,Rio =e 

h 1/2 

—— =115.7 pm 
16m, B 

14.55 

my = 1.67 x 10°’ kg 

From Figure 14.16, the distance between successive peaks is approximately 2B 

distance between peaks = 4.0 mm 

scale = 42.5 mm/ 100 cm’ 

4.0mm 
BF 8 Sek eeeratereeserrreneeeestt 

425 
7100cm™ 

h 8 
=—m,,R’ (from problem 14.54) = 3 a = a 

81‘Ic 8n°Beo 3 

>B=94cm' 

1/2 

=>R= es = 0.82 angstroms 
64n°m,,Bc 

382 



Physical Chemistry, 3¢ 

14.57 

The A axis is along the C=O bond in formaldehyde 

A = 282.106 x 10° Hz 
my = 1.6735 x 10” kg 
Rey = 0.107 x 10? m 
o = HCH angle 

I “cla eye [R sin) sn =(—* : 
A 897A Teeny) 2 \lém,n’A)/ R 

CH 

1/2 

1 : A 
=> o = 2 arcsi (et| = 2 arcsin(0.8811) = 123.54 

16m,7 A Roy 

SECTION 14.12 

14.59 

—3 

Ica = : Ma Reece {eee (0.178 x 10 m)? = 4.906 x 10 kg-m? 

e302 x 107 ke: mé 

(see problem 14.56) 

La je an, = 5.245 x 10°” kg-m’ 
+I, loys tlcas 
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14.61 

Han = [ vn@[HWa(6)dd 
ce 

Bul Ob? ——+— Vs co) esti «fem iif B 
Lpitn’) ler lea 

oe [ee + 3 x, J exp[i(n— m)d]do — nad J exp[i(n— m)>](exp[3ib] + exp[—3id })dd 

lei, | lV, -2( +1 y, hans : aaa oo ees 2n\8n7I 2 <i 

tm |] 
=> Han =( ete ¥,) and Haas =~ 

: yall #e 4 
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CHAPTER 15 — Statistical Machanics 

SECTION 15.1-15.3 

eye | 

g(e) ce”? (equation 15.26) 

fe exp[—ax|dx = ana !) (use a standard set of tables to evaluate the gamma function) 

fe v2 at is (a) a ae if 

Ve 

& 
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SECTION 15.4-15.6 

i 

Sm = R In (gy) 

2n = 21+ 1 

Ip = 3/2 

Ip = 1/2 

Ss foot 

g(BF3) = oper = 32 

Sm (BF3) = R In (32) = 28.815 J/K 
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| eo 

—J(J +10, = Yas+ye op = ae, 3 (QJ +e 09 Uae a] 
even J odd J 

or 

_ &n : —— (approximate) 
08, 

0, = 85.35 K 

o=2 

n= 4 

T (K) Z (exact) Z (approximate) 

100 2.663 2.343 

500 12.4067 Oba (ss 

15.7 

0, = 85.35 K 

T=200K 

(E,,,) =RT O1nz,, a Rleeezee 

or on OAR 

Oz. = FET exp] PEED. | sons 10K 

Znsr = 1.3881 (from problem 15.6) 

=> (E,) = 1203 J 
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15.9 

J’ = initial state 

J’ = final state 

Stokes (J’ = J” + 2) 

V,(S) = ¥, - BI” + 2)(J" +3) -J"G" +] = V, - BJ" - 2) 

Anti-Stokes (J’ = J” - 2) 

¥,(aS) = V, - BIJ” - 2)” -1)-I"" +] = ¥, + BAI" — 2) 

Len 

I, = 3/2 and I, = 3/2 

Let T; = total molecular spin = I; + lh, I; + I; - 1, ..., |I, - Ib] = 3, 2, 1, 0 

gr=2T, +1 

Boda = LBr (Ty odd) = 3 + 7 = 10 
Beven = LBr (1; even) = 1+ 5=6 

és -J(J+1)0, -J(J +10, 
Zz =6 ms (2J +1) exp] HO + 10> +1) exp] EOF 

even J 

odd _ 10 2 

even 6° 3 
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hos 

$x _(Ne) Line Maths 
Ze N / 2J +1 is 

0, =30K 
T=300K 

N;. . . . 

NN. = relative int ensity 

EN — 1000 for even J" and 2S- = 1.67 for odd J” 
Vb Zoe 

—=->I]= es (as in problem 15.11) 
CvClamr eS 2 

odd 167 5 
=>) = 

SECTION 15.7 

15.15 

T=5K 
Com = 0.0012 J/K 

36n'R)”” w-()" 
15C.. 

OMe 0, 587K 

rearranging the equation above and using T = 10 K gives 

_ 36n‘R 
OE 

T? = 0.0096 J/K 
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ASAT So a 
hv 

6, =—=— 
ee ak 

hv 
6, =— 
oer 

{ vge(v)dv vidv 
3 

= = a8 Fees et = SS =-—v Ve (v,,) Vm ve 4 m 

[ ecav | v'av 

0 0 

=>6,= ~0, 

eee 
4 tong. 

2 
Cm. U &xPIY]_ _ 9667 Ginstein Theory) 
3R_ = (exp[u]—1) 

c 85 : 
an =D CJ =0.67 (Debye Theory and Figure 15.10) 
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SECTION 15.8 

15.19 

hv 
u=— 

kT 

8nk*T*u*du 

PO BO (explul-D 
8nk°T?u° 

ALN) ary pa eran 

= = 0 => u=3(1—exp[-u)) 

Solving this equation numerically gives 

u = 2.8214 

=> Vi = 28214—— 

Anti-Stokes (J? = J” - 2) 

V,(aS) = V; - Bi(I" —2)(" -1I)-I"I" +] = V+ B(4J” -2) 

She! 
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CHAPTER 16 = Structure of Condensed Phases 

SECTION 16.1 

16.1 

a=b#c 

a = B = 90 degrees 

y = 120 degrees 

V=4-bxé= ab¢{| — cos’ (a) — cos’(f) — cos’ (y) +2 cos(«) cos(f) cos(y)]" = abcv0.75 = 0.866a7c 

16.3 

V = abc = 7.079 x 10” cm’ 

m=pV=1.097x 107! g 

M. W.= 314.3 g/mol 

(m)L 
=—_———- = 20 ifx=1 

M. W.+18(x) 

This implies that the salt has one attached water molecule and two molecules per unit cell 

16.5 

Cs, (Schoenflies) = 5m (herman-Mauguin) 

5-fold rotation axis implies 5 

mirror plane implies m 
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SECTION 16.2 

As 6, and thus sin 8, decreases, d increase further. 
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16.11 

For a body-centered cell, h + k + 1 is even: 

110, 200, 211, 220, 301, 222, 321, 400 

For a face-centered cell, h, k, and | are all even or all odd: 

111, 200, 220, 311, 222, 400 

16.13 

a = 3.4 angstroms 

dX. = 1.8 angstroms 

a 

XhkI must be even 

hkl dia (angstroms) 

110 2.40 
200 1.70 

211 ja | 

220 1.20 

301 1.08 

222 0.98 

321 0.91 
400 0.85 
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16.15 

a= 5.64 angstroms 

Na-Cl separation = =a = 2.82 angstroms 

Na-Na separation = we, = 3.99 angstroms 

m,, = 22.9 g/mol 

Mc, = 35.45 g/mol 

+(m,, + 
jy ane = 2.164 g/cm? 

(ta) L 
SECTION 16.3 

16.17 

a= 5.462 angstroms 

M,, = 40.08 g/ mol 

My = 18.99 g/mol 

Pe aitheact Sta) 3.182 g/cm 

(a) L 
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16.19 

A,H = -435.9 kJ / mol 

A, H = 90.0 kJ / mol 

D,(Cl,) = 2388 kJ / mol 

IP(K) = 4188 kJ / mol 

EA(Cl) = 3488 kJ / mol 

AT=-A HPA GH +2) PK) —EA(Cl) = 7153 kJ / mol 

16.21 

2 ) GER) _4_4 ML _A wf Re] 4 = PML | Re 
OR =r, R. Pp p R, p 

2 

AU ERS ee Oo cot Bee xg] Bel ad es 
Ri R, p p R, R, 

16.23 

m = 137,22 g/mol 

2m 
Soh Pe Cacia g/cm 
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16.25 

nh? 
= 8mVv2”? 

let n= n, at E=E, with N electrons ina volume V 

(1/8 for the positive octant, N/2 due to electron + or -) 

3 2 2/3 ety NS. (4 
= see 

8m\ 2 

sodium has one valence electron per atom 

pee eo 54 10? e! /cm? 
L M.W 

ae 15 6 
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SECTION 16.4 

16.29 

a) methyl group on polyethylene 

5 = 8.85 + 2(9.51) + 2(-2.34) + 2(0.28) + 2(0.03) + (-0.96) - 2.35 = 20.5 ppm 

b) ethyl group on polyethylene 

5 = 8.85 + 9.51 + 2(-2.34) + 2(0.28) + 2(0.03) - 2.35 = 11.8 ppm 

c) propyl group on polyethylene 

5 = 8.85 + 9.51 -2.34 + 2(0.28) + 2(0.03) - 2.35 = 14.3 ppm 

d) butyl group on polyethylene 

5 = 8.85 + 9.51 -2.34 + 0.28 + 2(0.03) - 2.35 = 14.0 ppm 

e) For longer groups, the shift will stay near 14.0 ppm 
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16.31 

I3g =15 

Ix = 747 

“branching = 10) = 176% 
30 + 38 

+ 

average run length = beer Olie ie 56 
38 

16.33 

Most bonds are m (meso), except where there is a change in stereochemistry, which are r 

(racemic) 

Here there would be 98 m followed by 2 r (on average). 

Per hundred units this would mean 2 mrr, 2 mmr, and 96 mmm groups 

39) 
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16.35 

a) BBB 

5 = 3(8.85) + 3(9.51) + 4(-2.34) + 4(0.28) + 3(-3.04) - 2.35 = 35.4 ppm 

EBB 

5 = 3(8.85) + 3(9.51) + 3(-2.34) + 3(0.28) + 3(-3.04) - 2.35 = 37.4 ppm 

EBE 

5 = 3(8.85) + 3(9.51) + 2(-2.34) + 2(0.28) + 3(-3.04) - 2.35 = 39.5 ppm 

b) frequency equals ©n;P; , where nj; is the degeneracy of permutations. P = 0.5 in both cases 

f (BBB) = (0.5)° = 0.125 
f (EBB) = 2(0.5)°(0.5) = 0.250 
f (EBE) = (0.5)* = 0.125 

Relative intensities are 1:2:1 

c) f (BBB) =8 

f (EBB) = f (BEE) = 2 

f (EBE) = 0 

Relative intensities are 4:1:0 
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16.37 

: area sm m m-s 
compliance = Ss 

force N_ kg-m-s kg 
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