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To the Student 

The purpose of this solutions manual is to help you 

learn physical chemistry. This purpose will be defeated 

if you use this manual to avold working homework problems. 

You cannot learn how to play the guitar solely by reading 

books titled "How to Play the Guitar" or by watching 

other people play the guitar. Rather, most of your time 

{s best spent actually practicing the guitar. Likewise, 

you won't learn how to solve physical chemistry problems 

solely by eacdine through the solutions in this manual. 

Rather, most of your time is best spent actually working 

problems. 

Do not look up the solution to a problem until you 

have made a substantial effort to work the problem on 

your own. When you work a problem, you learn a lot more 

than when you only read the solution. You can learn a lot 

by working on a problem even if you don't succeed in 

solving it. True learning requires active participation 

On your part. After you have looked up the solution to a 

problem you could not solve, close the solutions manual 

and work through the problem on your own, 

Use the solutions manual as an incentive to work 

problems, not as a way to avoid working problems. 

Ira N, Levine 

Lit 
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Before using this manual, please read the preceding note 

To the Student. 

CHAPTER 1 

1.1 (a) Closed, nonisolated; (b) open, nonisolated; 

(c) open; nonisolated. 

1,2 Three: solid AgBr, solid AgCl, and the solution, 

) 
1,3 (a) 19.3 g 1 kg (100 em) 3 5 = 19300 ke/m 

em 1000 g (1 m) 

troy oz 480 grains 1 pound 453.59 g 

m=pV = (19.3 yen (1004 cm baa le93 x10. e 

Gos 10" 2)CS16.1/4) = $3.10 x 110° 

1.4 So that pressure or composition differences between 

systems A and B won't cause changes in the properties of 

A and B. Such changes can then result only from a tem- 

perature difference between A and B. 

1.5 100 g of solution contains 12.0 g of HCi and 88.0 g 

of water. niu = (12.0 g)(1 mol/36.46 g) = 0.329 mol; 
HC 

"HO = (88.0 g)(1 mol/18.015 g) = 4.88, BAS 

0.329/(0.329 + 4.88) = 0.0631; *H,0 =l- Xu01 = 0.9369. 

1.6 (a) 12.0 g/mol ; 
53 ot ae eatin ee ce 

6,022 x 10 atoms/mol 



6. 0 ol F 
(b) sie Dee os i _8/mo aie tne een mennmnmnens SS 2.99 x 10 23 g/mol- 

6.022 x 1023 molecules/mol ecule 

= h = h e ee nese Pit, oP Ho” S° Peng PH,0 H,0 

(13053 -e/ct COO in.) 
h = —————— = 407 in. = 33.9 ft 
Heo 3 
2 0.997 g/cm 

(b) Use of P = peh and Eq. (2.8) gives P as 

1 atm 

Gis. 08 een )(978 Pe Vets 166,90 & 2, 540cn ae 

1013250 dyn/cm 

= 0,995 atm 

1.8 For m constant, n is constant, so (1.18) becomes 

PV/T = nR = const, which is (1.17). 

1.9 (a) n = (24.0 g)(1 mol/44.0 g) = 0.545 mol. P = net 

(0.545 mol) (82.06 cm>-atm/mol-K) (273.1 K)/(5000 cm?) 

2.44 atm. (b) V = nRT/P = (1 mol)(82.06 cm?-atm/mol-K) x 

(298 K\/(1 atm) = 24500 cm. One ft = (12 ane) 

(U24%225-54 em)° 28300 com>. Percent error = 

[(28300 - 24500)/24500] x 100% = 163% 

1,10 P = nRT/V = mRT/MV, so M = mRT/PV and 

_ (0.0200 2)(82.06 em’ - atm/mol- K) (298.1 K) 
-~-—-- = 30.1 g/mol 

(24, 7/760) atm (500 em 3) 

The only hydrocarbon with molecular weight 30 is CoH, - 



Poll cat thie T and? Ps N, is a gas that behaves nearly 

ideally. From PV = nRT = (m/M)RT, we get m/V = PM/RT, so 

L3PM ((725/760) atm](28.01 g/mol) 
a : = 0,00111 ofan 

RT = (82.06 em>-atm/mol-K)(293 XK) 

since 0.967 bar = 0.967(750 torr) = 725 torr. 

el 2> Use:.of-P 1/7] = P4V/T, gives oa (Vv, IV, \(T, /T, )P, 

= (v,/2v, )(3T,/T,)P, = 1.5P, = 1.5(0.600 bar) = 0.900 bar, 1 

1.13 PV/nT 82.025 81.948 81.880 cm?-atm/mol-K 

P 1.0000 3.0000 5.0000 atm 

Plotting these data and extrapolating to P = 0, we find 

3 Lim, 6 (PV/nT) = 82.06. em -atm/mol-K. 

1.14 The P/ Pp walues are /15.3, 706.2, and 697.1 one atm/g. 

A plot of P/P vs. P is a straight line with intercept 

721. a atm/g. We have PV = mRT/M, so M = RT/(P/p), and 

(82.06 em” -atm/mol- K)(273.15 XK) 
M = *- wen RS, = 31.05 g/mol 

The only amine with molecular weight 31 is CH, NH, « 

= Pp ive 115 Use of oe V/RT gives 

3 (4.85 x 10° Pa)[1600 (1077 m)°] 
n= eee ee = 1 86 7 mol 
Boe (8.314 m?-Pa/mol-K)(500 K) 

The reaction is 2NH, 2 Ny + 3H, « Let x moles of Ny be 

formed. The numbers of moles of NH. » No» and Ho present at 

equilibrium are 1.60 - 2x, x, and 3x, respectively. Thus 

) 



Nop /mot = 1.60 - 2x + x + 3x = 1.867, and x = 0.133. Then 

n(N,) = 0.13, mol, n(H, ) = 0.40, mol, n(NH, ) = 1.33 mol 

1.16 Boyle's law and Charles' law apply under different co 

nditions (constant T,m vs. constant P, m); such equations 

cannot be combined, 

1,17 Consider the processes 

a b 
(P ve Ty m,) - (Pi> Ving T)> m, ) - (Po» Vo» Tos m, ) 

Le a 

For step (a), P and T are constant, so V,/m, = V/m,- For 

step (b), m is constant, so P,V_/T, = P,V,/T,- Substitu- 

tion for V_ in this last equation gives P,V,/T, = 

P,V,m,/T m, or P,V,/m5T, = P,V,/m,T,- 

1.18 rs xP. ECGs = (30.0 g)(1 mol/44.0 g) = 0.682 

mol. n = 0.625 mol. Xa9_ = 0.682/(0.682 + 0.625) = 
2 2 

OeIees Pao = 0.522(3450 kPa) = 1800 kPa. 
2 

1.19 (a) At constant temperature, P, = PLV/Y, for each 

gas. Therefore 

(20.0 kPa)(3.00 L) (10.0 kPa)(1.00 L) 
Pay Ss OO Pp SE 

2 4.00 L CH,, 4.00 L 

P, = 15.0 kPa PCH, = 2,5 kPa 
2 

Peo. = 15,0 kPavt-2.5 kPape ly oekea 

(b) ee n, RT/V and: Bea not RT/V- Hence Bibs = 

n/n oe = x,. We get *H, = 15.0 kPa/17.5 kPa = 0,857 and 

x = 2,5~kPa/17,5 kPa-= 0.143, CH, 



1,20 PCO, ) = 751 torr - 21 torr = 730 torr. The equation 

P V b = = 1 /7, P,V,/T, gives V, VP, T/P,T, and 

(36.5 em?)(730 torr)(273 xk) 
wy faa SOR OG 

2 (760 torr)(296 XK) " 
3 

1,2] When a steady state is reached, the pressures in 

the two bulbs are equal. From Py = Pos we get n, 

1 9? we have nt, = noT,. Thus 

n, (200 K) = (1.00 mol - n, (300 K); solving, we get 

RT, /V, = 

n5RT,/V,- Since V, = V 

ny = 0.60 mole in the 200-K bulb and no = 0.40 mole in 

r 

1,22 We have PV = nRT = NRT/N,; so N/V = PN,/RT and 

N (6.02 x 107° mot!) P : alter 
SS —_——_ = 2,46 x 10 cm —— 

Waa (C82. 06 em>-atm/mol-K)(298 K) atm 

9 -3 
(a) For P = 1 atm, we get N/V = 2.5 x 10! em 

= (1/760)107° atm, we get N/V = 3.2 x 101° em 3 (ec) for 

3 P = (1/760)107!! atm, N/v = 3.2 x 10° cm. 

= =90:50 gE P22, mubstitution in PV Dy ot RT gives fone 1456 mo 

Also 

m =m, +m, = n,M, + n,M, = 0.1480 g = 

n. (4.003 g/mol) + (0.01456 mol - n, )(20.18 g/mol) 
He He 

n_ = 0.00902 mol, n_ = 0.00554 mol 
e Ne 

x = 0,00902/0.01456 = 0.619, m = 0.0361 g 
He He 



1.24 The system pressure is less than the barometric pres- 

sure by 304.3, torr =) 202.1, tort, = 102.2 torr .sHence 

ee veren = 75476 -torr! = 10202 torr = 652.4) COLL. 

1,25 The downward force of the atmosphere on the earth's 

surface equals the weight W of the atmosphere, so P = W/A 

= mg/A and m = AP/g = lene P/ s, where r is the earth's ra- 

dius and P = 1 atm = 1.01325 x 10° pay pees Thus 

6 dyni/fent) 2] Let ly) SR AGE Oe he) at 
= 5°3 xs Yo 2g 

980.7 em/s2 

1,26 (a) Multiplication of both sides of the equation by 

107° bar gives P = 6.4 x 107° bar. (b) 460 K. 

ie27, Let 0, be gas 1. We have p = (m, > m,)/V. The ideal- 

gas law gives PV = (n, + n,)RT = (m,/M, + m,/M,)RT, sO 

» m/V mo/V m,/V p - m,/V 
oS + SS “P AS ES 

RT My M, vs M, 

ee = aan p M 1 Pee eR eRe ee nee 

V RT M, - se 

Converting p to i185. 1Or> oe and P to 1.000 

atm, and substituting numerical values, one finds 

SEAVAD 5 hae Sfae 3 ~ < i) 

m./V-= p - m/V = .65 ox 1074 Pere 

= = 1,00 x 107? mol/em™ 
ny sede. 10s eeveme 

V 32.00 g/mol 



By esas x 10; pfenc 
—- = ——_____________ = 3, 09 x 107> ot ane 
V 28.01 g/mol 

x, = nj/(n, 2205 7>= (n,/V)/(n,/V * n,/V) = 0,244 

1.28 (a) Use of P, = x,P gives P = 0.78(1.00 atm) = 
eae i i Ny 

0.78 atm, P, = 0.21 atm, P, = 0.0093 atm, Poo, * 0.0003 

Peay ya s000 fe 1 ft = 12 in. = 12% 2054 em = 

(3000 £t>)(30.48 Berek = §.5 x 107 Cate 30.48 em. V 

eis PV/RT = [ (740/760) atm]|(8.5 x 10/ ae yi 

[ (82.06 cm = atm/mol-K) (293 K) ] 3.4, x 10° mol. a 

x = 0.78(3.4, x 10° noLja= 2.6% x 10° mol. m 
Ny “tot No 

(2680 mol)(28.0 g/mol) = 75 kg. Similarly, To, = 25 ake, 

1 = = a 3 Ke, CO, = 4,.x 10 g. We have Pp = Fae 

3 (99.4 ke)/(8.5 x 10) been) = 20, 00117. s/c . 

1.29 dy/dx = 2x + 1. At x = 1, the slope is 2(1D. 48a 

2 ape: 
3. C) Ji sea(noe 

Dy ocean hr eke 1) oe ex ix he 11) FH bedine ds / (4 oeee ye 

3x i piezo pd a0 (a)) 69C0e' ©. - 6x e > * 7 (b)) -30xe, 

(£) Solving for y, we get y 

2.3% 
& 

2/(1 - x), so dy/dx = 

y/ax = 2xe2* + 3x%e2*, g2(x72e3%) / 

= gee + 2xe>* + 

271 =-x¥-.. tay atx 

ete bye 1 bxeo* + 9 

PeeCowruli) Gy -= 2ax adx.+ b dx. 

iyo pota) x 0.1 0.01 0.001 0.0001 0.00001 

x* 0.794 0.955 0.9931 0.9991 0.99988 

This indicates (but does not prove) that the limit is l. 



(cae 10% bee 1GheatO ~10 10 -10 

(1 + x)!/*® 9.717 2.720 2.7181 2.7184 2.71827 2.71828 

This suggests that the limit is e = 2.7182818... . 

1.32 (a) Results on a calculator with 8-digit display and 

11 internal digits are: Ay/ax = 277, 223.4, 218.88, 

218.44, 218.398, 218.393, 218.4 for ux = 107), 10°-, 107 

lon 107>, 1050: 1077, respectively. The best estimate 

is 218.393. (b) dy/dx = 2xe* , and at x = 2, dy/dx = 

218.3926. A BASIC program for part (a) is 

5 CX = @.1 5@ PRINT "DELTAX=";CX; 
1$ FOR N = 1 T0 7 " RATIO=";R 
29 X = 2 69 CX = CxX/19 
36 CY = EXP((X + CX)%2) - 79 NEXT N 

EXP(X°2) 8% END 
49 R = cCY/Cx 

1,33 (a) ax cos (axy); (b) -2byz sin (by“z); (ec) 
Del Ye , -a/y,_2,_-aly 2 

-(x“/y*)e"'”3 (d) 0; (e) -ae /y (e 4+: 13s. 

1,34 Equation (1.30) gives dz = Dees dx + Pee dy. 

3 
1,35 Partial differentiation of z = x°/y gives 

ae SRS igre 20x ee Boe 
Sa ta ee eS ee wm Emr 5 ae 

axe ye) et wy oy yo hayes aye 

372 3 3x7 15x" 372 3 5x4 15x 372 

ax ay  ax\ yt yi > aysex oy yo yi axmoy 

1,36 (a) P is a function of n, T, and V, so dP = 

P d (a fanny n + (aP/aT),, dT + (aP/aV)an dV. Partial 

differentiation of P = nRT/V gives (aP/an),. safe RT/V = 
9 

8 



P/n (where PV = nRT was used), (aP/aT),, = nR/V = P/T, 

and (aP/aV)o = =nRT/V" = -P/V. Substitution into the 

above equation for dP gives the desired result. (Note that 

from P = nRT/V, we have In P = lnn+i1nR+i1nT- Inv, 

from which d In P= d Inn +d 1nT- 4 ln V follows at 

once.) (b) Approximating small changes by infinitesimal 

changes, we have dn # An = 0, dT & AT = 1.00 K, dV 8 AV = 

50 ae The original pressure is P = nRT/V = 0.8206 atm. 

Then AP # dP x (0.8206 atm)[0 + (1.00 K)/(300 kK) - 

(50 em?)/(30000 cm?)] = 0.00137 atm. (¢) The accurate 
final pressure is (1.0000 mol)(82.06 ee INS x 

(301.00 K)/(30050 om) = 0.8219, atm. The accurate AP is 

0.82197 atm - 0.8206 atm = 0.00137 atm. 

Pease Vavoo Dar = 750 -torr = (750 torr) (1 -atm/760"torr) 

= 0.987 atm. V = V/n = (nRT/P)/n = RT/P = 

(82.06 cm?-atm/mol-K) (293.1 K)/(0.987 atm) = 2.44 x 10° 
; cm?/mol. 

1.38 (a) Division by n gives (P + a/VN(¥ =sblisaRhe (b) 

The units of b are the same as those of Ty, namely, cm? / 

mol. P and a/V* have the same units, so the units of a 

are bar ° pea Pen ee 

1.39 a = (1/V) (8V/aT), (1/V)(c. + 2c.T - c.P), where 3 5 

V is given by (1.40). Kk = -(1/V) (8V/aP),, = -(1/V) x 

2 
(-c, - c,T) = (cy + c.T)/(c, + coT + C4T - c4P - c,PT). 

1.40 (a) p = m/V = (m/n)/(V/n) = M/V, so V = M/op = 

3 
(18.0153 g/mol)/(0.98804 g/cm?) = 18.233 cm”/mol. (b) k 

2 -(1/V)(aV/aP), and av/V = -« dP at constant T. Integra- 

9 



tion gives 1n(V,/V,) = -K(P, - P,) at constant T. We have 

K = (4.4 x 107'? paw')(101325 Pa/1 atm) = 4.4, x 107° 

atmo eand In{V,/ (18.233 ontmoiie= ~ (4.46 x 10 ate & 

(100 atm - 1 atm) = -0.0044, so V,/(18.233 cn /mo ine 
9-0-0044 = 0.9956 and V, = 18.15 cme fnieh. 

1,41 We have In P = In (m/V) = In m - ln V. Partial diff- 

erentiation of this equation gives 

ie ati cord Wai 
ie In p ; i teaV, a ea 

oT P Vi go p 

1.42 (a) At constant P, the equation PV = RT gives 

V = aT, where a = R/P is a positive constant. The isobars 

on a V-T diagram are straight lines that start at the or- 

igin and have positive slopes. (As P increases, the slope 

decreases.) (b) For V constant, PV = RT gives P = bT, 

where b = 8/V is constant. The isochores on a P-T diagram 

are straight lines that start at the origin and have pos- 

itive slopes. 

1.43 (a) PartLal differentiation of V = nRT(1 + aP)/P 

gives (av/aT), ae nR(1 + aP)/P. The equation of state 
9 

gives nR(1 + aP) PV/T, so COCs = V/T. Then a = 

C/V) (av/aT)p = 1/T,. Partial differentiation of V = 

nRT(1/P + a) gives (av/aP)y = =nRT/P* = -[Pv/(1 +aP)]/P- 

= -V/P(1+aP), where the equation of state was used. Then 

Ke -C/V)(av/aP),, = 1/P(1+aP). (b) Solving the equa- 

tion of state for P, we get P = nRT/(V - anRT); partial 

10 



differentiation gives (aP/aT),, = nR/(V - anRT) + an Reis 

(V - anRT)° = P/T + ap’/T, where P = nRT/(V - anRT) was 

used, From (a), we have a/K = P(1 + aP)/T = P/T + ap’/T, 

which agrees with Eq. (1.45). 

1.44 For small AT, we have 

Since a is an intensive property, we can take any quantity 

of water. For 1 g, the equation V = m/P gives 

Vv = 1.002965 ay ate 25°C. aecatm)) and’ Vas 15°003227 cm? 

at 26°C, 1 atm 

Hence 3 3 

1 1.003227 cm - 1.002965 cm 
NM —_- 
~ 

1.003 em? 26°C - 25°C 
= 0,00026 x7! 

Similarly, K= -(1/V) (aVv/aP),, x -(1/V) (4V/aP),,. At 25°C 

and 2 atm, we calculate V = 1,.002916 cm? for 1 g of water. 

Thus 3 3 

l 1.002916 em - 1.002965 om ee 
Kx = —- ——-—- = GYD x 10 

L003 cn 2 cathe 1 atm atm 

aP a 96 100 
Eq. (1.45) gives =) =—y a ————— = 5,3 atm/K 

oT v K 4,9 x 107 atm! 

1,45 Equation (1.45) gives a/K = (aP/aT), se (aP/AT),,» sO 

-4 -1 

AP SouAT = I hi ae en 6 K = 22 atm; Ps 25 atm 

as pol 107° atm™ | 

ii 



1.46 (a) As P increases, the molecules are forced closer 

together; the decrease in empty space between the mole- 

cules makes it harder to compress the substance, and K 

fs smaller. (b) Most mibetences expand as T increases. 

The increased space between molecules makes it easier to 

compress the substance, and K increases. 

1,47 (a) K = -(1/v)(av/aP),, * -C/V)(aV/aP),, and aP * 

-AV/VK at constant T. For a 1% volume decrease, AV = 

-0.01V and we have aP ~ 0.01V/VK= 0.01/K = 0.01/ 

(5 x 107° atime) = 2000 atm. (b) AP 0.01/K = 

0.01/(1 x 1074 atm7!) = 100 atm. 

Medeor yo (20 et a (0 Pe of Weta cel ye a een 

CO)" +! (8 4. 1) 2 eas eam ce CG) 
2 

bint (Big + Pig + Bag) = Pyg + Big + Big + Boy + bog + bog. 

1.49 ee Cait Caqy +) Cat tyne Wi can sacle + tay on ee 

x n n Peas) esc Mig a,- Q.E.D. jig ee (a, +b) = (a, + boys 

(a, + bo) + cee 4 (a, + b,) = a, + CE a ila 9 oe b 

De a tt Dees hee aout ey b,. Q.E.D. The left side 

of (1.51) is Ti, T9_, ayb, = Lp, (ayb, + ayby + e+ + 

aib,) = Vil, ay(by + by + +++ + A) = 

(Bint ag} (by + by + ++ + BL) = TPL, ay Mer 5 
is the? right ‘side of (1.51). 

1,50 (a) fhe (2V + 5v") dv = (v* + 5v7/3)1 3. = 

(4 = 40/3) - (9 + 45) = -190/3. (b) ie vl av = in vi 

12 



= In 4- In2=1n2= 0,693. (¢) J” Vial os “ay? |? = 
05=1(-%) i=", (d) Let z= x“ Then dz = 3x2 dx and 

Danie: 
pu x cos ©, dx = (1/3) iss *7/8 cos z dz = 
0 

(1/3) sin z be “/8 Roreiaee /8) - O] = -0.2233,. 

Polya) =A) cos tax t+ C3; (b) sauicos (ex Vo = 

(1 - cos an)/a; (ec) differentiation of the answer to (b) 

= =? = 

gives <a 2 +a cos ar +a l,, sin ar. 

1.52) In -(b) <and -Cc). 

1,2) (a) e x? dx # ae ap Sy Ax. For ax = 0.1 and x, at 

the left ont each Be ea oa x 2 ax = 

tgine $M ESsm mar CR) ea aon Peas 6.085. For 

= 0.01, we get 6.30835. For ax = ie 001, we get 

6.33083. The exact as is Pe /3) 15 = 27/3 - 8/3 = 

Eegasaeer, o'(B) i e* dx x 

SE ABE Bye 02 )e 2 
prices: 4 e7 (0-99) i] a -02 

0.0l[e +e 

0.74998. A BASIC program for part (a) is 

19 N= 19 45. Xai hut DX 
5 /FOR 3 = 1 70:3 50 NEXT I 
26 X = 2 55 PRINT "DELTAX="3 DX3" SUM="3S 
25 DX = 1/N 69 N = 19*N 
39 S= 9 65 NEXT J 
S5PEOR da] lL TON 7P END 
46 S = S + X*X*DX 

1,54 (a) log (4.2 x 10!75) = log 4,2 + log 10179 = 0,62 + 

Wy seeis iG 2- Gb) ine(6,0 x 107--°). =. 2.3026 x 
~200 

log (6.0 x 1072) = 2.3026 log 6.0 + 2.3026 log 10 = 

1.79 = 460.52 = -458.73. (ce) log y = -138.265; y = 

13 



=138,265. «420. 265en148 10 1071 a0 543 x TOs (d) In z= 10 
05105, bi3 

260.433 = 2.3026 log z3 log z = 113.10; z = 10 10 = 

113 
1.2, x 10 3 

1.55 (a) intensive; (b) extensive; (¢c) intensive; 

(d) intensive; (e) intensive; (f) intensive. 

1.56 One finds that a plot of PV vs. P is approximately 

linear with an intercept of PV = 58.90 L atm/mol at P = 0. 

The ideal-gas law PV = RT applies to O, in the limit of 
2 

zero pressure, so 

PV 58900 ere atonal 
Tex (iq See ee, eT TPES KX 

p»Q R 82.06 ane sen) moter 

1257, (ae “(b)eFiv(c)" FS (dy or. (ey F. (£) 1. tae 
(hh) oD, Wa) Fe Yat 

14 



CHAPTER 2 

Zo Cayel aT tS- PON a Sb kp Mats me S71 ke nese 

_(b) 1 Pa=1 N/m = 1 kg me"? m7? = ] kg m7! 372 

cope IL jo” Clo™ ak) S 107 ae 10> em 

Gwin Vike m s17)\ (8) WS 1 O/s elt Reine ene 

2,2 1N l1 kg ms = (10 )(107 em) s on 10° dyn 

j A 5 
1 Nm = (10 dyn) (102 em) = 10’ dyn cm = Wouters 

2.3 (a) w= fe F dx f° mg dx = mg Ax = (0.155 kg) * 

(9.81 m/s*)(10.0 m) 1580-7. XD) w = BK SOR. = Kee eee 

Remo ge ey Say eek andiy < (2K/m)’/* « 

F2115.2°0)/(0.155 Raye = 14-0 m/s, Since’ 1%J.=1 kg m“/s*. 

pad) P =°F/A = ma/A = (0-102 kg)(9.81 m/s*)/(1.00 m2) = 

1.00 N/m* = 1.00 Pa. 

2.5 (a) area = length x height = (V., - V,)P, = 

3 
atm. w = -area = (2000 - 500)cm2(3.00 atm) = 4500 cm 

rev 

- (4500 cm? atm) (8.314 J/82.06 cm>-atm) = -456 J. (b) wee 

a 2 ws Z = -f,° P, dv = -P,(V, - V,) = etc. 

2 ns e ae 220g Wee a -f, BAY 7 52P (Var Vie (275/760) atm x 

(875 - 385) cm? = -177 cm? atm (8.314 J/82.06 cm>-atm) = 

-18.0 Wie 

2.7 (a) The area under the curve is the sum of the areas 

of a rectangle and a right triangle. The rectangle's area 

3 
is (V, - V,)P2 = (2000 - 500)cm2(1.00 atm) = 1500 cm> atm. 
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The triangle's area is 34(base)(alt.) = V5 VN, J1P ES? 

= $(2000 - 500)cm?(3.00 - 1.00)atm = 1500 cm? atm. Thus 

Wo ae -3000 cm? atm (8.314 J/82.06 cm?-atm) = -304 J. 

(b) Replacement of y and x with P and V in the straight- 

line equation re (P - P,)/(V = iN = (P,-P,)/(V,-V,)- 

etste ee ger - a : e w= S P av = iy CR, [(P, P,)/(V, V1 V,)} dav = 

here 2 2 

= SOV 5 Na Jetta = Ba ltV a Va = as in (a). 

V v 

2.9 Neglecting the temperature dependence of specific 

heat, we equate the heat gained by the water to that lost 

by the metal. The heat gained by the H,0 is (24.0 g) x 

(1.00 cal/g—°C)(10..0'°C) = 240-cal. Thus’240 cal= 

(45.0 g)c 0 - 20.0)°C and“¢ = 0.107 cal/g-°C. 
metal! /?* metal 

2.10 He cooled the water to some temperature below 25°C 

and then did sufficient stirring work to raise its tem- 

perature to 40°C. 

2a Only Ce). 

day 1 cal 24 hr 3600 s 

2.13 Since the process is cyclic, AU = 0. Hence q = -w = 

-145 J. 16 



2.14 The bulk kinetic energy acquired by the 190-ft fall 

is converted into internal energy, thereby warming the 

water by aT. The bulk kinetic energy equals the potential- 

energy decrease mgAh. The AU for a temperature increase 

of AT can be set equal to the heat q = me, AT that would 

be needed to increase the temperature by AT, since the 

expansion work is negligible. Therefore mg Ah = me, AT and 

g Oh (9.80 m/s~)(190 x 12 x 2.54 x 1072 m) 1 cal 
a AT = 

“p (1.00 cal/g-°C)(1022/kg) 4.184 J 

8 Bad 

2.15 We have 0 = AU) + AU, = qy ~ Wy) + q5 + Wo = q, + qo 

(since the wall is rigid); therefore dy = 74> 

2,16 This notation might seem to imply that q and w are 

state functions, which is not so. There is no such thing 

as the change in heat for a system. There is only an 

amount of heat transfer for a process. 

2.17 V = bkx2 = 4(125 N/m)(0.100 m)* = 0.625 J 

= 0.149 cal. AU = (m)cy + M,C, )AT and 

0.149 cal 

(1.00 cal/g-°C)(112 g) + (20 g)(0.30 cal/g-°c) 

AT = 0.00126 °C and the final temperature is 18.001°C 

AT = 

2.18 (a) 0 = dE yst + dE ire = GE yst + One + Wee + 

GU ure x dE syst + dK jist + mg dh + 0, so dE eyst = -mg dh 

aK ist’ (b) GE syst “gcd.s dws rreyv aac dW rev! ee 



OW ev = GE syst = -mg dh - aK nist’ But mg dh = 

(mg/A)A dh, where A is the piston's area. Since mg/A = 

P and A dh = aV, we Dane mg dh = Pont dav and Se aa = 
ext 

-paaerava-2aKx (c) w sult? pe Rm aveeexK : 
ext Pist; “> ~ i2rev Ve exe pist 

2 3 
Eee f, dV = O12 =P (V5. = V,) = =(0.500 bar)(4.00 dm~) 

= -2.00 dm> bar. 1 dm? = 1000 cm? and 1 bar = 750 torr = 

(750/760) atm = 0,967 atm, so w. = -1974 cm” atm * 
1rrev 

(86314007 82-06 creatm} = 220005" 

2.19 All except force, mass, and pressure. 

2.20 (a) From the equation AH = q (b) It can mislead P° 

one into thinking that heat is a state function. 

2.21 No. For example, in a cyclic process, AH is zero 

but q need not be Zero, since q is not a state function. 

2:22 _ AH, = qp = 0 for the entire system. Since H is ext- 

tensive, H = H, + Ho and AH = AH, + AH, = 4, + Q>- Since 

SH = 0, q, + q, = 0. 

2423) 1C as C,/n and C, = nC,. n = (586 g)(1 mol/16.0 g) = 
ES Pp P p° 

36.6 mol; Ch = (36.6 mol)(94.4 J/mol-K) = 3.46 kJ/K. 

22a ee (3T/ Ar) AT = pr u__ dP and AT x AP fo JT H? 1 "IT Na: . 
H constant. Thus AT 8 (0.2 °C/bar)(-49 bar) = -10 °C. The 

final temperature is approximately 15°C. 

2,25 Equation (1.35) gives (aU/av),, = (aU/aP),(aP/av),. 

Partial differentiation of P = RT/V gives (aP/av),, = 

18 



=o959 25 rae = -RT/V- = -P°/RT. Hence (aU/av),, = ~(30/aP)_P*/RT. For (a): 

[at i (6.08 J/mol-atm) (1 atm)* 
o et x 1074 

@) eis Pmultiplies (aU/av),, by 4 to give 9,84 x 

10 fens ; 

sone 

es (82.06 em? -atm/mol-K)(301 K) 

2.26 (a) Use off(4.34), (1.32), (2.64), and (2.53) gives 

aT\ /aP\ /aH LU ypCp 
-l1 = ae a a eer anda? 65) £01 Lowse 

y riers (dH/aP),, 

(b) Partial differentiation of H = U + PV and use of 

(2.62), (1.35), (1.44), and. (2.65). give 

aH _ [av me av . fau\ fav 

Pip — \9P/q ee) ee 

-C Co VK - PVK + V and the desired result follows. 
plop ~ 

2.27 (a) Since T is constant, AU = 0 and AH = 0. (U and H 

of a perfect gas depend on T only.) w = -{? P dv = 

-nRT {7 dv/v = -nRT 1n (V,/V,) = -(5-00 mol) x 

(8.314 J/mol-K)(300 K) 1n (1500/500) = -13.7 kJ. AU = q + 

w = 0, so q = -w = 13.7 kJ. (b) Since U and H are state 

functions, AU and AH are still zero. The work w is zero. 

2.28 (a) T, = T, = 300 K. P, = nRT, /V, 

(1.00 mol)(82.06 em?=atm/mol-K) (300 K)/ (49200 em?) = 

0.500 atm. (An alternative solution uses PAV, = P,V,-) 

(b) y = 6,/G, = (C, + R)/E, = 2.5R/1.5R = = 1.667. Pi = 

19 



nRT,/V, = 1.00 atm. For a reversible adiabatic process 

with Cy constant, Eq. (2.77) gives E War = Pave and 

Py = (V,/V_)*P, = (24.6 1/49.2 L)*°°7(1,00 atm) = 0.315 

atm. Ty = P,Vo/nR = 189 K. 

(c) 
1 

P/ atm 

0.5 {isotherm 

adiabat 

0 
0 24.6 49.2 v/L 

2.29 q=0 since the process is adiabatic. C 

SE he 25 5R: = = P,V,/nR = 160 K. 

R/C 
T, = 7,(¥,/v,) Y= (160 k) (4,00)9°* = 279 K 

it \o tee) e Xe) =e Db x NW S) Db I WW i) 1e) QO ne Cy OU=q+twew 

woos (b) From PV, = P. 

Meaty nec lean at ‘aes 
which becomes P, T, = P, TT. . Hence (T,/T>) = 

Y A Jee 7; Vo we get P,(nRT,/P,) = P,(nRT,/P,) 

Soyo alee! and P,/P, = (Det) eee yoseGn/C = 

3.5R/2.5R = 1.40. P,/(1 atm) = (298 K/100 K)1+40/(-0.40) 

= (2.98). z 01,0219. SO P, = 0.0219 atm = 2.22 kPa. 

2.30 (a) n = 0.500 mol. 0.800 bar = 0.789 atm. T, = P,V,/ 

K ales PV,/nR = 7692 Ko wdoes Cy aT and 
2 2 

nc., AT = (0.500 mol)(1.5R) (384. y Vv 6 K) = 2.40 ce S " Q > a | i) 

20 



P 
2 w = -[* P av = -P(V, - V,) = -(0.789 atm)(20000 cm?) x 

Ke) (OH eas COAT. =) (0.500 mol) (2.5R) (384. ¢ K) = 4.00 kJ. 

(6.314) 3/82/06 cm°=atm) = -1/60 koe! q = Gp = OH = 4.00 kJ. 

(b) w = 0 at constant V. T, = P,V,/nR =2'21:6 2 Kyo 5 y aye 

8 K. AU = Cy AT = 0.675 kJ. AH = Cp ATs tl atSakd < 

RUS eet ew =. ye so oC = 0.675 kd. 

; 

2.31 (a) Process; (b) system property; (c) process; (d) 

process; (e) system property; (f) system property; (g) 

system property. 

2.32 ee dqp/aT, (a) Lei 0 and qT. = 0, so 

fae =o, (b) -~, since dq. <0. (c¢) dU=O0= ddr * 

oo ue = lalate ee < 0 and oars > 0, oe = 0. Hence 

ae =o, (d) 0, since dq. = 0, 

2,33 (a) Heat is required to melt the benzene, so q > 0, 

OH = dp > 0, The constant-P work is w = -PAV; since the 

benzene expands On melting, w < 0. The volume change is 

slight, so |w| << |q| and aU = q + ws q3 hence AU > 0. 

(b) The same as (a) except that w > 0 since the system 

contracts on melting. (c) q = 0 for this adiabatic proc- 
f 

ess. wW is negative for an expansion. We have AU = q +w 

w, so AU < 0. AH = AU + A(PV) = AU + nR AT. We have dU 

C. dT, where dU < O and C, > 0; hence dT < O and aT < 0. 

Therefore AH < 0. (d) With T constant, we have AH=0=AU 

for the perfect gas. w is negative for the expansion. 

AU = 0 = q + w, so q = -w and q is positive. (e) q=0, 
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w= 0, AU = q +w = 0, AH = AU + A(PV) = AU + nRAT = O.- 

AT is zero because by = O: for the perfect gas. (f) For 

Joule-Thomson throttling, AH = 0. Since oa = (aT/aP),, = © 

for a perfect gas, T is constant. Hence AU = 0, since 

dU = Cy dT = 0. The process is adiabatic, so q = 0. Hence 

w = AU - q = 03 this also follows from the equation 

= P - P = e W 1) 9V5 in the text, since T= 1, (zg) q > O for 

heating. From dq, = C, dT, it follows that AT > 0, since 
is 

C. > 0. From dU = oe dT, it follows that AU > 0, since C 

> 0. From PV = nRT, it follows that AV > 0. Hence w = 

-PAV < 0. AH = AU + ACPV) = AU + nR4T > 0. (h) q < 0 

and AT < 0. Hence AU < 0. w= 0 since dw = -P dvV=0, 

AH = AU + nRAT < O. 

2.34 (a) q = O (since adiabatic), w = 0 (since constant 

V), AU=qtw=O0. (b) w= 0 (const. V). The combustion 

is an exothermic process that releases heat to the surr- 

ounding bath; hence q <0. AU=q+w< 0. 

2.35 The process is adiabatic, so q = 0. The volume 

change is being neglected, so w ~ 0. Hence AU = q +w re oO ® 

AH = AU + A(PV) x 0 + VAP, since V is constant. Thus 

3 1.987 cal/mol-K 
OH » (18 em )(9.0 atm) ————————————_- = 3.9 eal 

89.06 em--atm/moleK = Gan) 

2030408) da, = C eneie vn ae e dine = I C. dT = Jy nGar, bh). ais P dp 

nea tT) + bb (7, - Tih Hence 

22 
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q = (2.00 mol)[ (6.15 cal/mol-K)(100 K) 

+ %(0,00310 cal/mol-K2)(4002 - 3007)K7] 

q = 1447 cal 

. 2 
we “Sy P dV = -PAV = -nRAT 

= -(2.00 mol)(1.987 cal/mol-K)(100 K) = -397 eal 

AU = q tw = 1447 cal - 397 cal = 1050 eal 

AH = qp = 1447 cal 

(b) dw =- PdV=0 and w= 0. AU and AH are the same 

as in (a), since the final and initial temperatures are 

the same as in (a) and U and H are functions of T only for 

a perfect aR Hence AH = 1447 cal and AU = 1050 cal. 

AU = q tw = q = 1050 eal. 

Goad, (a) 9g =.(79.7 cal/e)18.015.-2)) =:1436-cal 

2 coon = — a= <5 P dV = -PAaV = -Pm(1/0, - 1/p,) = 

3 3 1.987 cal 

-(1 atm)(18.0 g)(1.000 em /g - 1.0905 cm /g) 
82.06 ene atm 

w = 0.039 cal; AU = q +w = 1436 cal; AH = qdp = 1436 cal 

2 
eae neo, ot = C.AT = 

(1.00 ecal/g-°C)(18.01 g)(100 °c) = 1801 cal 

w= -PAV = 
1.987 cal 

3 
-(1 atm)(18.0 g)(1.044 ees - 1,000 em /g) “FA Teen ee 

82,06 cm atm 

w = -0.019 cal 

AU = q + w = 1801 cal AH = dp = 1801 cal 

(ce) q = (18.015 g)(539.4 cal/g) = 9717 cal 
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(1 mol)(82.06 em?-atm/mol-K)(373.15 K) ; 
= = 30620 ecm 

2 1 atm 

3 3 at 3 
yy = (18.01 g)/(0.958 g/em ) = 19 cm, AV = 30600 em 

3 1,987 cal 

w= -PAV = «(1 atm)(30600 em ) ———————— = -74]1 cal 

82.06 om” atm 

AU = q tw = 8976 cal, AH = q. = 9717 cal 
P 

2.38 For Cy independent of T, we have dU = C., OL. 

AU = CAT = 1.5nRAT; also dH = C., dT, AH = (Cy, + nR) AT = 

2.5nRAT. (a) AT = 200 K and substitution of numerical 

values gives AU = 6240 J and AH = 10,400 J. (b) Use of 

PV = nRT gives T = 292.5 K and T, = 243.) K, so aT = 
74 1 

48., K. We find AU = 1520 J and AH = 2540 J. (ec) Since 

AT = 0, we have AU = O and AH = 0. 

2.39 No, since q and w are not state functions. 

= - - 3 2.40 1 dm? = (107! m)? = 107° m> = 107°(107 em) : 
= 1000 cm 

(a) 
3 8.314 J/mol-K 

w= -PAV = -(1 atm)(20000 cm ) = oe i ee 

a -2,02, kJ 82.06 em -atm/mol-K 

Te3= P,V,/nR = 243, , Kea or : = P,V,/nR = 487, 2 es 

q = 7.09 kJ; AU=q+twe= 5.06, kJ; AH = chee 7.09 kJ 

(b) w = 0 since V is constant. qy = CAT; the process 

goes from 487.) K to 243.5 K, so AT = -243.,5 K and 
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q = (1.00 mol)2.5 (8.314 J/mol-K) (-243., K) = -5.06, kJ 

AU =q+twe -5.06, kJ; AH = C,4T = -7,09 kJ 

(c) Since T is constant, AU = 0 = AH. w= -f P dv = 

-f, mnRT dvV/V = -nRT ln (v,/V,) = 1.40, kJ.aU=O0=q+w 

and q = -w = -1.40, kJ. For the cycle, AU = 0 = AH, 

q = 7.09 kJ - 5.06, kJ - 1.40, kJ = 0.62 kJ, 

wz -2.02, kJ +0 + 1.40, kJ = -0.62kJ.0On the P-vV 

diagram, step (a) is a horizontal line, step (b) a verti- 

cal line, and step (c) a hyperbolic line. 

2.41 (a) V..¢ = nRT/P = 24500 em?, Each hypothetical cube 

= (24500. cm>)/(6.02 x 10°°) = 4.1 & 
=20 em?) 1/3 ie 

has a volume V 
cu be 

io cn and an edge length (4.1 x 10 

3.4 x 1077 om = 34 8, (b) The distance between the uni- 

formly distributed molecules equals the distance between 

the cube centers, which is 3.4 x 1077 em. (ec) At 40 atm 

-21 3 
and 25° Gi is = 610 ve Vay =e Oexe 10 em and the 

as cube 

distance between centers is 10 A. 

2.42 At 300 K and 1 atm, the contribution of intermolec- 

ular interactions to Cp and Cy 

cted. At room T, Cy +25 is negligible for diatomic mole- 
’ 

cules that are not heavy. We thus consider only Cy er and 
—_ —) — —- t 

Cyirote (a) Cy = Cree = 3R/2; Cp = Cy + R= 5R/2. 

(b) Cy = Cy tr + Sy rot * 3R/2 + R = 5R/2; Cp = 7R/2. 

is small and can be negle- 

2.43 The contribution of intermolecular {interactions to 

Cp of the Liquid can be estimated by taking Cp i 1iq - 

Cp es since intermolecular interactions are quite small 
r& 

70) 



in the gas. Figure 2.12 shows that Cp 1iq - oy ee is 

= (aU positive. Therefore C /aT), is 
P,intermol intermol 

i a ereases at positive and Ue eeanet must increase as T incre 

constant P. (Recall from Sec. 2.11 that U is neg- 
intermol 

ative. An increase in U means a less negative 
intermol 

d nds to ad a n intermolecula Ventarmol and corresponds to ecrease L ermolecular 

attractions as T increases.) 

2.44 (a) Kinetic; (b) kinetic; (¢) kinetic and potential; 

(d) kinetic and potential. 

2,45 At the low temperature of 10 K, the l-atm gas den- 

sity is rather high, the average intermolecular distance 

is rather small, and intermolecular interactions are of 

significant magnitude. These interactions cause C, to de- 
P 

viate from the monatomic ideal-gas Cp. 

2,.46(a) Using q = mcAT and w = power x time, we have 

(27 1b) (454 g/1b)(1 cal/g-°C)(100°C) = 12.3 x 10° cal q 

we= (746 d/s)(0600 s/hr)(205 He )esoeTe) seaGse 

5 . 5 
1273*x YO "cal = 67.1 x 10°") »*and) «Pteate=95.5 41 

(b) Using V = mgh to find the work needed to raise a 

One-pound weight by one foot, we have 

1 ft-1b = (454 )(980 cm/s-)(12 x 2.54 em)(1 3/10” eres) 

1 ft-lb = 1.356 J and 772 ft-lb = 1047 J 

q = (454 g)(1 cal/g-°C)(1°F)(2°C/°F) = 952 cal 

252 cal"= 1047" Sand" Icatl*="40 954 
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2.47 (a) T = 273.15° + 1.8° = 274.9. K, which has 4 sig- 
> 

nificant figures. Calculation of 1/T to 4 significant 

figures gives 1/T = 0.003637 K"!. (b) Ignoring signifi- 
cant figures, we have log 4.83 = 0.68395, log 4.84 = 

0.68485, log (4.83 x 107°) = log 4.83 + log 102° = 
DO1GHI9S) los (4.84 x 10-°) = 2068485. The mumbers 4263 
and 4,84 differ by 1 in their third significant digit and 

their logs differ by 1 in the third significant digit af- 

ter the decimal point. The logs of 4.83 x 102° and 4,84 x 

10s" differ by 1 in the third significant digit after the 

decimal point. The portion of the log that precedes the 

decimal pont should not be considered (since this por- 

tion comes from the power of 10) and the log should have 

as many significant digits after the decimal point as 

there are significant digits in the number. Thus the logs 

should be expressed as 0.684, 0.685, 20.684, and 20.685. 

2.48 (a) Solving (1.39) for P, we get P = nRT/(V - nb) - 

an2/v. For a reversible i edthecmal process, w = a P dv 

= ap [nRT/(V - nb) - ane iV) dV = -nRT ln (V - nb) | - 

an’ /V i = nRT ln [(v, - nb)/(V, -nb)] + an’ (1/V, - 1/V5). 

For a = 0 = b, we get w = nRT ln (V,/V5)s which is (2.74). 

ZeAIe (al Ss0eKeXb) 57007I/K: 

2.50 PV = constant holds only when T is constant, and T 

is not constant in a reversible adiabatic perfect-gas 

expansion. 

221 ecaq = Cp aT holds only in a constant-P process, and 

P is not constant in a reversible isothermal perfect-gas 

expansion. 
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2.52 Genevieve erroneously applied an equation for a rev- 

ersible adiabatic process to an irreversible adiabatic 

process. 

2.53 dU=C, dT. T= PV/nR and dT = (P/nR) dV. Since 

adv > 0, dT is positive. Hence dU is positive and U increases. 

2.54 (a) Intensive; kg/m>. (b) Extensive; J. (c) Inten- 

sive; J/mol. (d) Extensive; J/K. (e) Intensive; J/kg-K. 

(£) Intensive; J/mol-K. 

2.55 Insertion of the dimensions of each physical quan- 

tity in the equation gives 

(press.)” 
pe CIOS BY gy se Bee Gtenpa) (vol...) == ee 
temperature temperature (temp. )™ 

Equating the powers of temperature on each side of the 

equation, we get -1 = 1 - m and m = 2, Also, n= 1, 

since the product pressure x volume has the dimensions 

(force/length2) length” = force x length = energy. 

Doo * 9 Cp/C,, = 1.13. Also, the gas is nearly ideal un- 

der these conditions, so C, = Cy + R. Therefore, y = 

(C, + R/C, = 1 + R/C, = 1.13; R/C, = 0.13 and Cc, = 

R/0.13 = 15 ecal/mol-K; C. = C, + R= 17 cal/mol-K. 
P 

2.57 (a) False; AH is the change in a state function. 

(b) False; for a perfect gas, C,, is a function of T only, 

but need not be independent of T. (c) False; the system 

must be closed. (d) False; for an isothermal process, T 

must remain constant throughout the process. (e) False; 

U must be replaced by AU. (f£) False. For a perfect gas, 

U depends on T only, but this is not true for other kinds 

of systems. An isothermal pressure change changes the 
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average intermolecular distance and hence changes the 
contribution of intermolecular interactions to the in- 
ternal energy. (g) False; see the first example in Sec, 
2.8. (h) True. (i) False; for example, T drops in a rev- 
ersible adiabatic perfect-gas expansion. (j) False; the 

entire path of the process must be specified. (k) False; 

for example, a real gas expanding adiabatically into 

vacuum can undergo a change in T. (1) True. 
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CHAPTER 3 

3,1 (a) e Sl T/T, : 1 (273 K%)/Q073 kK) = 7 

= »\ = = . = 6 (b) e = aw a4 w = 0.746(1000 J) 746 J, 

Io, = 1000 J 1462 S"= 25479 

3.2¢e 4, = 1 - T/T, = 0.90 = 1 = (283 K)/T,,, T,, = 2830 K 

S63 “Wo = =2.50. ko. 6 <= -w/dy = 0.45 = 2.50 kI/q,, and qe 

=Fo7 6 koe (OU ce 0 = go woe Gc + 4 + W = do + 5.56 kJ - 

2.50 kJ and qo -3.06 kJ. 

3.4 (a) Since a Carnot cycle is a cyclic process, the 

first law gives AU=q +w =/0 = 46 + qy + wie Since a 
ma Sa Ree 

Carnot cycle is reversible, we have AS = ¢ dqeu =O0= 

ae + q,,/ Ty which can be rearranged to q/4,, 5 ie Bh 
| C 4H 

Use of the two boxed equations gives Ko = q fw = 

-4,/ (4, + q,,)3 division of numerator and denominator by 

deecivessk sens LAOS ea 0d) = SU CCL erate 

T/(ty - T)). Also, ae -q,,/w = q,/ (4a, + a3) = 

W/(a/a, tel aevACaT ee el a= T,/(T, > TQ). (b) From 

Ca), does 1/(Q1 - T/T,.)3 the denominator is less than 

0 - = 1 and greater than 0, so sore >1 (ce) ey 

Ge - tT!) = (293 K)/(20 K) = 15 = la,,!/, so lq,l = 

15w = 15 J. (This indicates why heat pumps are attractive 

devices for heating homes in winter.) (d) Sates = 

TA (T, ~ TQ)> which goes to 0 as T_ goes to 0 K, 
C 
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Combining the shaded areas using the marked signs, we 

get the area enclosed by the cycle. 

3.6 For the anti-Clausius device removing heat from the 

cold reservoir at the same rate the heat engine deposits 

heat in this reservoir, we have a cyclic device that has 

a positive net work output; the net energy flow into the 

cold reservoir is zero, so the energy input for the work 

output must come entirely from heat extracted from the hot 

reservoir. The combined system is thus a cyclic device 

that converts heat completely into work with no other 

effects and therefore violates the Kelvin-Planck statement. 

An anti-Kelvin-Planck device converts the heat input 

from the hot reservoir completely into work. We use this 

work output to run a heat pump and we run the heat pump 

at arate that uses up all the work output of the anti- 

Kelvin-Planck device. The combined system is then a cyclic 

system that transfers heat from the cold to the hot res- 

ervoir with no net work input, thereby violating the 

Clausius statement. This completes the proof. 

3.7 dS = Saeeviils (a) dq_.,, > 9 50 45 > Ora Cb) dq ot 

= = Sat) fo) sOpia > OL (Cc) Cl eae 0. 60-45 = 0. (Cd) c(eeer »s 
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AS > 0. (e) This is an irreversible process in an isolated 

system, so AS > 0. (f£) This is an irreversible adiabatic 

process, so AS > 0. This also follows from Eq. (3.29) with 

= < aT = 70 Jand Vo > Vi: (zg) dq ev =O. 60-45 2205 1) dq aay 

0, so AS < 03 (a) This is an irreversible process in an 

isolated system, so AS > 0. 

3.8 (a) aS) = q/T = (1560 cal)/(87.3 K) = 17.9 cal/K. 

(b) (5.00 g)(1 mol/39.95 g) = 0.125 mol. 

q = -(0.125 mol)(1560 cal/mol) = -195 cal. 

AS = q/T = (-195 cal)/(87.3 K) = -2.24 cal/K. 

Z as 2 
3.9 S = = = = Deon eh Sy ok api fa I (c,/T) dT I n(a/T + b) aT 

=nfa ln (T,/T,) ach (Bay = T, J. Thus 

cal 400 K 
ln 

mol K 300 K 
4S = 2.00 mol {6.15 

cal 
+ 0.00310 ———— 100 k| = 4.16 eal/K 

mol K 

3,10 For melting the ice to liquid water at 0°C, AS. = 

qaealT = (18..015,2)(79.7 cal/e)/(273.15 K) = 5,26 cal/ke 

For heating the water from 0 to 100°C at 1) atm; AS “= 

2 ae 
4 Cp dT/T =-C p in (T,/T,) 

= (18,01 g)(1.00 cal/g-K) 1n (373.15/273.15) = 5.62 cal/K 

For vaporization of the liquid to vapor at 100°C and 1 

atm, AS. = Goat = 26.04 cal/K. For the isothermal ex- 

pansion of the vapor (assumed ideal), Eq. (3.29) gives 
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AS, = nR ln (v,/V,) = (1.00 mol)(1.987 cal/mol-K) 1n 2 = 

1.38 cal/K. We have for the overall process: AS = 

5.26 cal/K + 5,62 cal/K + 26.04 cal/K + 1.38 cal/K = 

38,30 cal/K. 

3.11 For an ideal gas with Cy constant and equal to 1.5R, 

Eq. (3.29) gives aS = Cy ln (T,/T,) + nR ln (v,/V,) 5 

PRivboo ln (T,/T,) + ln (v,/V,)]. 

(a) (2.50 mol)(8.314 J/mol-K)(1.5 ln 1.5 + ln 0.75) = 

6.66 J/K 

(b) (2.50 mol)(8.314 J/mol-K)(1.5 1n 1.2 + 1n 1.5) = 
| Roe ay Ae 

(e) (2.50 mol)(8.314 J/mol-K)(O + In 1.474) = 8.06 J/K 

3,12 0, since the process is cyclic. 

wesw Ug S.nce qq = 0, 

3.14 From (3.29), aS = nR[2.5 In (T,/T,) + 1n (v,/Vv,)]- 

(a) (1.00 mol)(8.314 J/mol-K)[2.5 In 2 + ln 2] = 20.2 J/K 

(b) (1.00 mol)(8.314 J/mol-K)[2.5 In % + 0] = -14.4 J/K 

(ce) (1.00 mol)(8.314 J/mol-K)[0 + 1n 4] = -5.8 J/K 

For the eycle, aS = 0. 

3.15 Use the reversible path in Fig. 3.7. For the first 

step, AS, = C, ln (T,/T,) = 

(10 g)(1.01 cal/g-K) In (273.1/263.1) = 0.38 cal/K 

For the second step, 4S, = ne = 

"~(79.7. eal/zg)(10 g)/(273.1 K) = -2.92 cal/K 

For the third step, 4S = C, In (T,/T,) = 
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(10 ¢)(0.50 cal/g-K) In (263.1/273.1) = -0.19 cal/K 

For the complete process, AS = 0.38 cal/K - 2.92 ecal/K - 

0.19 cal/K =*=2.73 cal/K., 

3.16 For the step 1 ~ 2 in Fig. 3.4b: q>O,w<0O, 

AU = 0 (since U depends only on T for a perfect gas), 

AS = Grisly > 0. For the step 2 +3: q=O0O,w<0O, 

AU < 0, AS = O (since reversible and adiabatic). For the 

step 3.4) q <0, ar >.0,i\AU =10, AS*= q iia < 0. For 

the step 4-1: q2=0, w > 0, AU > O, AS = 0. 

By Le Ca) m,¢,/4T, | = m,¢,|4T.| 

(200 g)(0.0313 cal/g-K)(120°C - x) = 

(25.0 g)(1.00 cal/g-K)(x - 10°C) 

x SVL ULAe 

(bye AS = Coin (T,/T,). For Au, AS is 
P 

(0,0313 cal/g-K)(200 g) 1n (305.1/393.1) = -1.59 cal/K 

(c) For the water, AS is 

(1.00 cal/g-K)(25.0 g) ln (305.1/283.1) = 1.87 cal/K 

(d) =1.59 eal/K + 1.87 eal/k = 0/28 cal/K 

Sub AS = nik ln [(n, + n/n] +n R ln [(n, + n/n, | 
b 

as 2.50 mol, n, = 0.312. mol 

AS = (8.314 J/mol-K)[2.50 In (2.81/2.50) 

+ 0.312. ln (2.81/0.312.) ] = 8.14 3/K 

[ Reminder : Do not look up the solution to a problem cae 
{ 

[you have made a serfouus) effort to vsolve itemas - 
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3.19 AS for the unmixing is the negative of AS in Eq. 

(3533) .S0}AS = njR in x, + n,R In x, = 

(n, + ni RO, ln x texte ln x). We have 

0.00100 ¢ 
no +n, = —____ = 1.3 

PEO DRER ELE 998 4°S52059) o7inol 

5 

7x 10m. mol 

AS = (1.83, x -b0r > mol) (1.987 cal/mol-kK) 
= 40. 755 In 05 755° +-0°245° in Oe2a)) 

ge 2 OS S107 coal /k rch. SOV IK 

3,20 To carry out the change of state reversibly, we put 

the part at Ty) in contact with a heat reservoir whose 

temperature is infinitesimally less than Ty and wait un- 

til heat dq flows into the reservoir. Then we remove the 

reservoir from this part of the system and put the part 

at Ty in contact with a heat reservoir whose temperature 

is infinitesimally greater than T) and wait until heat 

dq flows into the system part at T)- Since these two heat 

flows are reversible, we can use dS = dq aylt to write 

the system's entropy change as dS = dq/T, - dq/T,. (The 

entropy changes of the reservoirs are irrelevant to dS 

of the system.) 

3.21 (a) ay/Tys %% Ag/Tg 0- (b) 0, 0, 0, 0, since 

each step is reversible. 

322% AS i is O for a reversible process and positive 
—— univ 

for an irreversible process. Hence: (a) 03 (b) 0; 

(c) 0; (d) 0; (e) positive; (£) positive; (g) 0; (h) 0; 

(a) positive; (b) positive. 

3.23 Assume that dS = dq ey/T is a state function such 
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that AS in > 0 for any process. Let an anti-Clausius de- 
iv 

vice exist. Such a device extracts heat q > 0 from a cold 

reservoir and deposits an equal amount of heat in the hot 

reservoir, with no other effects. For one cycle of such a 

Sey LCS Shot res. Ty a ol icese le -V/T os and 

. = } : j e W h AS sevice O (since the process is cyclic) e have 

= = = - Pa 8, h ol AS niv q/ Ty q/T, q(T, T)/ Date , which violates 

the assumption that AS iv > 0. Hence an anti-Clausius 

device cannot exist. This completes the proof. 

4 
3,24 -. = 3,24 q/4,; tye 

¥ Ds, 52) 
age and T/T = qdo/ dy Thus 7/200.00°M = 

Ziyne2 
q /q. But lal/la, | = T/(273.16 K). Hence the Melvin 

temperature 7 is given by T/200.00°M = 7*/ (273.16 kK). 

(a) For the steam point, T = 373.13 K and we find T = 

373.42°M. (b) iFor..the ice point; T = 273.15)K end F= 

199799°mM,; 

3.52 ens {= 1 + qo/4, and g = 1 - eben = -4/4,,- We have 

8(T5, 73) = -Aog/43 and g(7), To) = -9,/49p = 94/4954, 

3.26 (a) Substitution of x = 3 gives 0.002736 as the prob- 

ability that x > 3. Hence 1 - 0.002736 = 0.9973 is the 

probability that an observation is within 3 standard dev- 

lations from the mean. (b) Substitution of x = 10° gives 

the desired probability as p = 8 x 107/ x OOS: a 

If e* = 10%, then taking logs gives z log e = y; hence 
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POMS EEO See 0tag 4 te 0.2 x00! and. we! Have 
‘ 11 11 Pee eee els ocean  10es. 

Rs 

p = 58) x"10" 

3,27 (a) The probability p of observing a deviation > 10° 

standard deviations in one observation is 1072 107 

The probability of not observing such a deviation inn 

Piet Gell 2 1072" 10 69°, ror C= 10-2 = LORE OL 

the probability of not observing such a deviation is 0.5 

and the probability of observing such a deviation is 0.5. 
ll 

We have In 0.5 =n ln (1 - 1072 x 10 ) 8 -n x 1072 * 10 ’ 

2x10!! where Eq. (8.30) was used. We get n = 0.7 x 10 

There are 3 x 107 seconds in a year, so it takes 

gs By a 19200, 000,000,000) 7/4 x 10’) years of measurements 

at the rate of one per second to reach the 50% probability. 

(b) We want 1 - (1 - pias > 0.99. Since p = 4%, we want 

0.01 > 1/2" or 2” > 100, The minimum value of n is 7, 

3.28 (a) q cannot be calculated, since q depends on the 

path and the path is not specified. (b) The path-depen- 

dent quantity w cannot be calculated. (c) dU = C,, aT = V 
= 25 Sore: oe ° 

nC,, dT and AU = iF nCy dT = f nae BC) PAT =i nat To Tee 

gnb(T., = TA) = (4.00 mol)(25.0 J/mol-K)(500 - 300)K + 

2 Beam ingly (0.50300) J/mal-K) (5007 /=300-)K> = 29.61 ki. 

(d) AH = AU + A(PV) = AU + nR AT = 29600 J + (4.00 mol) x 

(8.314 J/mol-K)(200 K) = 36.3 kJ. (e) From (3.29), AS 

2 
_ Tal -_ 

S, (EoD) aT + nR ln (V,/V,). But C/T = nC,/T = 

n(a/T + b), so AS =n fe (a/T + b) dT + nR ln (V,/V,) 
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na ln (T,/T,) + nb(T{ = T,) + nR In[(nRT5/P>)/(nRT,/P,)] 

= (4.00 mol)(25.0 J/mol-K) 1n (500/300) + (4.00 mol) x 

(0.0300 3 /mol-K~) (500 - 300)K + (4.00 mol) (8.314 J/mol-K) x 

In [(500 K)(2.00 atm)/(300 K)(3.00 atm)] = 78.6 J/K. 

3.29 ta) Rev; (b) irrev.;-(c) irrev;;(d)oirrev;.(e),dit- 

rev; (f) irrev; (g) rev. 

3.30 (a) Since U and S are extensive, the 10 g has the 

higher U and the higher S. (b) The vapor; the vapor. (c) 

The 40°C benzene; the 40°C benzene. (d) If the system at 

300 and 310 K is adiabatically enclosed, it will sponta- 

neously go to the state at 305 K. Since S increases ina 

spontaneous adiabatic process, the 305-K system has the 

higher S. Since q = 0 and w is negligible for this proc- 

ess, the two systems have the same U. 

3.31 Since P dV + V dP = d(PV) and dq oy/T = dS, (b) and 

(d) vanish. Also (ec) and (f) vanish. 

3.32 (a) Cp, k, U/T; (b) Ces R. 

3.33 The second law of thermodynamics is "hardly ever" 

violated. 

3.34 Assume they do intersect. Join the adiabats with a 

reversible isotherm that passes above (or below) the in- 

tersectlon point. The closed curve so formed is a cyclic 

process. Let the cycle be traversed in the direction such 

that positive heat q flows into the system in the iso- 

thermal process, and let this heat come from a heat res- 

ervoir. The only heat transfer occurs along the isotherm, 

so the system undergoes a cycle in which it absorbs heat 

q from a reservoir and (since AU = q + w = 0) converts 
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this heat entirely into work, with no other effects. Such 

a cycle violates the Kelvin-Planck statement of the second 

law and is therefore impossible. The initial assumption 

that two adiabats intersect is therefore false. 

3.35 No. (A pilot plant using this method has been bullt. ) 

3.36 Suppose we could prepare a reservoir at To = 0 and 

could reduce the engine's temperature to absolute zero. 

Then Cle. would become equal to 1. The Carnot cycle would 

convert the heat qi completely into work. But this would 

violate the Kelvin-Planck statement of the second law, 

Hence we can't achieve absolute zero. (See also Sec. 5,10 

in the text.) 

3.37 (a) AH = qp = 0. (b) Suppose the final state con- 

sisted of ice at O* ce with no liquid present. A hypo- 

thetical path to attain this state is to warm the super- 

cooled liquid from -10°C to 00°C and then to freeze all 

the liquid at 0°C. AH for warming the liquid is 

(1.00 cal/g-K)(10.0 g)(10.0 K) = 100 cal and AH for free- 

zing all the liquid is -(79.7 cal/g)(10.0 g) = -797 cal. 

The overall AH is -697 cal, which is not 0. Hence the eq- 

uilibrium state is not ice at 0°C, If the equilibrium 

state were all ice below 0°C, aH would be even more neg- 

ative than -697 cal, and hence this is not the equillib- 

rium state. Therefore the equilibrium state must consist 

of ice and liquid water in equilibrium at 0°C. To satisfy 

the condition that AH = 0, the mass Mice of kee produced 

oH, 



must satisfy -(79.7 cal/g)m, o. = e100 cal and eon 

1.25 g. The mass of liquid remaining is 10.0 g - 1.25 g = 

8.7. g. (c) A reversible path for the process is 

eo, a g240 ° 
liq. at -10 C + liq. at OC - Cd Mi iq at OC 

AS = AS, + 4S, (10.0 g)(1.00 cal/geK) 1n (273/263) - 

(79.7 cal/g)(1.25 g)/(273 K) = 0.373 cal/K - 0.365 cal/K 

=0,.008 cal/K, where (3.30) and (3.27) were used. 

3.38 (a) False. (b) False. (¢) True. (d) False. (e) True. 

3.39 (a) False. (For example, a nonideal gas expanding 

into vacuum can undergo a change in T--the Joule experi- 

ment.) (b) True. (c) False; S increases in an irreversible 

process in an isolated system. (d) False. For example, a 

Carnot cycle is reversible, has AV = 0 and has w # 0. 
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CHAPTER 4 

4.1 Processes a and b are reversible, isothermal, and 

isobaric and have AS q,/T. (a) AG = AH - T AS aieke ey 

= Téq,/T) = 0. AA = AU - T AS = Gp + w -T(q,/T) = 

-12 P av = -P AV = -(1 atm)[{(36.0 g)/(1.000 g/cm?) - 

(36.0 g)/(0.958 g/om>)] = (1.58 cm? atm)(8.314 J/ 

Penoeen. -atmiite- 0.16013. (b) Astin, (al; AG =, 0, and AR = 

w= -P AV = Oy gus “Maia = a Ves = -nRT = -(0.50 mol) x 

(8.314 J/mol-K) (353.2 K) = -1.47 kJ. (c) Since the gas is 

perfect, the final T is 300 K. AH = 0 and AU = 0, since U 

and H depend only on T for a perfect gas. From (3.29), AS 

nR ln (V5/V,) = (0.100 mol)(8.314 J/mol-K) 1n (6.00/2.00) 

% 0.91, J/K. AG AH - T AS = 0 - (300 K) (0.91, J/K) oz 

-274 J. AA = AU - T AS -274 J. 

4.2 For dH = T dS + V dP = M dx + N dy, we have M = T, 

N= V, x = S, y = P, and (aM/ay) = (aN/ax) gives 

(aT/aP). = (av/as).. The equations in (4.45) are derived 

similarly from Eqs. (4.35) and (4.36). 

4.3 (a) Use of (aU/av),, = aT/K - P gives 

3U Goa 10°) Kk) (303.15 K) 
= - 1 atm = 2040 atm 

OV je 4a52 x 1077 atm”! 

(b) Use of ae V(aT - 1)/C, gives Wy as 

3 18.1 cm’ /mol ay oe 
—__—___—_———— [ (3.04 x 10 Soke (303. Keg 
17.99 cal/mol-K 41 



x (1.987, cal )/ (82.06 oatm a= O02 Taen 

4.4 From (4.53), ae - Cy = TVa2/K. We have V = M/p = 

(119.4 g/mol)/(1.49 g/cm ) = 80.1 em? /mol and TVa2/K = 

pa Xe @5 = 

(298 K)(80.1 em?/mol)(1.33 x 1072 K7!)2/(9.8x 107? atm!) 

= (431 om?-atm/mol-K)(8.314 J/82.06 cm>-atm) = 44 J/mol-K. 

Then ey = (116 - 44) J/mol-K = 72 J/mol-K. 

4.5 Division of Eq. (4.30) by n gives (aH/aT) = Ch 

For (b), we use (4.48) divided by n3 for (c), (4.47); 

for (d), (4.49)/n; for (e), (4.50)/n;3 for (f), (4.53)/n; 

for (g), we use (aA/av),, = -P, which follows from (4.35). 

Substitution of numerical values gives: (a) (aH/aT), = 

C, = 40 cal/mol-K; (b) (aH/aP),, = V = TVa = 50 Oa mat ~ 

(298 K)(50 em3?/mo1)(1072 K7!) = 35 em?/mol = 

(35 en mol) Cle 99 cal/82 Sree ata) = 0.85 cal/atm-mol; 

(ce) (aU/av), = aT/K - P = (107° K7!) (298 K)/(1074 atm7!) 

= | atm.=:3000-atme= (3000.atm)(1<99 eab)é(82 ema ated = 

70 cal/em?; (d) (a8/aT),, = C/T = (40 cal/mol-K)/(298 K) = 

OF13 cal/mol-K?; (e) (a8/aP),, = <q7Vi= 

E(1Os aKa. C50 1em (mol yGle9o en1) {Chere atm) = -0.001, 

cal/mol-K-atm; (f) C, = C, ~ TVa2/K = 

(40 cal/mol-K) - (298 K)(50 em? /mo1)(107° x-*)/,(1074 atm7!) 

= 40 cal/mol-K - (150 om?-atm/mol-K) (1.99 ecal/ 82 em?-atm) 

= 40 cal/mol-K - 366 cal/mol-K = 36 cal/mol-K; (g) 

(aA/aV),, = -P = -(1 atm)(1.99 cal/82 com> -atm) e 

-0.024 cal/em, where (1.19) and (1.21) were used. 
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4.6 (a) The Gibbs equation dU = T dS - P dV becomes dU, = 

4k ds, - P dv. at constant T. Division by dP, gives 

dU,/4P,, = T ds,/ dP, - P dv_/ dP, or (au/aP),, = T(aS/aP), * 

P(av/aP),. But the Maxwell equation (4.45) gives 

(aS/aP),, = -(av/aT),, so (3U/aP) = -T(av/aT), - P(av/aP),, 

= -TVa + PVK. (b) From (1.35) we have (aU/aP), = 

(aU/aVv),(av/aP),, = -(8U/aV) KV. Substitution of (4.47) 

gives the desired result. 

4.7 (a) At constant P, dU, = T dS, - P dV_. Division by 
P P P 

dT, gives (aU/aT), = T(aS/aT), ~ P(av/aT), = hy SN 

where (4.31) and (4.39) were used. (b) Cc, = (aH/aT), o 

[a(U+Pv)/aT], (aU/aT), + P(av/aT),, so (au/aT), = 

C, - P(aVv/aT), = Cy - PVa. 

4,8 At constant T, we have dH, = T dS, + V dP,. Division 

by dv,, gives (aH/av)., = T(aS/av), + V(aP/av),, = 

T(aP/aT) + V(aP/av),, = aT/K - 1/K, where (4.45), 

(1.42), (1.44), and (1.32) were used. 

4,9 Differentiation followed by use of (4.51) gives 

a a 
aye 

| ] 

2 

GoiGierron (2762), by -(aU/av),/C,. Use of (4.47) gives 

the desired result. 

@elieereplacement ot 2, x, u, y in (1.35) with S, Hy Iyer 

gives 
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fe =) = (3H/aT), Cy 

aT] p 8H], \2T/p (aH/as), T 

where (aH/as), = T [which' follows from (4.34) with dP = 

0] and (4.30) were used. 

Reminder: Don't look up the solution to a problem 

until you have made a serious effort to solve it. 

4.12 V = RT/P + bRT. 

ley oN: 1 R + bPR 1 hsv RT 

Tg aS P V \eP/, WP 

aU aT 2 
eee oo hae Pee Cf te DB) Pear =, OF 

= 

= 7 a5 (R + bPR) 2 
GC -C = TVa*/K = ——— = R(1 + bP) 
P V R 

Vv v /RT(1 + bP) v / PV 
Te a (aT esl) e= GS sage . lh t.)= 

PV 
Cp Cp Pp 

4,13 

aCp alan ae EE 3 av 
at) Vili (ee ee patie Mes esis rat Bp heme at) ce | 
SPH i |MeRT NOT ac | Of cael eerie ak aT], a 

av ay av s2y 
= e|— "TA a + at = =/-T/ — 

aT |p Bat a aS 372 ‘ 

4.14 (a) V= Vo 

(aVv/aT), = aVy + 2bV)(T - 273 K) and (a2v/aT?) = 2bVp. 

+ av)(T - 273 K) + bV)(T - 273 K)’, 
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<= < DER 22h", a 
(aC,/aP),, = -T(3 V/aT a = -2bV,T, so 

Ae Paap 200.6 g/mol 
ae a2tOsyaix 105" Ke C2 984K)* —— 
<P 13.595 g/em> 

= = 1.987 cal 
=e -6.8, x 10 5 = K7! mo17! 

82.06 em> atm 

= -1.66 x 1076 cal/mol-K-atm 

(b) aC, * (ac. /aP),, AP = 

(-1.66 x 107° pelimalek arm) (10. atm) = -0.02 cal/mol-K. 

C, = 6.66 cal/mol-K - 0.02 cal/mol-K = 6.64 cal/mol-K. 

4.15 (a) C, - Cy = TVa*/K, As in Prob. 1.39, a = (1/¥) x 

p) Sy = 

aT(c. + 2c,T - coP)*/ (ec, + c.T), since V/V =n. (b) 

(c, + 2c,T - c,P) and x = (cy + c.T)/V. Sorc 

(9U/3V),, = aT/K - P= T(c, + 2c, - ceP)/(c, +hc-D)e—eP. 

(c) (3S/9P),, = -aV = -n(cy + 2c,T - cpP). (d) us, = 

(V/C,) (oT - 1) = (T/C) (c, eC ae Fir V/C,. (e) 3 

(9S/aT), = C,/T. (£) (8G/2P),, = V. 

4.16 (a) (8V/3T)g = 1/(dT/dV), = -1/(aP/3S)y = -(9S/0P)y 

= -(98/0T),,(9T/3P),, = -(C.,/T)/(8P/3T),, = -Cyk/aT, where 

(1.45) was used. Hence a, = -Cyk/TVa. (b). For agperftecr 

gas, @ = 1/T and kK = 1/P [Eqs. (1.46) and (1.47)], so 4, 

= -1 
— a co = AN Na = -C,,/PV = C\/nRT C/RT V (dV/dT)., so / 

=(C,,/RT) aT at mee ate ln (v,/V,) = (C\/R) * 5 

V 

ln (T,/T,) = ln Mae) z > hence v,/V, = (T,/T,) 

AG 
/ = V = (dV/oT oT/OP).- Gri Dopl, = V./V,) - (c) (8V/8P), = (aV/aT),( S 

From (a), (dV/0T). = -Ck/aT. From (4.44), (dT/3P), = 
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(3V/9S) 5 = [(8S/V) p)~) = [(88/2T) p(2T/2V) gp] | = 
—4 F E 

(C/T) (dV/23T), ~ (T/C, )av = aTV/C,. So (dV/aP), 

(-Cyk/aT) (aTV/Cy) = -CykV/Cpi Ky = -v~'(aV/aP), = Cyk/Cp. 

4.17 For a gas not at high pressure, Cp - Cy s R= 

and he data after Eq. (4.54) show 2 cal/mol-K. The Ch 

that Gs ~ C, for solids is usually less than 2 cal/mol-K 

and for liquids is usually greater than 2 cal/mol-K. 

Therefore C_ - C, is Largest for liquids and smallest 
P 

for solids. 

4.18 (aH/aP),, =V- T(av/aT),. For an ideal gas, V = 

nRT/P and (av/aT), = nR/P, so (aH/aP),, = nRT/P - T(nR/P) 

= 0, 

4,19 (a) As noted preceding Eq. (4.57), 

TT Van ] ly co) = Me U/av = ee AO v') =U(T, v') - U(T, ~) a (aU/av),, dv = 

SY (a/¥) dv = East ice = -a/V', (b) At 25°C and 1 at iS 0 * 7alV'. an atm, 

V = RT/P = 24500 cneihol and U = .a/V = 
P 7 6 5 SpESEnOr 

-(10° to 10°)(em -atm/mol*)/(24500 cm’/mol) = 

(-40 to -400)(em?-atm/mol) (1.99 cal/82 em? - atm) = 

-1 to -10 cal/mol, where (1.19) and (1.21) were used. 

At 25°C and 40 atm, V ~ RT/P = 610 em?/mol and U 
intermol 

xs =-40 to -400 cal/mol. 

4.20 (a) The ¢ and d values are given after Eq. (4.57). 

We have ¢/V = (3.22 x 10° a em?/mol2)/(114 em? /mol) = 

2.82 x 10° 3/mol and 4/9¥? = (4.88 x 107! 3 em2’/mo1!05/ 
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9(114 em? /mol)? = 167 J/mol. The repulsive term 4/99? is 

Only 0.6% as large as the absolute value of the attrac- 

tive term and is quite negligible. (b) At V = 104 em? / 

mol, we find c/V = 3.10 x 104 J/mol and d/9V? = 381 J/mol, 

so the repulsive term is 1.2% as large as the absolute 

value of the attractive term. (ec) At 94 em?/mol, we get 

c/¥ = 3.43 x 10° J/mol and 4/9V° = 946 J/mol, and the 

repulsive term is 2.8% as large as the absolute value of 

the attractive term, 

ap _ , intermol’ wep have Bintermol - 

Bee en? /mol- )/ (10626cm'/mol) + 

(4.88 x 1021 27 

4.21 (a) au, 

fF ne tROIT )/9(106.6" cre /mol)” 

ee 0 mol 305" 1/adl =< -2.99 x 10° 3/mol 

d AU 29.9 i U = AH = V : and AU.) * kJ/mol. (b) AU ap 4H ap A(PV) A. 

ee nari. 107 ca /mol-= 25200, cm? /moly AU. = 
gas liq vap 

(6400 cal/mol)(4.184 J/eal) - (1 atm)(25200 em?/mol) x 

(8.314 J)/(82.06 cm> atm) = 24.2 kJ/mol. 

4,22 (a) We use the van der Waals expression -a/V from 

Prob. 4.19a to approximate U in both liquid and 
intermol 

gaseous Ar. We have a = (1.34 x 10 em°® atm mol~7) x 

(8.314 J/82.06 em? atm) = 1.36 x 10° J cm? mol~2, The 
ome 3 

molar translational kinetic energy is Ur 8 gRr = 

1.5(8.314 J/mol-K)T = (12.5 J/mol-K)T. The molar elec- 

tronic energy is a constant (except at very high 10) BS 

Addition of U U U the desired 
Sf oli Us ntermol? end al eaves 
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result. (b) For the liquid, Visa = M/p = (39.95 g/mol)/ 

i338 e/ema) = 28.9 cm’/mol. For the gas, vies = RT/P = 

s) 11 SS « U = 

7160 em’ /mol. We have Uintermol,1iq Py alVi ig 

~(1.36 x 10° J em? mol72)/(28.9 em?/mol) = -4710 J/mol 

and x pale ee = -19 J/mol. For both the 
Uy ntermol, gas 

liquid and the gas, Ue = 3RT/2 =.1090 J/mol. (c) aun 

~ -19 J/mol + 4710 J/mol 
2 Uintermol,gas ; Vsntermol,14q 

4700 J/mol, which isn't too far from the true value. 

4,23 Each process is isothermal, so AA = AU - T AS and 

AG = AH - T AS. (For q, w, AU and AH, see the answers to 

Prob. 2.33.) (a) AU =.q + wand AS = q/T, so AA = w, 

Since w < 0, we have AA < 0. Since AH = q, AG=q- q= 0. 

(b) The same as (a), except that w > 0 and AA > O. 

(d) AU = 0 = AH. AA = -TAS = -T(q/T) = -q = w< 0. Also, 

AG = -TAS <0. (e) AU = O = AH. For this irreversible 

adiabatic process, AS is positive and AA = -TAS is nega- 

tive. Also, AG = -TAS is negative. (f£) The same as (e). 

4.24 Since T is constant, we have AA = AU - TAS and 

AG = AH - TAS. From Prob, 2.38¢c, AH = O and AU = 0. From 

Prob. 3, 11ic; AS = 8.06 J/K. So AA = 0 = (400 KK) Ce. 05 are) 

= 9270) Jie and AGi= 3220 a4 

4,25 Each is zero, since the process is cyclic. 

4.26 (a) AG = AH - TAS = AH - T(AH/T) = 0, as it must be 

for a reversible (equilibrium) process at constant T and 
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P. (b) From Prob. 3.15, AS = -2.73 cal/K. For the revers- 

ible path in Fig. 3.7, AH for each step is: 

aH, = (CY. Otseal/g-K)010. 0. 2)(108K)"= 10? cal; 

aH, = =(/79.7 cal/g)(10.0° ¢) “='=797 cal, 

AH, = -(0.50 cal/g-K)(10.0 g)(10 K) = -50 cal. 

The overall process therefore has AH = -746 cal. For the 

isothermal process at -10°C, we have AG = AH - TAS = 

-746 cal - (263.15 K)(-2.73 cal/K) = -28 cal. 

4.27 Since T is constant and U and H of ideal gases de- 

pend on T only, AU = 0 and AH = 0. From (3.33), AS = 

-0.200 mol R 1n 0.400 - 0.300 mol R 1n 0.600 = 2.80 J/K. 

AA = AU - T AS = -T AS = -(300 K)(2.80 J/K) = -840 J. 

AG = AH - T AS = -T AS = -840 J. 

4,28 Let the path be 

b 

(27°C, 1 atm) = (100°C, 1 atm) + (100°C, 50 atm) 

where step (a) is isobaric and step (b) is isothermal. 

For a liquid, V varies rather slowly with T and P. 

(a) Use of (4.63) with Ch» a, and V assumed constant gives 

AH = C,(T, - T,) = (18.0 cal/K)(73 K) = 1310 cal = 

: 5.50 kJ 
aH, = (Vv - TVa)(P,, ~ PL) = 

Late [18.1 cm> - (373 K)(18.1 em?)(3.04 x 10°” K7!)](49 atm) 
1.987 cal 

ee ew Oucal =: 0,080. K5 
82.06 em? atm 

AH = aH, + oH, = 1.33 keal = 5.58 kJ 
a 
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(b) AU = AH = A(PV). Since V changes only slightly, 

A(PV) = V AP = (18.1 em?)(49 atm) = 887 em? atm 

(887 cm? atm)(1.987 cal/82.06 cn eatm) =i Zeca 90 J. 

AU = 1330 cal - 21 cal = 1.31 keal = 5.49 kJ. 

(ec) Use of (4.60) [or (4.61) and (4.62) ] with Cp» a, and 

V assumed constant gives AS, = Cc, in (T,/T,) = 

(18.0 ecal/K) In (373/300) = 3.92 cal/K = 16.4 J/K; 

aS P - Pp = AS, a V( 9 P 

1.987 eal 

82.06 on atm 

-(3,04 x ‘ed Ky Q8.1 on y(49 atm) 

= -0.0065 cal/K = -0.027 J/K 

AS = AS. + AS, = 391) eal/K = 16.4 9/K 

4.29 dG=- S dT + V dP = V dP at constant T. 

AG = V AP at constant T and V. 

S070 <¢ 1.987 eal 
AG = eee, 99.0 atm —————- = 72.1 cal 

0.997 g/em 82.06 em? atm = 302 Jj 

4.30 V = RT/P + DRT + cRTP. a = (1/V) (aV/aT), = 

(1/V)(R/P + bR + ee Use the path 

Ts) 

where step (a) is isobaric and step (b) is isothermal. 

b 

Th) ~ (Pos 

V - TVa = RT/P + BRT + CRTP - Baits + DRT + cRPT) = 0. 

Equation (4.63) gives aH. = we C. aT =C p(T, a T,)) and 

AH, = 0. Then AH = AH, + aH, = c,(T, - T)), where Cy is 

assumed constant. From (4.60) with oe constant: 
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AS. = Cy In (1,/T,) 

> n " 2 
b “Sy (R/P + bR + eRP) dP 

G 2 2 R ln (P,/P,) + bR(P, = P,) + scR(P, = P, ) 

rs ea WES tee A a + 4S ete, 

4.31 From Prob. 4.1l6c, (av/aP). = ie and AV, *® ~VK, OP, 

= -vK(C./C,) AP. From (4.54) and preceding data: 

av, * -(18.1 em?) (4,52 x 107>/atm) (17. 72/17.99)(9.00 atm) 

= -/,25 x 10. on 

an 3 fe 3 
We have V SS. cm =—02007 -emeo= 186 lcm. 

final 

From Prob, 4.16a, (aV/aT), = a,V and AV. * a,VAT., so 

AT. x AV /acV = “AV, (aT/C.K). 

4 (3.04 x 10°" x ')(303.15 K) 
AT. x 0.00725 em cape = be at ere cemnc eS 

‘ (7072 Gal/K)CO.52> x 107-/ atm) 

1.987 cal ' 
x ———— = 0.0202 K, lee 7 = 30,02°C 

82.06 ont atm ne 

We have dU = (aU/aT),, dT + (aU/av),, dv = Cy dT + 

(aU/av),, dV and AU = C, aT + (aU/av),, AV. Equation 

(4.47) gives (au/av),, = aT/K - P. We neglect the T and P 

variation of a and K. Also, since aT/K >> P, we can use an 

average P with little error. Thus we take (aU/av),, as 

a 

82.06 em> atm 

(3.04 x 107% K7!)(303 xX) 1,987 eal 
Ea sy) | earanRa mae 

W502 x» 10°° atm™* 

(aU/av),, = 49,2 Gatien 

ol 



AU (17.72 cal/K)(0.0202 K) + (49.2 cal/em?)(-0,00725 cm?) 
AU fs 0200) seal, AU = q +w=w = 0.001 cal 

4,32 We have dU = (au/aT),, dT + (aU/av),, dv = C, dT + 

(aU/av),, dv. Integrating and using a path similar to that 

in Fig. 4.5 but with V as the vertical axis, we get AU = 

T) V 

Lr Cy dT + Ly (aU/av),, dV. Using (au/av),, = al/V- = 

2 v2 ty 
an”’/V" for a van der Waals gas, we have AU = Lr Cc, aT 

1 
1° If C, is approximately constant over 

the temperature interval, then AU *% CCT, - T,) + 

- an’/v, + an2/V 

an’ (1/V, - 1/V>) for a van der Waals gas. 

= 0 in Eq. (4.76). 

= 0 in (4.77). 

4,33 Set ds = 0, dP = 0, and dnyj, 

Then set dT = 0, dv = 0, and Cnet 

4.34 For a closed system, dU = dq + dw. For a mechani- 

cally reversible process in a closed system with P-V 

work only, dw = -P dV and dU = dq = P dV. Equating this 

expression for dU to that in (4.74), we get dq = T dS + 

ry By dn, under the conditions stated in (4.73). 
L 1 

4.35 Use of (4.88) gives the following results. 

(a) Hy O(solid) : HH O( Liquid)? (b) 4 sucrose(solid) 

rm (ec) u = 
sucrose(in solution)’ ether(in water phase) 

du = 
“ water(in ether phase) ether(in ether phase) i: 

Hater(in water phase)’ 
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4.36 The more-stable phase at the given T and P has the 

lower HU. (a) H50(g); (b) neither; the two phases are in 

equilibrium and have equal u's; (c) H,O(1); (qd) 

CoH, 50¢(s); substance i flows out of the phase with the 

higher Wii (e) neither; (f) CoH, ,0,(aq); (g) H,0(g), 

Since uw = G for a pure substance. 

G eal "H50(s) = "H,0(1) > aH500s).; SH,0(1)! REMI Ar G 
for a pure substance. Multiplication by n gives G 

H,0(s) 

G or AG = G - G = 0. 
HO0(1) H,0(s) 

Cy HN, er = 7 NH? where (4.98) was used. 

4.60 €= Oe = (7.10 mol - 6.20 mol)/(-2) = 

-0.45 mol. 

4.41 (a) Heat is needed to vaporize the liquid, so q is 

positive. Hence AH = dp > 0. For this reversible isother- 

mal process, AS = q/T > 0. Since the process is revers- 

ible, AS sniv = 0. Also, AG = AH - TAS =q-q=O0, as it 

must be for a reversible process at constant T and P. 

(b) q Ls positive. AU =q+w=q>0. For this irrevers- 

ible isothermal process, Eq. (4.8) gives dS > dq/T and 

AS > q/T. Since q is positive, AS is positive. Since the 

process is irreversible, AS | is positive. Finally, 
niv 

AA = AU - TAS. Since AU = q and TAS > q, we have AA < 0. 

[This also follows from (4.22) with fee 

4,42 (a) All are zero, since the process is cyclic. (b) 

3) 



The process is adiabatic, so q = 0. Since V is constant, 

w = 0. The system is closed. Hence AU = q +w = 0. There 

is no reason for any of the others to be zero, (ec) q = 0, 

but w # 0. Hence AU # 0. Equation (2.63) gives AH = 0. 

There is no reason for any of the others to be zero. 

(d) AG = 0 for this reversible constant-T-and-P process. 

None of the others is zero. 

4.43 From (4.47), (aU/av),, = aT/K - P. Both K and T are 

always positive. For liquid water between 0°C and 4°C at 

1 atm, a is negative and hence (aU/aV)., is negative. 

4,44 (a) nu, stoichiometric coefficient; (b) mu, chemical 

potential; (c) xi, extent of reaction; (d) alpha, ther- 

mal expansivity; (e) kappa, isothermal compressibility; 

(f£) rho, density. 

4.45 (a) Closed system at rest in the absence of exter- 

nal fields. (b) Closed system (at rest in the absence of 

external fields), reversible process, P-V work only. 

(c) System (at rest in the absence of fields) in mechan- 

feal and thermal equilibrium, P-V work only. 

aeacaje 33 (b\ed mols > 3 chi Ke (ay aimee 

4.47 (a) The chemical potential of substance i is the 

Same in every phase in which i is present, and this con- 

dition holds for each substance. (b) Nes Viu, = 0. (c) 
dG=0 is a valid equilibrium condition only for systems 

held at constant T and P. 
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G = H - TS. At constant T and RB, GG = di] T aS = 

dq, - T dS. Solving for dS, we get dS = dq,/T - dG/T. 

4.49 (a) False; the equation holds only for ideal gases. 

(b) True. (c) False; the system must be held at constant 

T and P. (d) False; the system must be held at constant 

T and P. (e) True; ee = -w = q ~- AU and if q is positive 

then ie > -AU. (£) True. (g) False; there is no law of 

conservation of free energy. (h) False; AS niy 18 Posi- 
it 

tive for an irreversible process, but AS of the system 

can be positive, negative, or zero. (i) True. (j) False. 

(k) True. (1) False. (m) False. (n) False; the system 

must be isolated or adiabatically enclosed. 
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CHAPTER 5 

5.1 AHp = 2H 

3H° . 

° He -~ 2H? T,#,0(1) * *4p,so,(g) ~ 7#P,H,s(g) 

5.2 (a) The stoichiometric coefficients are doubled, 

so Eq. (5.2) gives 2(-319 kJ/mol) = -638 kJ/mol. 

(b) 4(=319 kJ/mol) = ~-1276 kJ/mol. (¢) -1(-319 kJ/mol) 
= 319 kJ/mol. 

on r Ww 3N,(g) + 3H, (g) + 2C(graphite) + 0,(g) * NH,CH,COOH(s). 

5.4 The 25°C reference form is the form most stable at 

25°C and 1 bar. The elements that are liquid at 25°C and 

1 bar are Hg and Bra. Those that are gaseous at 25°C and 

1 bar are He, Ne, Ar, Kr, Xe, Rn, Hos Fos Clo, No, O.- 

5.5 (a) [2(-285.830) + 2(-296.830) - 2(-20.63) - 3(0)] 

kJ/mol = -1124.06 kJ/mol. (b) [2(-241.818 + 2(-296.830) 

- 2(-20.63) - 3(0)] kJ/mol = -1036.04 kJ/mol. (c) 

[-187.78 + 4(0) - 2(294.1) - 2(90.25)] kJ/mol = -956.5 

kJ/mol. 

5+6 (a) CgH,,0¢(c) + 60,(g) + 6CO,(g) + 6H,0(1). 

AHe 299/ (kJ/mol) = 6(-393.509) + 6(-285.830) - (-1274.4) 

- 6(0) = -2801.6. AH°® = AU® + (An,/mol)RT = AU° + (6-6)RT 

= AU° = -2801.6 kJ/mol. (b) (0.7805 g)(1 mol/180.158 g) = 

0.004332 mol. The heat flowing out of the bomb is 

(2801.6 kJ/mol)(0.004332 mol) = 12.13, kJ. The water mass 

is (2500 em?) (0.9973 g/cm?) = 2493 g. The heat capacity 

of the steel bomb plus surrounding water is (14050 g) x 

56 



(0.450 J/g-°C) + (2493 g)(4.180 J/g-°c) = 1.67, x 104 g/ 

BOeMS)S6- 1093775 29( 1.675. 107 3/°c)At and At = 0.725°C. 

“Sinal Seeae0s0te 4 05725°C = 24.755°C. 

Se ian Initially, No = PV/RT 
2 

= 0.47 mol. At the end, nA. = 0.47 mol - 6(0.004332 mol) 
2 

20.026 MOL, 1 

(30 atm)(380 cm?)/R(297.2 K) 

= 0.44 mol, "H0(1) = 0.026 mol. The 

heat capacity C 

CO. 

syst of the system is gotten by adding the 

heat capacity C of the bomb contents to the heat capac- 
con 

ity of the steel bomb and surrounding water. The gases are 

heated at constant V, so we use e, of the gases. Appendix 

data gives Coes (0.44 mol) (29.36 - 8.31)(J/mol-K) + 

(0.026 mol)(37.11 - 8.31)(J/mol-K) + (0.026 mol)(75.29 J/ 

BOIEK) = 12.0;0/K. ¢ x 10° J/K = 
syst 

1.67, x104 J/K. We get At 

12,0 0/K +. 1367 
4 

On 25. Crandct 2° 24..7509C. 
final 

5.8 2, For the benzoic eeig run, AU. = (-26.434 kJ/g) x 

(0. 5742 p74 (0.0721 -9)(~6.. 28 kJ/g) = -15.25, kJ and 

(5.7) gives -15.25, kJ = -Cyyplt- 270 K) and C = 1220) 
K+P 

kJ/K. (b) For the naphthalene run, (5.7) gives AU, = 

-(12.01 kJ/K)(2.035 K) = -24.44 kJ. The contributions of 

the combustion wire and the naphthalene to AU. are 

(0.0142 g)(-6.28 kJ/g) + (0.6018 ALIS od Bs where 

FNS 9 -24.44 kJ = AU. naph is per gram of naphthalene en 

-0.089 kJ + (0.6018 OTe aagh and Se nach = -40.46 kJ/g. 

wey Hees 6 8] = (-40. P2817 mol) = -5186 kJ BO 2AU. shag 740 046 kJ/g) ( g/mol) / 

mol. The combustion reaction C, Hg (s) + 120,(g) > 
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10C0,(g) + 4H.0(1) has An,/mol entOGS212.=152-an0 AH? = 

Aue - 2RT = -5186 kJ/mol - 2(8.314%107> kJ/mol-K) (298 K) 

5.9 Ver = Virts= (8.412 v)(0.01262 A)(812 s)'= 86.2 J 

eoreaction. 298 z eer peed 

If we neglect the difference between U of the standard 

states and U of the states in the calorimeter, then AU gg 

is AU where "per mole" means for 
reaction, 298 Paar oLae 

SEAS mol. The reaction as written involves a coeffic- 

lent of 3 for -B, so AE = 1 mol corresponds to An(B) = 

3 mol. We have n(B) = (1.450 g)/(168.1 g/mol) = 

0.008626 mol, and 

-86.2 J 
AU’ COS te ee IO OR LT mol 

298 0.008626 mol 

= = = ¢ = e Then ane / mor = 6 2 4 and Ay 98 AUn 9g + An, RT/mol 

s -29.98 kJ/mol + 4(0.0083145 kJ /mol-K)(298.15 K) 

-20.06 kJ/mol. u 

: UV ° ° = 5.10 (a) With "ida neglected, AH5,, - AU59, = (An, /mol)RT 

= (-1.5)(8.3145 J/mol-K) (298.15 K) = -3718.5 J/mol. (b) 

9 - 2 = Ca = vo 2 = x AH 598 AU 98 P AV pH otl) + P AV Gas (1 atm) 

2) (18 cm>/mol)(8e3°/82 cm>-atm) + (4n,/mol)RT = 1.8 J/mol 

= 3718.5 J/mol = -3716.7 J/mol. 

Sell (CH,),CO(L) + 40,(g) + 3C0,(g) + 3H,0(2). For this 

reaction, Equation (5.5) gives: 4H, 98 = 
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3a D» AH? = Wetec e908. 7 He 298, COs (e)n 3aH¢ 298 yHyO(2) 
ie = 

S f ,298, (CH3)9CO(2) 40H, 798,092). Use of Appendix data 

for co, and H,0 gives »1790 kJ/mol = 

3(-393.509 kJ/mol) + 3(-285.830 kJ/mol) - 4(0) - 

AH. and AH® 248 f ,298, (CH) 5CO(2) Af 5298, (CH3)9CO(2) — 

kJ/mol. The formation reaction is 3C(graphite) + 

3H,(g) + 40, (8) + (CH, ),CO(£) and has an,/mol = -3.5, 

Neglecting the volumes of condensed phases, we have 

SAC RY). AH? £ 298 - RT ane mor = 
° _ r) 

all 9gg.” He 208 £,298 ~ 

-248 kJ/mol - (0.008314 kJ/mol-K) (298.1 K)(-3.5) = 

-239 kJ/mol. 

15 7 
Sriz NH, CH(CH, )COOH(s) + =0, (g) - 30, (g) + 5H, 0(2) + 

$N, (3). For this reaction, Equation (5.5) gives 

So 

OHo9g = 34He 208 peG(a)- > ‘SOHe 998, H 0(2) * 
1 oy 

Bee ORNs) < -750H¢ 05 (e) 7 2H2,298, atanine(s)’ US° 

of Appendix data for CO, and H, 0 gives 

-1623 kJ/mol = 3(-393.51 kJ/mol) + 3.5(-285.83 kJ/mol) 

+0-0- AHe 298, alanine(s) and AHe 298 eee 

-558kJ/mol. The formation reaction is 3N, (g) + fH, (gz) + 

3C(graphite) + 0, (g) - NH, CH(CH, ees and has An 2/mol 

= -5, Then AU- - RT an,/mol = - 558000 Sigel ~ 
f. 298 - AHe 298 

(8.314 J/mol-K)(298.1 K)(-5) = -546 kJ/mol. 

5.13 Let the reactions be numbered (1), (2), (3), (4). 
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Taking -(2) + (4) - 4(3), we get the desired formation 

reaction Fe(s) + 40.(g) - FeO(s). Hence AH? (FeO) = 2 £,298 
[-37 - 94 + 4(135) ]kcal/mol = -63% kcal/mol. Taking 

F re 3B ouae (1) + 3(4) 963)5 we get 2Fe + 509 Fe,0,, sO 

e pa a i as iD. an = AME 2986 Fey 03) = [-117 + 3(-94) 5 ( 135) ] keal/mol 

-196% keal/mol,. 

r) = Z = 5,14 For reaction (1), ogg cai} ae aH. 298,14 

-1560 kJ/mol = 2(-393% kJ/mol) + 3(-286 kJ/mol) 

- AH? 
7 

- -(0 where the data of reactions f ,298, CoH, (g) 5 (0). 5 
$<) 

£298 
H,0(2), and where AH: of the stable-form element 0, (2) 

= -85 kJ/mol. is zero. Solving, we find AHe 298, CoHe (a) / 

(2) and (3) were used to give AH of co, (g) and 

5.15(a) V= RT/P +b. Eq. (5.16) gives 

— nd P ie r 

Hight P) ~ Heft P) = i [T(av/aTt), - v] anes 

0 
Pp E 
i ERT/P' = (RT/P' + b)] dP' = TN aa 

b 
(b) 3 8.314 J 
“bP = -(45 cm /mol)(1 atm) ee Tai ee -4.6 J/mol 

82.06 cm™ atm 

rTZ:) ie on De OA (4) Eromekgac( Seto); H59g = 0+ (b) (OH/8T) , = C, and 

with the T dependence of C, neglected, AH = Se AT; hence 

a H° 59g + (28.824 J/mol-K)(10 K) = 288.2 J/mol. (c) 
From Sec. 5.4, H° = AH? 7H -a3n° H,0(1) £,H,O0(1) ~ “H5(g) On(g) © 
-285.83 kJ/mol at 25°C. (d) Use of AH = Cp AT gives for 

rrx-) ees .O n a ee H,0(1), H30g = Hogg + Cp(10 K) = -285830 J/mol + 

(75.291 J/mol-K)(10 K) = -285.08 kJ/mol. 
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5.17 Eq. (5.19) with acy assumed constant gives 

° Ce idk ° AH, ~ oT = AC, (T, - T,)- (See the Prob. 5.5 solution 
2 

° 

for AHj 99°) 

(a) Ace/(J/mol-K) = 2(75.291) + 2(39.87) - 2(34.23) 
mESC200355) =i75280 

AHS. = -1124,06 kJ/mol + (0.07380 kJ/mol-K)(72 K) 

= -1118.75 kJ/mol 

(b) ACe/( J/mol-K) = 2(33.577) + 2(39.87) - 2(34.23) 

- 3(29,.355) = -9.63 

AH37¢ = 1036.04 kJ/mol + (-0.00963 kJ/mol-K)(72 X) 

AHS 50 = ~1036.73 kJ/mol 

(c) ac? = 58.55 3/mol-K, AHe_. = -952.3 kJ/mol 
B 370 

5.18 The formation reaction is 4H, (g) + $€1,(g) + HCl(g). 

As in the Sec. 5.5 example, AH, = AH? “e/,Ad(TS = Toa 
2 T, Ps 1 

bhe(TS - 8) es Af (TS - T)'). We have Aa/(cal/mol-k) = 

6.34.5 ¥(8282) —- 406.52) = 24.33; se/(al/moi-K~)' = 

0.00110 - $(G.00006) - 4(0.00078) = 0.00068; 

A£f/(cal K/mol) = 0.54 x 10°. From the Appendix, AHe 208 = a 

(-92307 J/mol)(1 cal/4.184 J) = -22062 cal/mol. Then 

° SlCr = _- AHE 1000/ (cal/mol) = -22062 1.33(1000 298.15) + 

1 1 
$(0.00068)(1000% - 298.157) - 0.54 x 10°(10007| - 298.15") 

= -22559 and AH? = -22559 cal/mol = -94.385 kJ/mol. 
f,1000 

5.19 (a) Integrationof (aS/aT), = C/T at constant P 

gives sr = fs (Ci/T') dT', since $6 = 0 [Eq. (5.28) ]. 
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Use of the low-T relation (5.31) gives S. = r, at’? dT! 

3 
= aT /3. (b) 10 K is cold enough to use the Debye equa- 

tion (5731); ce = aT, Substitution in this equation 

gives 0.200 cal/mol-K = a(10.0 K)> and a = 0.000200 cal/ 

mol-K*, At 6.0 K, ce = aT = (0.000200 cal/mol-K*) (6.0 k)> 

= 0.043 cal/mol-K. Use of the result of part (a) gives 

5. iM = aT?/3 = C./3 = 0.014 cal/mol-K. 

5.20 (a) We use (5.29) and ie f(x) dx = ie: f(x) dx + 

ip f(x) dx. The reasoning of Prob. 5.19a and Eq. (5.31) 

z: wee eae . 
give S50 a a(10 K)°/3 = Ce 10 /3 

[e(10 K)? + d(10 kK) Als Then Seyi Z = 333¢ K> + 3333d K 

+ J 
20 K 200 K 

P60 K + (1450 cal/mol)/(200 K) + I) (i/T + j + kT + 112 ) aT 

4 

10 K (er + aT ) dT + L50 (e/T +f + gT + ht? ) dT 

200 K 

= (2666 K’)e + (40833 K*)d + 2.3026e + (180 K)f + 

(19800 K2)g + (2664000 K°)h + 7.25 cal/mol-K + 0.40551 + 

(100 K)j + (25000 K*)k + (6333333 K°)1. (b) From 
TT ae, Ot . e701 ap he come (aH/aT), Cys we have BN H Lo Ce dT for the solid 

0 
at T'. Use of the Debye T Law (5.31) gives Ey - oan = 

(ai 10 K 
pee a C dT = J aT? dT = %(10 K)‘a, But, as noted in 

part (a), a= CE 10 yf 10 K)? » sO Bo . males = 

%(10 K)C, 410 K = (2.5 K)[e(10 kK)? + a(10 k)*]. Also, 
- 20 K = 200° K = 

A500 oad ie K a Jo K c pts ) dT + L50 OX Co(s) aT, 

AHe = 1450 cal/mol, and i. aire a 300 K ~e 

Substitution of the expressions for C. and integration 

- Hp = (40000 x#)e + (645000 K>)d + (180 K)e 
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+ (19800 K7)£ + (2664000 K)g + (3.9996 x 108 x4)n + 
1450 cal/mol + (100 K)i + (25000 K2)j + (6333333 K°)k + 

(1.625 x 10° K*)1. 

5.21 (a) The first trapezoid has its parallel sides at a 

and a +w and its area is 4(f 5 fw. The second trap- 

ezoid's area is (fy + f.)w3 the third has area 

(f, La 

tion of these areas gives 4(f, + 2f, ch DRagy hy aa 2f 

+ f.,)3 eee3 the last has area AG + f wv Addi- 

-1 
+ f Ws which is the desired result. (b) With n = 10, 

2-1 1 * 
“si -1 -1 -1 1 O.1[%(1)7* + (1.1) + (1.2)7* + coe + (1.9)7° + §(2) 7 

0.693771. With n = 20 the trapezoidal rule gives 

.05(5(1)7! + (1.05)7! + (1257 + eee + (1095 )e 5/2] 

0.693303. The n = 10 Simpson's rule estimate is 

$(O.1)[17) + 4/161 + 2/1.2 + 4/1.3 + 2/1.4 + 4/1.5 + 

2/1.6-+ 4/1.7 + 2/1.8 + 4/1.9 + 1/2] = 0.693150. The ex- 
2a 

act value is J, x i ax = ln (2/1) = 0.693147. 

the trapezoidal rule gives J dx ws 

oO 

Outen. — 
Dees Ca) i E (C,/T) dT ~ 5[%(0.83)/15 + 1.66/20 + 

2.74/25 + °°* + 8.02/55 + *%(8.62)/60] cal/mol-K = 5.70, 

9 
cal/mol-K. Next, ae (C,/T) dT ~ 10[4(8.62)/60 + 

9.57/70 + *** + 15.42/180 + £(16.02)/190 | cal/mol-K = 

197.64 K = 
13.765 cal/mol-K. Finally, S390 : (C,/T) aT 

7.64[%(16.02)/190 + 4(16.50)/197.64] cal/mol-K = 0.64, 

4 

cal/mol-K. Addition of the three contributions gives 

frags 2 (c,/T) dT x 20.11. cal/mol-K. (b) 
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55 K = 1 
5 K (c,/T) dT # 3 (5) [0.83/15 + 4(1.66)/20 + 2(2.74)/25 

+ 4(3.79)/30 + 2(4.85)/35 + 4(5.78)/40 + 2(6.61)/45 + 

4(7.36)/50 + 8.02/55] cal/mol-K = 4.99, cal/mol-K. Next, 
2 

ia: e Uc pT) dT ~ 5[4(8.02)/55 + %(8.62)/60] cal/mol-K = 

0.72, | Biimene. 2 Next, teem (C/T) dT ~ $(10)[8.62/60 

+ 15.42/180 + 4(9.57/70 + 10.93/90 + 11.97/110 + 

12.83/130 + 13.82/150 + 14.85/170) + 2(10.32/80 + 

11.49/100 + 12.40/120 + 13.31/140 + 14.33/160)] cal/mol-K 
190 K 
180 K (Cc p/T) dT x 

10[%(15.42)/180 + 4(16.02)/190] ategin = 0.85, cal/ 
197.64 K = £ 
Toon (c,/T) dT 8 eee = 0.64, 

mol-K. Addition of the contributions ee 20.119 cal/ 

200 K 
mol-K. (¢) The trapezoidal rule gives f (C/T) *dT 

260K 197.64 Ko 

200 x 6p 1B dh Vs Gk Be 46, cal/mol-k;3 

= 12.91, cal/mol-K. Next, f 

mol-K. Finally, Jf cal/ 

x 0,24, cal/mol-K; Jf 
263, Kar 

: (c,/T) aT x 0.24. cal/mol-K. Addition gives 

298.15 K 

280 K 
298.15K .— 
263.1 K ‘Cp/T) AT x 

an 

i (C,/T) dT » 5.96, cal/mol-K. For the gas, 

if (C,/T) dT ~ 0,60, cal/mol-K and { (C/T) aT 
263:2.1.K 

x 0.613 cal/mol-K. Addition gives f 

l 21, cal/mol-K, 

5,23 Not being a masochist, I didn't do this one. If 

you do work it correctly, the answer will be very close 

to the value 20.12 cal/mol-K found in Prob. 5.22b. 

5.24 (a) The Appendix gives S508 = 69.91 J/mol-K. 

(b) Equation (4.61) with the T dependence of C° neglected 
° 

Fr 
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gives S°.. ~ §°? Cc? 348 59g * Cy In (T,/T))s sO 

~ 2 
Sara ~ 69.91 J/mol-K + (75.291 J/mol-K) x 

In (348.1/298.1) = 81.58 J/mol-K. 

(e) Equation (4,62) with the pressure dependence of q and 

V 1 d S$ se V neglected gives So98, 100 bar * Soo - aVAP, so 

= (0.000304 x7!)(18.1 em?/mol) 
8.314 J 

“= ns 
298, 100 bar he bel mol K 

x (99 bar) 
3 

83.14 cm” ba 
= 69.86 J/mol-K =. 

(d) Use the path in Fig. 4.5. The calculations of parts 

(b) and (c) of this problem give aS = as. + aS, = 

11.67 J/mol-K - 0.05 J/mol-K = 11.62 J/mol-K. Hence 

S(348 K, 100 bar) = [69.91 +11.62] 3/mol-K = 81.53 J/mol-K. 

5.25 (a) [2(69.91) + 2(248.22) - 2(205.79) - 3(205.138) ] 

J/mol-K = -390.73 J/mol-K. (b) [2(188.825) + as in (a)] 

3J/mol-K = -152.90 J/mol-K. (¢) [109.6 + 4(191.61) - 

2(238.97) - 2(210.761)] J/mol-K = -23.4 J/mol-K. 

5.26 With the temperature dependence of AC, neglected, 

° ° °o 

Tp = ASngg + AC, ln (T,,/298 K).. The 

AC's are calculated in the Prob. 5.17 solution and the 

Eq. (5.37) gives AS 

° 
e = AS598'S are calculated in Prob. 5.25. (a) AS 379 

-390.73 J/mol-K + (73.80 J/mol-K) 1n (370/298) = 

-374.76 J/mol-K. (b) Use ov = -152.90 J/mol-K + 

(-9.63 J/mol-K) 1n (370/298) = -154.98 J/mol-K. 

(c) AS3o5 = 8-23.46 3/moi-K + (58.55 3/mol-K) in (370/298) 

= 102 7 J/mol-K. 
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5.27 Differentiation of (5.36) gives dAS°/dT = 

S./dt = Cc ay flag ion gi Ey My ds 5 /aT zh vip fT acc/T Integration gives 

2 ° 
= AG Tie ar , : I ( aI ) 

° 

a V/aT)_ = R/P + RE + RTE’. 5e28° Via RTP SF RTL CT) and (av/aT), ii 

Substitution in (5.30) gives Siqfts P) - Sell P) = 

te CRE(T) + RT£'(T)] dP = RP[£(T) +i TEE ET) Vo 

° = ° = : - - 5,29 AGe 998 = He 298 L ASe 298 The formation reac 

tion is C(graphite) + 40, (8) + N, (a) + 2H, (g) - 

CO(NH, )o(e). Appendix data gives for this reaction, AS° = 

Ey vi35 = 104,60 J/mol-K - 5.740 J/mol-K 

- 4(205.138 J/mol-K) - 191.61 J/mol-K - 2(130.684 J/ 
= as ° ° 

mol-K) = -456.69 J/mol-K = SP GET Then AG 298 

= -333,51 kJ/mol - (298.15 K)(-0.45669 kJ/mol-K) 

= -197 235 kJ/mol. 

5.30 (a) AGS = AH) - T AS® = -1124.06 kJ/mol - 

(298.15 K)(-0.39073 kJ/mol-K) = -1007.56 kJ/mol. AG? = 

-1036.04 kJ/mol - (298.15 K)(-0.15290 kJ/mol-K) = -990.45 

kJ/mol. AG* = -956.5 kJ/mol - (298.15 K)(-0.0234 kJ/ 

mol-K) = -949.5 kJ/mol. (b) AG?/(kJ/mol) = 2(-237.129) + 

2(-300.194) - 2(-33.56) - 3(0) = -1007.53. AG?/(kJ/mol) 
= 2(-228.572) + 2(-300.194) - 2(-33.56) - 3(0) = -990.41. 

AGA/(kd/mol) = -120.35 + 4(0) - 2(328.1) - 2(86.55) = 

-949.6. 

° = ° = ° = D 5.31 (a) AG 356 = AH3 79 28 AS370 = -1118.75 kJ/mol 

(370 K)(-0.37476 kJ/mol-K) = -980.09 kJ/mol. (b) AG330 = 

-1036.73 kJ/mol - (370 K)(-0.15498 kJ/mol-K) = -979.39 

© = - kJ/mol. (c) AG379 = ~948.3 kJ/mol. 

rox) _ Do ie ao 5-32 (8) Gogg = Ho9g - TSo. 
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J/mol-K) = -61.16 kJ/mol. (b) Using the result of Prob. 

wee -= = 7 
5.16c, we get G08 = Hog - TSo99 = -285830 J/mol - 

(298.15 K)(69.91 J/mol-K) -306.67 kJ/mol. 

5:33 The Stull-Westrum-Sinke reference gives AGe 1000 val- 
9 

ues for CH,, CoH,, and H, as 4.58, 26.13, and 0 keal/mol, 

° 

1000 

mol = 16.97 kcal/mol. Landolt-B&rnstein data give 70.7 kJ/mol. 

respectively. Hence, AG = [0 + 26.13 - 2(4.58)] keal/ 

5.34 AK og = 2(-46.11 kJ/mol) - 0 - 3(0) = -92.22 kJ/mol. 

AH? = ° H° _ Fe aa H 5000 = 48508 + Ly Vi (Hoo09 - Ho9g) = -92-22 kJ/mol + 

2(98.18 kJ/mol) - 56.14 kJ/mol - 3(52.93 kJ/mol) = 

-110.79 kJ/mol. 

5.35 The reaction is 4N,(g) + ZH, (g) + NH,(g). The App- 

endix gives AHe 298 = ~46-11 kJ/mol. Use of (5.43) gives 
, 

° b—4 — ~— = — AGe 2000 = -46110 J/mol + (2000 K)[-242.08 4(-223.74) 

- $(-161.94) ](J/mol-K) = 179, 29 kJ/mol. 

° Ti:) - e 5.360 AH sale tai i V.0(Gp - H5gg)/T], = AH59g + 298 ey 
=? rie) = ° o ° = ° 

T Ls YyGh p/T - T Ly YEH? 298/7 = SHQ9g + SGp - SH599 = 4G5- 
bar atm bar bar atm atm 5.37 (a) Ac? aca AH T asp (AH j= TABS) 

= -T(ASpaF ~ eta since the difference between 1-bar 

and 1-atm enthalpies of a solid or liquid is negligible 

and H° of a gas is independent of P. Since the effect of a 

slight change in P on S of a solid or liquid is negligible, 

bar atm _ bar _ atm _ qbar _ 
we have AS," - AS,” = Asoo t ASgit = ee Vi(SnG 

catm es a 
Spi) = (0.1094 J/mol-K) aes v, = (0.1094 J/mol-K) x 
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An,/mol and agb@r - acat™ = -T(0.1094 J/mol-K)An,/mol. . 
bar atm 3 

(b) H3(g) + 202(g) + H{O(1). AGE 59g - AGe 298 = 
-(298 K)(0.1094 J/mol-K)(-1.5) = 48.9 J/mol. 

bie Infos H H 

gaseous b 
tml a | | 

a a aaa a ~ - aes srs ae 
atoms 

HH HH H 
AH /(kJ/mol) = 5(415) + 344 + 350 + 463 = 3232 

a 

AH, / (kJ/mol) = -[6(415) + 2(350)] = -3190 

AH = AH. es AH, = 42 kJ/mol 

a 

5.39 3C(graphite) + 3H, (8) + 4N, (8) + 3C(2) + 5H(z) + N(g) 
b 
+ CH, CH, C=N(g). AH’ data for C(g), H(g), and N(g) and 

bond energies give 

ti AH /(kJ/mol) = 3(716.682) + 5(217.965) + 472.704 = 3712.6 
a 

AH, / (kJ/mol) ~[5(415) + 2(344) + 890] = -3653 

AH = AH + AH <= 60 kJ/mol 
a b 

5.40 In the Benson-Buss bond-contribution method, the 

carbonyl group is treated as a unit and no explicit con- 

tribution is made for the C=O bond. The effect of this 

bond is absorbed into the contributions for bonds to the 

carbonyl carbon. The bond contribution to See for the 

F—CO bond is 31.6 cal/mol-K, so the total bond contri- 

bution is 2(31.6 cal/mol-K) = 63.2 ecal/mol-K for COF,(g). 

In addition, the quantity R ln go must be subtracted to 

allow for molecular symmetry. For COF, » the symmetry num- 

ber ¢ is 2, since there are two indistinguishable orien- 

tations of the molecule (obtained by 180° rotation about 
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the CO bond). The symmetry correction is -R ln 2 = -1.38 

cal/mol-K and the predicted aoe is 61.8 cal/mol-K. 

5.41 4H) 98 of vaporization refers to a change from liq- 

uid at 1 bar and 25°C to vapor at 1 bar and 25°c. A path 

to accomplish this is the following 25°C isothermal path: 

liq(1 bar) E 1liq(23.8 torr) cs gas(23.8 torr) 2 gas(l1 bar) 

AH “= aH, + aH, + AH, - As noted in Sec. 4.5, a modest 

change in pressure from 1 bar to 24 torr will have only 

a very slight effect on H and S of a liquid, so we can 

take aH, = 0. Also, since the vapor is assumed to behave 

ideally, its B depends only on T, and AH, = 0. Thus AH° 

= aH, = 10.5 keal/mol. For comparison, Appendix data 

give AH® = (-241.818 + 285.830) kJ/mol = 10.519 keal/mol. 

Next, AS° = aS, + AS, + AS. « To a high degree of accuracy 

as, = 0. Equations (3.27) and (3.29) and Boyle's law 

give aS, * AS, = aH,/T +R In (P,/P,) = (10500 cal/mol)/ 

(298.1 K) + (1.987 cal/mol-K) In (23.8/750) 28.3,cal 

mol”! kvl = as°. The Appendix data give as° 

(188.825 - 69.91) J/mol-K = 28.42 cal/mol-K. Finally, 

AG® = AH® - T aAS° = 10.5 keal/mol - 

(298.1 K) (0.0283 -keal/mol-K) = 2.0, keal/mol. The Appen- 
4 

dix gives AG’ = 2.045 kcal/mol. 

5.42 We use the 25°C path (where M is methanol) 

3 
M(2, 1 bar) 1 m(g, 125 torr) 2 M(g, 125 torr) > M(g, 

1 bar) . M(ideal gas, 1 bar). For this path, AH = 
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Hig) ~ Hct) * Yu¢gy ~ Her ~ “Bway ~ Her? = 488 mig) 
° ° : ih AHE (2)! where Hel is the standard-state enthalpy of the 

elements needed to form methanol. Since a moderate change 

in P has little effect on thermodynamic properties of a 

liquid, we have AH, = 0 (and AS, = 0). AH, = 37.9 kJ/mol. 

AH, = 0 and AH, =~ 0, where we neglected nonideality of 

the gas. Then AH = AH, + AH, + AH, + AH, = 37.9 kJ/mol 

and AH? = -238.7 kJ/mol + 37.9 kJ/mol = -200.8 kJ/ 
f,M(g) 

mol. We have AS, = 0, AS, = AH,/T = (37900 J/mol)/(298 K) 

= 127., J/mol-K,; ASS, = Rin (v,/V,) = R i1n (P,/P.,) = 
1 3 

(8.314 J/mol-K) 1n (125/750) = -14.90 J/mol-K [where 

(3.29) was used], and AS, =~ 0, where the gas is approxi- 

mated as ideal. Then AS = (127., - 14.9) J/mol-K = 112. , 

J/mol-K. So Sug) = 126.8 J/mol-K + 112., J/mol-K = 239 

J/mol-K. 

2 

5.43 (a) Pa; (b) J; (c) J/mol-K; (a) J; (e) m?/mol; (£) K. 

5.44 If AH° is independent of T, then d AH°/dT = 0 and 

(5.18) gives AC®° : ° = ° 
Pp 0. Then (5.37) gives ers = asa - Q.E.D3 1 

3.45 Equation (4.45) gives (av/aT), = -(aS/aP),. The 

third law gives lim, AS = 0 for an isothermal pressure 

change in an equilibrium system, Hence (aS/aP),, ~ 0 as 

T+ 0, and a = (1/V)(av/aT), + 0 as T+ 0. 

5.46 (a) Nonzero. (b) Nonzero. aH 298 refers to forma- 
+) 

tion of the substance from elements in their stable forms 

at 298 K. The 298 K stable form of chlorine is Clo(g), 
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not Cl(g), and Hj 98 for #C1,(g) ~ Cl(g) is not zero. 

(ce) Zero, since Cl, (8) is the stable form of an element. 

(d) Nonzero. (Entropies are zero at 0 K.) (e) Zero. 

(£) Zero, since 350 K formation of N, (8) from its stable- 

form element(s) is a process in which nothing happens. 

(g) Zero. (h) Zero, since heat-capacitles go to zero as 

T goes to zero, as shown by the Debye equation (5.31). 

(i) Nonzero. 

5.47 The 25°C reaction (step c) is CHg(g) + 205(g) + 

cO,(g) ” 2H,0(2) and has AH = [-393.509 + 2(-285.83) - 

(-74.81) - 2(0)] kJ = -890.4 kJ for burning 1 mole 

of CH,. We have AH, = AH, + AH, = 0 = -890 kJ + AH, and 
4 

4H, = 890 kJ. From the Appendix, the heat needed to vap- 

orize 2 mol of H50 is 2(-241.8 + 285.8) kJ = 88 kJ. In 

step b, the products are being heated from 25°C to the 

flame temperature T. The heat required to do this is 

88000 J + (1 mol)(54.3 J/mol-K)(T - 298 K) + (2 mol) x 

(41.2 J/mol-K)(T - 298 K) + 2(3.76 mol)(32.7 J/mol-K) x 

(T - 298 K) = 890000 J. So T - 298 K = 2096 K; T= 2400 K. 

5.48 (a) n-C (g), since larger molecules have larger 4410 
entropies. (b) H,0(g), since gases have higher entropies 

than the corresponding liquids. (c) H, (8), which has 

larger molecules than H(g). (d) Ci oHg(s). 

5.49 (a) AH® = qp fis positive, since heat is needed to 

vaporize the liquid. For liq. ~ gas, AS° > 0. (b) 

AH® is positive since energy is needed to break the bond. 
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aS” is positive, since the number of moles of gas is 

increasing. (c¢) q is negative when the vapor condenses, 

so AH® is negative. For gas ~ solid, aS’ <0. (d) 

(COOH), (s) + 40, (2) * 2C0, (2) + H,O(2). We can expect 

the reaction to be exothermic, as is generally true for 

combustion reactions. Hence, AH® < 0. Also, AS°® > 0, 

since the number of moles of gases is increasing. (e) 

ASaas 0, since the number of moles of gases is decreas- 

ing. All species are gases, and the Table 20.1 bond ener- 

gies yield AH’ ~ (2711 - 2834) kJ/mol = -123 kJ/mol, 

so AH’ < 0. 

2600) lOvLind Soon from Eq. (5.29), we need oe me asure- 

ments for the solid from a very low temperature up to the 

melting point, measurements of AMS at and the melting 

point, and one data for the liquid from the melting point 

to 298 K. In addition, if there are any solid-solid phase 

transitions, we need INTE and the temperature of each such 

transition. To determine AH 298 we need AH 98 of combus- 

tion of the hydrocarbon (see, for example, Prob. 5.11). 
° 

4G, 1s found from AH - T Ses as in Prob. 5.29, 
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CHAPTER 6 

6.1 For a pure substance, G = nG = nu and AG = n Ay. For 

an isothermal process in an ideal gas, Ay = w°(T) + 

RT 4n (P,/P°) =¥ Pus {T) <4eRTVIn (Eafe) = RT ln (P,/P,) 

and AG = nRT ln (P,/P,) = (3.00 mol)(8.314 J/mol-K) x 

(400 K) ln (0.5P,/P,) = -6.92 kJ. 

Pe”: afuy + RT 1n(P,/P°)] = blus + RT 1n(P,/P°)] + 

° ° ° ° Cy at 
clue + ‘RIE 1n(P//P )] and bus + CUq - aly = 

-RT(b 1n(P,/P°) + Cc 1n(P/P*) mira 1n(P,/P°)] = 

-RT[1n(P,/P°)” + 1n(P./P°)° + 1n(P,/P°) 9) = 
-RT ln [(P,/P°)?(P./P°)°(P,/P°) A). The left side is 

Vv. 
Ss. ° sewing Ae: Oe 

deg May = AG” and the right side is -RT ln Nl; (P,/P ) = 

-RT ln Ko. This completes the proof. 

6.3 (a) Ps = xP. P = (0.440)(1767 torr) = 777 torr; 
3 

Pp = (0.310)°(1767 torr) = 548 torr; P. = 442 torr. so 0, 
Vv 

Sus ae Ae «| oe ene ON eee cg Fi Ee FEA eh 

(777/750) / (548/750)*( 442/750) =e 340% AG? =! -RT Jn Kee 
P 

~(8.314 J/mol-K)(1000 K) ln 3.41 = -10.2 kJ/mol. (b) Kp 

= 2 2 te ° Sr ee + ay Topo tal = K.P and Ky = Kp/P = 3.41/(1 bar) = 

341 Bars 

G4 0A + B.. 2C.+ 3D, If 10.0 mmol-of-C is formed, then 

5.0 mmol of A and 5.0 mmol of B must have reacted and 

(3/2)(10.0 mmol) = 15.0 mmol of D is formed. At equilib- 

= 10.0 mmol, n., = = 10270 mmol, n. = 13.0 mmol, n D rium, n 4 
A Gc 
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15.0 mmol; n = 48.0 mmol. x, = na/M ot = 0.208, x, = 
tot 

O.271, cc 0.208, Xam 0.312,. Pa = xP = (0.208) x 

(1085 torr) = 226 torr, Pp = 294 torr, Pa =z 226 torr, Py 

o _ ay eve ° dy = 339 torr. Kp = (P./P ) (P)/P ) /(P,/P )(P,/P ) 

(226/750) 7 (339/750) 2/ (226/750) (294/750) = 0.0710. AG® = 

-RT ln Ke = -(8.314 J/mol-K)(600 K) 1n0.0710 =13.2 kJ/mol. 

6.5 nyo, = PV/RT = [(231.2/760) atm] (1055 one yy 

(82.06 cm>-atm/mol-K) (323.7 K) = 0.01208 mol. Let x mol 

of Br. react to reach equilibrium. At equilibrium, 

n = 0.01471 - x = 0.01208; x = 0.00263. So Nyo = 
tot 

0.00505, oars =.0.00177, Nyopr = 0.00526; Xo = MnNo/MtEot 

= 0.418, faze = 0.146,, Xyopr = 0.435. Pro = xno? = 

(0.418)(231.2 torr) = 96.6 torr, *Br, aes 3290 tore, PNOBr 

= 100.6 torr, P° = 750 torr. Kp = (PROee Peal 

(Pyo/P°)* (Pay /P°) = 24.0. AG° = -RT In Ke = 

-(8.314 J/mol-K) (323.7 K) 1n 24.0 = -8.55 kJ/mol. 

6.6 (P./P°)7/(Py /P°) = (0.12)2/(720)(750) = 2.7% 107%, 
2 

which is less than K5- The system is not at equilibrium; 

Pu(g) and hence MN (g) must increase to reach equilibrium. 

6.3% Consider the reaction aA + bB # cC + dD. Use of 

P = x,P gives 
ok i E ae 

Cc ° 

: (P,/P°) (PD/P ) C“D _c+d-a-b ey atLcGre 

ova ° 
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648 AG° = -RT ln Kp = -(8.314 J/mol-K) (298.1 K) 1n0.144 

= 4.80 kJ/mol. If AH° is assumed constant over the range 

2o,C to 35°C, then Ba. (6.39) applies and 1n(0.321/0.144) 

= [AH°/(8.314 J/mol-K) }[ (298.1 ay - (308.1 Kye: AH® = 

61.2 kJ/mol. AG° = AH® - T AS° = 4800 J/mol = 61200 J/mol 

=» (298;1 K)AS° and AS*®-= 189 J/mol-K. 

6.9 We plot ln Ke versus 1/T. The data are 

ln Kp -1.406 0.688 12601 2200 

tT 7x7! 0.002064 0.001873 0.001799 0.001745 

The plot is very nearly linear, with slope -11400 K, and 

-AH°/R = -11400 K, aH® = (11400 K)(8.314 J/mol-K) = 

94. kJ/mol = 22.6 keal/mol in this range of T. Then 

AGea, = - RT ln Ky = -(8.314 J/mol-K)(534 K) In 1.99 = 

-3.05, kJ/mol = -730 cal/mol. From AG° = AH® = T aS®, 

AS§3, = (QH® - aG°)/T = (94800 + 3055) (J/mol) /(534 K) = 

183 J/mol-K = 43.7 cal/mol-K. (b) AH® = 22.6 keal/mol 

= 94,., kJ/mol, as in (a). (The near linearity of the plot 

shows that AH° is essentially constant over this range 

of T.) aGe., =-RTin KS = -10.7 kJ/mol = -2.55 kcal/mol. 
574 

° te Si me? Pa oe ; ve 
ASE7, = (Heo, aG._,)/T 183 J/mol-K = 43.8 cal/mol-K 

6,10 Substitute (6.28) into (6.14). 

6,11 When T, in the AH® expression at the end of Sec. 5.5 

is replaced by T and this expression is inserted into 

(6.37), the right side of (6.37) becomes 
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-1 , 7 2 -1 
(1000 J/mol)R Sq {~§$712526/T + C2001 51 Ke Dae 

1 
-6 _-2 S, ° Zc oox 10 K + (1448 K)/T~] dT. Also, -RT ln Kp, 298 = 

4G5098 = [2(-394.359) - 2(+137.168) - 0] kJ/mol = -514382 

J/mol and lin K® = 207.50. Taking T, = 298.15 and eval- 
P,298 1 

uating the preceding integral, we find that Eq. (6.37) 

gives (where K = kelvin) ln K5(T,) = 207450 —-229,6) + 

68739(K/T.) + 0.1816 In (T,/298.15 K) + 3.43 x10 4(T,/K) 

“ 87080(K*/T,*). (b) Substitution of T,/K = 1000 gives 

= 47.04 and K° = 3x 102°, °o 

In Kp 1000 P,1000 

6.12 Equation (5.19) gives 

AH, + Le [2e - a+ (2f - b)T' + (22 - eT! 7] os 
1 | 

AH? 
T 

it Db a 
© s+ (2e- a(t - 7) 4 Cf - kb) (T? - 72) 
al 1 

+ 5 (28 . e)(T? - T 3 

Substitution in (6.37) and integration gives 

l 2 
in K°(T,) = In K°CT,) +— [An” “+ (a = Zeym £ Cobe- fot 

Pe 2 S| R Ty us : ; 

+3 (c - 2e)T tT, = Te 
#4 2 

+ (2e - a) ln — + (f - 4b) (T, - tT) 

"Ul =P ioss ae) 6 7 Mica 

O13. From. (6-25), 1n K* min KS - (A4n/mol) 1n T + const. 

Differentiation and use of (6.36) and (5.10) give 

dec Ke Seon Kp An/mol AH° QnRT/mol AU® 
= _OOO ieee eee eae Clit 

aT dT A RT? at? RT? 



6.14 From (6.27), In K, = In Ko - (an/mol) In (P/bar). 

Differentiation with respect to T and use of (6.36) gives 

Carin K,/aT), = dln KB/ aT = AH°/RT’. Partial differen- 

tiation with respect to P gives (since K° is independent 
Pr 

of, FP): In K,/2P),, = -(An/mol)/P. 

6.15 The Appendix AG. 99g Values give for this reaction 
9 

° al Or Vee r) oe AGiog = 4730 J/mol. From AG RT In K, we find Ky 

0.148 at 25°C. The reaction has the form A = 2B, and Kp 

axe SY Oa? OL ee 2 oe eae ) /(P,/P = Paley = (x, P)°/x ,PP 

[x2/(1-x,)]P/P°. Then x2/(1 - x.) = 0.148(0,987/0, 500) 

0.292 and the quadratic formula gives |= 0.414 = Nog? 

also, * Nn 0, = 0.586. 

6.16 Since Py = n RT/V, the partial pressures are propor- 

tional to the moles. Let zV/RT moles of CO react. The 

equilibrium partial pressures are then Poo = 342 torr - Z, 

Bors ae OL ett COLT = .Zs Feocts 

342.0 torr --z + 351.4 torr - 2 +2 and- z = 253.9.torr. 

KS = (253.9/750)/(88.1/750)(97.5/750) = 22.2. 

= 2, Thus 439.5 torr = 

6.17 AG°/(kI/mol) = -394.339 + (-879) ~ 2(-619.2) = -35. 

In K, = -AG°/RT = (35000 J/mol)/ (8.314 J/mol-K) (298 K) 

In ko =14,,, Ko = 1.3 x io 

Let 2z moles of COF., react. The equilibrium amounts are 

n(COF, ) hile te 22, n(CO, ) = 1 +z, n(CF,) = 2, Because se 

fs so large, we have 2z x 1 and z ~ %. Hence, n(CO, ) = 
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LiepO mols n(CF,) = 0.50 mol, and 

(1.5/n, ,)P(0.5/n yp 
tot - 

: n(COF, ) = 7x 10 : 6 
Ven x 107 2 

? IAB mol [n(COF, )/n,., 

6,18 in KL = -AG°/RT = -1.258. Kp «0,284.1 (a) Let 2 

moles of A react. The equilibrium amounts are n, = 1 = Z, 

= 2z, and n. = 2 + 2z. Use of n =tl-2, n= 2z,n pad 
D 

ci = x,P gives i 
Zz 2 P 2 Zz 2 P 2 

1 +2] \Po} \1 +2] PE?) ~ 424 =e) 

l= 2 2/ p 2 (1 - zy 750 

2C)h + 2); VE” 

a 1200 9 
0.533 = —-, 2503 2. = 0.333,, z= 0,378 

Both times we took the positive square root, since z and 

l - 2? are positive. n, = 0.622 mol = ne» AG = 0.756 mol = 
A 

ny (b) The equilibrium amounts are n, = bye se oe 

2A Zn nee 2z = ny We have 

[22/(3 + 22)]'(P/P?)* 

CQ - 2)/@ + 2z)][(2 - 2)/(3 + 22)] 

0.00693, - 2°/(1-2)(2-2)(3 +22)2 = 0 

0,284 = 

z lies between 0 and 1, and trial and error gives the de- 

sired root as z = 0.530. Hence n, = 0.470, n, = 1.470, 

ayo 1.060 = np: 

6.19 AaG° = -RT ln K°, ac? = «RT ln K° , 
ere FP wrong P,wrong 
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AG s=tAGe = 2500 J/mol = -RT ln (K?/K? ). We get wrong P P,wrong 
1 °@ e ihe fa e Q = n ROG rons 1,00 and Kp wrong! Kp 2.7.) The 

error is a factor of 2.7. 

6.20 x, = (1,000 mol/6.000 mol) = 0.1667, x, = 0.5000, 

X_ = 0.3333. P= x,P = 0.1667(1.000 bar) = 0.1667 bar, 

= 0,5000 bar, P, = 0.3333 bar, 

Ke = 0.3333/(0.1667 x 0.5000) = 4.000 

a") | 

Let z moles of A react to reach the new equilibrium posi- 

tion at P = 2.000 bar. For this equilibrium, te 1 - 2, 

Wee ooo 2. 1 a= 24 Z2esand ag (1 - z)/(6 - z), C 
(Bt= 247.6. =)2) © x, = (2 + z)/(6 = z). 

Pee x2 = f(b = 2)/(6 - z)1(2 bar), P, = etc. 

* if] 

[(2 + z)/(6 - z)J2 
PES SS feel eS et ah oe eee, ae ee 
P [(1 - z)/(6 - z)J2[(3 - z)/(6 - z)]2 

ede te nO,  7"=/0.367 and 3.63 

We have n, = 1 - Z, sO z cannot exceed 1. Therefore z = 

05307. i = 0.633 mol, n, = 2.023 MOL, no = 2,3077mOk. 

6.21 AG) gg/ (kJ/mol) = -267.8 +0 - (-305.0) = 37.2. 

AG? = -RT ln Ko. 37200 J/mol = -(8.314 J/mol-K) x 

4 E = 3.0 Ory LA k 1 (298 K) ln Kp 298° Kp 298 Br Ona Ao og! ¢ J/mol) 

= -287.0 + 0 - (-374.9) # 87.9. Equation (6.39) gives 

-7 ° PS in K5 500 mein sO x10") + 

[ (87900 J/mol)/(8.314 J/mol-K) ][(298 K)7! - (500 x)7!] = 

° = -0.69. Kp, 500 = 0.50. 
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The mole fractions are = PGia = ecl, TC none *PCle * 

—4 = ° = - = 1 - *Pcl, ~ *els = 1 2x. We have Kp, 500 0.50 

(xP/P°)2/[(1 - 2x)P/P°] = x7/(1- 2x), since P = P® = 1 bar. 

x2 = 0,50 - 1.00x, and the quadratic formula gives x = 

0.36 =x = 1 - 2x = 0.26,. 6 eet, sel, MEE 

6.22 (a) 1, (8) 2 21(g). Let n*™ be the number of I, moles 

before dissociation, and let z moles of I, dissociate to 

give 2z moles of I, leaving n* - z moles of I,- The total 

number of moles at equilibrium is n* - 2 +22 = Hh +. 2; 

Then xa ae 22/(n*™ + Zz) and ae = (n* = z)/(n* +z). We have 

n* = P'V/RT and n~ +z = PV/RT, 80 z = PV/RT - n’* = 

(P - P*)v/RT. Use of these expressions for z, n* + z and 

n- gives x, = [2(P = P*)v/RT]/(PV/RT) = 2(P-P*)/P and 

oe [P"v/RT - (P-P-)v/RT]/(PV/RT) = (2P*- P)/P. 

@) 183 3 (x P/P°)?/ (x, p/P°) = (2(P- P*)/P°]*/ 

[(2P* - P)/P°] = 4(P - P*)2/(2P* - P)P*®. (cc) We use the 

result of (b) to calculate the following K) values: 

Ke 973 = 4(0.0624 - 0.0576)*/[2(0.0576) - 0.0624]0.987 = 
9 

0.00177; kK ="0,0]12=' "ox = 0.0493; xK° 
° 2 = 

P,1073 Periz P,1274 — 
0.172,, We plot ln K, vs. 1/T. The data are 

9 

In Kp “6.34 -4.49 -3.01 “1.75, 

HON 10.28 G3) eas 2 ee oma 

One finds a straight line with slope “1.88.5 x 10* Ke 

From Eq. (6.40), aH® = (1.88, x 10% K)(8.314 J/mol-K) = 

157 kJ/mol = 37.5 keal/mol. 
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oe t v v. 6.23 Kp /Kp = (I, (P,/bar) *)/{M, (P,/atm) +) = 
v v v 

ql, (P,;/bar) *7(P, /atm) LS q, (atm/bar) 1 For aA + bB 2 
v 

cCF+/ dD, q, (atm/bar) ae (atm/bar)°*t-2-> = 

An/mol (atm/bar) = (760 torr/750.062 torr)4n/mol _ 

(1.01325) 4n/mol | 

6.24 At equilibriun, ny /mol = 1 - x, ny {MOL =" Go =—Sx, 
8, 

Gyre ce = 2x? Ny o¢/mol ad eae ee PN, = Ne = 

(My Pot)? = Dis —)%)/ (4. 2x))P, Pup a 

[3(1 -x)/(4 - 2x) ]P, ents = [2x/(4- 2x)]P. Ko = 

(By /P)*/ (Py /P°)(P, /B°)> = 

ioe) 7 (2x) a b= x) = (P°)?p-7( 4 - 2x) 
© 2 Ln 4 ° 

(P-7/P)> (16/27) (2 =x)" x /(1 -xy = K5- x must be between 

0 and 1. Taking the positive square root of each side 

gives (P°/P) (4/272) (2 -x)x/(1 - x)? = Ko3 or 

4(2x -x?)/(1- x)? = (27K8)2(P/P°) = 8. Hence 8x - 4x? = 

s - 2sx + x*s and (4+8)x? - (2s +8)x + s = 0 or 

x? - 2x + s/(s+4) = 0. The quadratic formula gives 

x = {2 + [4 - See ANI) /2 aie te = we BL se Aye A ere Since 

x is less than 1, we take the minus sign: x = 

1 =f 1- = Seay i=. 

6.25 (a) dln K,/ aT = AH?/RT2. Appendix data give AH’ = 

87.9 kJ/mol > 0, so Kp decreases as T decreases and the 

equilibrium shifts to the left. (b) As V decreases at 

constant T, the pressure inereases and the equilibrium 

shifts to the side with fewer moles of gas, li.e., it 
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shifts to the left. (¢) This removal decreases Peis? 

so to restore equilibrium, the reaction must shift to the 

left. (d) Constant T and V addition of He does not af- 

fect the partial pressures of PClos PCl.,, or Clo, and 

there is no shift. (e) To keep P constant as He(g) is 

added, V must be increased. Since P, = n, RI/V, this vol- 

ume increase will decrease each aoe i pressure Py by 

the same percentage. Since the reaction has more moles 

of products than of reactants, the numerator of the reac- 

tion quotient Qp will decrease more than the denominator. 

Therefore the equilibrium will shift to the right to make 

Qp again equal to Kp. 

6.26 From Prob. 6.13, d In K/aT = AU°/RT@; Lf AU® is 

positive, then K. increases as T increases. Since Cc, = 

n,/V and V is held fixed, the mole numbers n, undergo 
i 

changes proportional to the changes in the concentrations, 

and the equilibrium shifts to the right if AU°® > 0. 

6.27 (a) InQ.= in (TI, (x,) ‘J = 5, in (x,) t= 
one v,; inx, = Ze v,; in (n/n. = 

oh vy ln n,- Cay vi) in (ny +n, + eee), We have 

aoln Q,/on, = v;/n = An eee mol = j /(n, +n, + ) 

(vy, ~ x an/mol)/n,. b)} Case I: suppose substance j is a 

reactant. Then V5 is negative. To get a shift to the left, 

we want 2Q,/an., > 0, so that addition of j will make 

> nn. = Q. K. e thus want 5 x An/mol > 0 and v5 > x An/mol. 

Since V5 is negative, An must be negative. Division of 
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the inequality by the negative quantity An reverses its 

direction to give v ;/ (an/mol) < X 5° The fact that an 

is negative means that the total moles of reactants ex- 

ceeds the total moles of products, in agreement with con- 

dition (1). Case Il: suppose substance j is a product. 

Then v5 is positive, We want aQ fan. < 0, so that addition 

of j will make oe < K. and shift the equilibrium to the 

right. We thus want a x ,An/mol < Oor,y,. < x an/mol. 
j 

oe is positive, sodn must be positive and division by 

An gives x, > v;/(An/mol). The fact that An is positive 

means that the product total moles exceed the reactant 

total moles. (c¢) The left side of the reaction has the 

greater sum of the coefficients, so constant-T-and-P add- 

rion. OF NH, will never produce more NH, . 

tion (2) is *n, > (=1)/(-2) = 4%, so for x 

For N, 

> 0.5, addi- 

» condi- 

My) 
tion of N, at constant T and P produces more N For H 

jd 

condition (2) is x 

ae 2s 

u. > (-3)/(-2) = 1.5, which can never 
Zz 

be satisfied. 

s low 6,28 The reaction rate at lower temperatures is too 

to make the reaction economically practical. 

6.22 AG° = -RT ln Kp = -2,303RT log Kp = -2,303 x 

(8.314 J/mol-K)(500 K)[7.55 - (4830 K)/(500 K)J = 20.2 

kJ/mol. d In K°/aT = AH°/RT2. AH° = RTA 

2.303RT? d log Ko/aT = 2.303RT2 (4830 K)/T* = 2.303 x 

(8.314 J/mol-K) (4830 K) = 92.5 kJ/mol. aS = 

1] oe dln Kp/ aT = 
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(AH’ - aG°)/T = (72,3 kJ/mol)/(500 K) = 144., J/mol-K. 

= (aH/aT),. Ace = (2 AH®/aT), = 

6.30 AG’ refers to a change from pure, separated react- 

ants, each in its standard state, to pure, separated prod- 

ucts, each in its standard state. AG° is not the change in 

G that occurs in the actual reaction mixture. The reacting 

system does not contain substances in their standard 

states, 

6.31 Ke {fs a function of T only. Therefore only (d) will 

will change Kp 

6.32 (a) aH® = xy v Hi The enthalpies of ideal gases 

depend on T only and are unaffected by pressure changes 

Or by mixing with other ideal gases. Therefore, the obser- 

ved AH per mole of reaction does equal AH® for the reac- 

tion. (b) Entropies of ideal gases depend strongly on P 

and the gases in the reaction mixture are not at 1 bar 

partial pressures. Therefore, the entropies in the mix- 

ture do not equal the standard-state entropies and AS per 

mole of reaction differs substantially from aS°. (c) 

Since aS # AS°, it follows that AGte AG: 

6.33 Let the superscripts 750 and 1000 denote standard 

states based on 750 torr and on 1000 torr, respectively. 

:) poe ae [(Pno,/P ahh noe Soe en aes 

2 
= [ (Po, /P°???) [(Pyo,/Po? YT os ( pe» 1000, 1 ny (per 750)-1 

K 
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= 750/1000. (The gases are unaware of what choice of 

standard state has been made, so the equilibrium partial- 
2 pressure ratio Pron! Px, 0, fs independent of the standard- 

state choice and cancels.) The Appendix aG® data give 
Led | ace? 2) 4.73 kJ/mol and use of age? 790 = -rt inks, 790 750 

gives 2» = 0.14.. aan + 
Z 

0.11). 

6.34 (a) Since aH® < 0, the relation d In K°/dT = aH°/RT? 
shows that Kp decreases as T increases; thus the equilib- 

rium amount of the cis isomer increases as T increases. 

(b) We have aG° = AH® - T aS°® wx -T aS® in the high-T Lim- 

it. Since aS° > 0, we have aG° < O at high T and Kp >1 

at high T. Thus the high-T limit has more trans isomer 

than cis isomer. (c¢) Even though the percentage of cis 

isomer continually increases as T increases, it is still 

macs 

| 
possible to have more trans than cls at 

high T. In the graph at the right, the 

% cis continually Lincreases with T but 

always remains below its asymptotic 

T = 0 limit of 43%. (d) aG® = AH® - T AS°, where aS® 

and AH° are constant. In this equation, the coefficient 

-AS° of T is negative, so AG decreases as T increases. 

As noted in (a), Ke decreases as T increases. We have 

BG/2>= =k In Kp> and since i is decreasing as T incre- 

ases, AG°’/T is increasing as T increases, which is the 

opposite behavior as shown by AG. (If this seems puzzl- 

ing, note that AG° is negative.) (e@) Yes. For the re- 

verse reaction, trans + cis, the results of (d) show that 

AG° increases and Se increases as T increases. (The be- 

havior of Ke is determined not by AG° but by AG’/T.) 
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6.35 0 = (a/am) xy (y, > mx 7)? = Zy 2(-x, Ue aa 

e "2 | = 2 =-25, x,y, + 2m=, x; + ae oP (2, xyyyrm mz, x1)/ 

‘7 0 = (a/ab)z, (y, sone) m,-b) = 

ie l 

ae zy x,)/n}. Equating the two boxed expressions 

for b and solving the resulting equation for m, we find 

jigs 2 
m= (n=, x,y, - 54% zy, )/[n Ex, - (2, x,) ]. Substitu- 

1 es § . 

ting this expression for m into b = (Z,y me Ax so ieee i,t 
and using a common denominator for the terms on the 

right, we obtain the equation given in the text. 

6.36 (a) Pas ns 0 = An, = v5, son 

ny = I MOL =.6, Pas = 3 mol - 3€, "NH, = 2&. (b).G = 
2 

=% 8 
Uy MySglT, Py) = bgotyug(Tr Py) = 

n, {uj (T) + RT 1n (P,/P°)], where the sum goes over Noe 

Ho and NH3, the n,'s are given in (a), and the P,'s are: 

P, = ((3 mol = 3&)/(4 mol - 2&)]P, Pa [2—E/(4mol- 2€)]P, 
2 3 

Py. = no/"tot)? = [(1 mol - €)/(4 mol - 2&)]P. 

# nt (T, P,). Since H of an ideal gas is independent 

pees ly x HS and H = ], n, au i(T), where the n,'s are given 

in (a). (c) A BASIC program is given on the next page. 

Results: ate € = .050:0.:246.0i.3;, 0. 4,400.6 77.0. 8,09 e are: 

G/(kJ/mol) = -284.73, -288.45, -289.06, -289.20, -288.17, 

=266.0745 =277.. 20-22 B/ (kJ/mol) = 923.55), S5.00su-0. G05, — 0-04. 

-36.29, =56.23, -76.18; TS/(kJ/mol) = 308.28), 292.05, 

282.69, 272.86, 251.88, 228.83, 201.03. 
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16 HN = 5.91 38 PN = ((1-X}/(4-2*X))*P 
12 HH = 5.88 49 PH = ((3-3*X)/(4-2*X))*P 
14 HA = -38.99 42 PA = (2*X/(4-2#*X))*P 
16 G1 = -97.46 44 IF PA=§@ THEN PA = 1E-7 
18 G2 = -66.99 46 IF PN=§6 THEN PN = 1E-7 
26 G3 = -144.37 48 IF PH = § THEN PH = 1E-7 
22 T = 509 56 GN = G1 + R*T*LOG(PN/PG) 
24 R = 8.314E-3 52 GH = G2 + R*T*LOG(PH/P@) 
26 Pg = 1 54 GA = G3 + R*T*LOG(PA/PG) 
28 P=4 56 G = NN*GN + NH*GH + NA*GA 
39 FOR X = $ TO 1 STEP @.1 58 H = NN*HN + NH*HH + NA*HA 
32 NN = 1 - X 66 TS = H-G 
34 NH = 3 - 3*X 62 PRINT "XI="3X3" G="3G; 
36 NA = 2¥*X “ H=3H;"TS="sTS 

64 NEXT X 
66 END 

6.37 (a) Any reaction with An = 0; e.g., H5(g) © C15(g) ee 

2HCl(g). (b) From (6.36), to have Kp independent of T re- 

quires that AH® = 0. Two mirror-image species have the 

same energy, so AH° is zero for d-CHFC]Br(g) ~ 1-CHFClBr(g). 

[Actually, because of the nonconservation of parity, two mirror- 
image molecules have an extremely tiny, experimentally undetectable 
energy difference. ] 

6.38 (a) The system discussed near the end of Sec. 6.5 

with "N. = 3.00 mol, OH 

xy. = 3.00/5.00 = 0.600. If the reaction No + 3H. ~ 2NH 
2 

shifts slightly to the right with 0.100 mol of N. being 

= 1.00 mol, or 1.00 mol has 
3 

3 

consumed, the new amounts are ny = 2.90 mol, mn, = 0.70 
2 2 

mol, Nyy. = 1°20 mol, and x, = 2.90/4.80 = 0.604. Thus 
3 Z 

*N, has increased even though "N. has decreased. (b) xX, = 

n/N oti dx, = dn; /ny ot - (n,/neo,) dn ot: We have dn, = 

v, d& and dn, , = 4 L, ny; = Ls dn, = E, v, dé = 

(I, v,) dé = (An/mol) d&. So dx; = (Ve tees) soce— 

(x,/n,5¢)(An/mol) dé = nee, - x,(An/mol)} dé. 
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6.39 (a) False. (b) False; G is minimized only if the sys-_ 

tem is held at constant T and P. (c) True; see Eq. (6.4). 

(d) False; see Sec. 6.5. (e) False; see Fig. 6.5. (£) 

True; see Fig. 6.5. (g) Prue. (h) False; this is true 

only if An =.0. (i) False. (j) True. (k) True; from (6.13) 

and (6.20), KS depends on P®° but Ky does not. 

| Reminder: Use the solutions manual as an incentive to 

‘work problems, not as a way to avoid working problems. 
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CHAPTER 7 

7.1 (a) ¢ = 2 (water and sucrose), p=1, r = 0, a= 0; 

f=c-p+2-r-a = 3. The degrees of freedom are 

temperature, pressure, and sucrose mole fraction. (b) c = 

3, p=1, r = 0, a = 0; f = 4. The degrees of freedom are 

oe ha a rheet : a ee (c) c = 3 (sucrose, ribose, wa- 

Gr), p= 2°(solid sucrose, the solution); f = 3 = 2+ 2 

= =e Os 3) ths ks Pinaceae." Note that aes in the 

solution saturated with sucrose is fixed. (d) c = 3 (su- 

crose, ribose, water), p = 3 (solid sucrose, solid ribose, 

Pies solutson); f= 3°=— 3 4 2 =)'0 =)0 = 2) (Tsand P).. (e) 

Cee Awater),*p = 22 f£ = 1.--2 4 2 - 0 = 0 = 13) The. de- 

gree of freedom can be taken as either T or P. (Once T is 

fixed, P is fixed at the vapor pressure of water.) (f) 

c= 2) (Water, Sucrose) ,;~p<2 2; £ = 2°= 2-472 =-.05=- 0) 2 2 

(T and x (or P and x )]. (g) c = 2, p =3; 
sucrose sucrose 

foe 2 = 3 + 2 —- 0 - 0 = 1. (either: T.or P). 

Puen ee licest1, Dp = 235 wite= 2o4a2 =000c] Ola") ,casnin 

BOoe ete. f (0) C=, pos Wet = 2..(C) nc =91, Pp =.37 

teens o— Sot 2 - 0 —- 0 = 0. 

Ho (a) £ = c =“ 4+ 2 and |p = ¢ 4. 24 =the, 2 The 
ind ind 

smallest possible f is zero, so eno ate for AWS y Ss 

= 5. Pp 10, then Cinq must be at least 

— + cx > + 7.4 (a) H,0 aan 4° OH: 5 H., PO, 8 » Bie ad | 

+ 2- 2- yf yt - fy) BEC, “a HS" PO) 

BE OT tint Opes 

The equilibrium condi- 

e: = + cay + u ~ tions ar HH, 0 Bit FU? HH, PO, H+ Hy POZ” 

- = + . The electro- 

= + 2x + neutrality condition is x+ xo 2 * Hy POZ HPO; 

MH PO, | “Ht * YHpoz-* "HPO 
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+ - - 
ects There are 7 species (HO, Hes OR. HPO, H, PO), 

20 3- = a a = HPO? PO), ) and Eq. (7.10) gives Gennes 7. 4 1 Sap 

Hence f = 2-142 23. (b) x =x _ and x =x 
et KE Br Na* C1 

(assuming that no solid precipitates out of the solution). 

We shall neglect the ionization of water. (Its inclusion 

would not change f.) The electroneutrality relation is 

Me ee ge Xe eh ok and is not an additional condition 
K Na Br Cle 

since it follows from the two preceding equations. The 

species are K* Br?" Na*."Cl-, “and H,0. Equation (7.10) 

gives c =5-0O-+2 = 3, Hence f = 3 - 142 = 4, 

2NH, = N, + 3H, so MN, + aun = 70 NH and r = 1. Hence 

= ~- =- = = - — = = Cina 3] L-Of=e2-"and £ =e2 le42) 2.327 HC) 20 NH, 

UND + oop and a = =n, (since all the N, and Hy come 

from decomposition of NH, ). Hence c= 3 of Peo]. xht 

and f = 1 - 1 + 2 = 2,* (d) We have the reaction equilib- 

rium CacO,(s) = CaO(s) + CO, (gs) and the phase equilibria 

CaCO, (s) Re CaCO, (2) and CaO(s) # CaO0(g). There is 1 reaec- 

tion equilibrium condition. The phase equilibrium condi- 

tions have already been taken into account in deriving the 

phase rule; see Eqs. (7.3)-(7.6). There are no relations 

between mole fractions. There are three species (Caco, , 

CaO, CO, ) and’¢, 4 = 3-1-0 = 2. Hence’f =2 = 3\4 27 =al. 

* 
In (b) and (c), the catalyst was not counted in finding c. If the 

catalyst is considered to be a species whose amount can be varied, 

then c and Cinq are each increased by 1; if the catalyst is a solid, 
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then p is increased by 1 and f is unchanged; if the catalyst is in 

the gas phase, then f is increased by 1. 

7.6 (a) Here, the equilibrium conditions P* = p? = pY = 

mee are eliminated, Instead of specifying 1 pressure, we 

must specify p pressures (where p is the number of phases), 

This increases f by p - 1, so f = Cand eet 2+) =] = 

See (b) Here, the equilibrium conditions of Eqs. 

(7.3) to (7.6) are eliminated. There are c(p - 1) such 

conditions, so f is increased by c(p - 1) and 

f=c-p*+ 2- x =724+°-Cp = c-= cp = p42 - ¢o= 4 2 

nai bt 2+cpe-c. 

7.7 We have the reactions (1) HCN aia Of + CN and (2) 

HO 2 Bes OH = Let ny y+ and No ut denote the moles of H” 

coming from reactions 1 and 2, respectively. Stoichiome- 

so n try gives Ny Ht =n and n cn- * "oH- CN- ahh OHS! 

Sy ae) 2Ht Ht" 

pecetayec = 2 -(H,O and NaCl), p= 2, fv= 2-204 2-0 -"0 

= 2 (T and P). (b) c = 4 (HO, NaCl, Na", Cl’), p = 2; 

r = 1, since we have the equilibrium NaCl(s) 3% Na* (aq) + 

Cl (aq); a = 1, since we have the electroneutrality con- 

dition x So: £.= 4 = 2 4.2. -.1 -.1 = 2% 
Nat(aq) ~ *cl-(aq)° 

709. (a) c= 4, p = 1, © = 2.[H,0 = H* + OH and 2H,0 2 

(H50),], and a = 1 (x4 = Xoy-) i fos 0, = (Det. <2 <1, --wa4e 

Ae? eae er aye. (Tt and =P). Cae Oo ot eae ser 

(b)rc = 5, p = 1, r = 3 [the reactions in (a) and HO + 
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(H,0), Be (H50) 3], a Sling 2s) Spe 1 

7.10(a) Treat the vapor as an ideal gas. The liquid's vol- 

ume is negligible compared to the container's volume. If 

the equilibrium vapor pressure is reached before all the 

liquid vaporizes, then the gas will be at 23,76 torr, and 

PV (23.76/760) atm (10,000 em?) 
ee eS = 0.01278 mol 
£as RT 3 (82,06 cm -atm/mol-K)(298.15 K) 

Mag = (0+01278 mol)(18.015 g/mol) = 0.230 g 

There are 0.230 eg of vapor and 0.130 g of liquid. (b) 

With Vv = 20,000 aie we would get 0.460 g of vapor if the 

equilibrium vapor pressure of 23.76 torr were reached be- 

fore all the liquid vaporized. However, there is only 

0.360 g of water present initially, so all the liquid 

vaporizes to give a system with only vapor present. 

(a) Gas; (b) solid; (ec) eas; 

(d) liquid; (e) solid; 

(£) liquid; (g) gas. 

7,12(a) Ar. The greater number of electrons means great- 

er intermolecular attractions in Ar. (b) H,0, due to 

hydrogen bonding. (ce) C3Hg» which has more electrons. 

ry AS ap sx 21 cal ayers kl = 87 3 mo17* Ke & 

AH  _/(319.4 K), and aH ~ 6.7 keal/mol = 28 kJ/mol. 
vap vap 
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7.14 The hydrogen bonding increases the degree of order 

in the liquid and hence decreases S of the liquid. There- 

fore, AS for the transition liquid —- gas is increased, 

715 (a) The T-H-E e H a rule (7.12) gives AH yap, nbp,co/ (81-7 K) 

= (8.314 J/mol-K)(4.5 + ln 81.7) = 74.0 J/mol-K ana 

De apenbat co = 6.05 kJ/mol. Similarly,we get 55.7 kJ/mol 

for anthracene, 168 kJ/mol for MgCl., and 295 kJ/mol for 2 

Cu. (b) Experimental values in kJ/mol (from Barin and 

Knacke, Reed et al., and the AIP handbook) are: CO—6.04, 

anthracene—56.5, MgCl.—156, and Cu—~304. 
2 

7.16 Assuming ideal vapor and using (3.29) we have AS = 

at AS Coe AS vts/yv = AS const om: AS. AS ap nbp + Rin(V /V,) ‘8 ap,nbp 1 

at 4s 4 
+ RinvV Rin (RT pp! atm) = hae Rin eye, + 

RinV' - Rin (R K/1 atm) = const., so AS).) op, = 
Rin (Tp o/K) + const. + Rinvt - R1n(R K/1 atm) = 

R 1n (T,),/K) + const:, which is the T-H-E rule. 

in V any 7.17 Assuming ideal vapor, neglecting vig gas lig’ 

and neglecting the temperature dependence of AH yap’ we 

use the integrated Clausius-Clapeyron equation (7.21). 

If state 1 is the normal boiling point 34.5°C and state 2 

ieg25.0-C, chen in (P,/760 torr) = 

#16360! cal/mol9/ (12987) cal/mol-K) ][(298.1K)" - 
1 

(307.6, K)* J t20-0933225<215 (P,/torr) - ln 760 and 
5 

ln (P,/torr) #6550 1.% P,/torr = 545; P, = 545 torr. 

7.18 (a) Integration of dP/dT = AH/(T AV) gives Py - E, = 
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(AH/AV) 1n (T,/T,), where AH and AV are assumed constant. 

From Prob. 2.37, for one gram AH = 79.7 cal and AV = 

i 3 
(1.000)7! em? - (0.917)7! em? = -0.091 em. We have 

79.7 eal 82.06 cm: atm bn 222e15 K 
Fos sn Ui ee LY TS oe 

(b) With 272.15 K replaced by 263.15 K, we get Py, = 

1350 atm. 

7,19 Use Eq. (7.24). For 1 g, 

av. _ = (1 2)/(13.690 g/em) = (1 g)/(14.193 ¢/em) = 
0.00259 cm. (a) 

T 0.00259 em> peosgeeat 
lin — = —— _ 99 atm ———"—"———- = 0 00220 

234.2. K 22. Can 82.06 cm? atm 

T/(234.2. K) = 1.00220, T234./5 k= -38.4°C 

(b) Replacing 99 atm by 799 atm in the above equation, 

we get T = 238.4. Ke SO 4a 

7.20 dP/dt = aH/TAV. For solid-liquid transitions, AV is 

much smaller than for solid-vapor or liquid-vapor transi- 

tions, 

7.21 Equation (7.21) gives 

760 torr AH 1 1 
lon —-——_ = - —_- OO -  e— —O UT 

23.76 torr 1.987 cal/mol-K \373.15 K 298.15 K 

AH = 10.2 keal/mol = 42.7 kJ/mol 

7.22 aH = (539.4 cal/g)(18.015 g/mol) = 9717 cal/mol. 

(a) Equation (7.21) eives 
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G08, louks wns /3:.. 15K 

P 9717 cal/mol l 1 

760 torr 1.987 cal/mol-K 

imoCP, 7604¢orr ) 94402667." P/760 ‘torr 7=«15950, 7 «Pi="1480 
torr 

(b) 
- 446 torr 9717 cal/mol 1 1 

ln —_“—~— |- - ooo > —— 

760 torr 1.987 cal/mol-K \T 373215" ¥ 

1/t = 2.789 x 107 xl, ote 8 Wk = 1aSunec 

7.23 A plot of In (P/atm) vs. 1/T has slope -aH/R. 

feeefarm) 9.0547 -7.9320—<6.9268 <6.0208 

10°/T 28.317 26.799 25.436 24.204 x7! 
r 

(a) The plot is linear with slope -7380 K = -AH/(1.987 

cal/mol-K). AH = 14,660 cal/mol. (b) Eq. (7.21) gives 

tn —uce— = 

1.845 torr 1.987 cal/mol-K 

P 14660 cal/mol l 1 

(AE YS RAS syed < Ny eT Kees 

In (P/1.845 torr) = 0.8246, P = 4,208 torr 

(Alternatively, the graph can'be extrapolated.) (c) Use 

of Eq. (7.21) gives 

ln —— = - —————— || - - 
760 torr 14660 cal/mol 1 1 

1.845 torr 1.987 cal/mol-K \T Als Sok 

Tea G3 Kean 50 7 C 

(The true normal boiling point is 356.6 C. The error 

arises because AH is not constant over the long tempera- 

ture interval from 140 to 350°C.) 

7,24 A plot of 1n (P/atm) vs. 1/T has slope -AH/R. 
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ln (P/atm) -4.350 -3.0886 -1.9812 -1.0003 

10°/T 635295. 6.1293 Bil pos 5.4600 a 

(a) The plot is a straight line with slope -3130 K = 

“AH/(8.314 J/mol-K) and AH = 26.0 kJ/mol = 6.22 keal/ 

mol. (b) Equation (7.21) gives 1n (P/279.5 torr) = 

-[(26000 J/mo1)/(8.314 J/mo1-K) }[(198 Kyat 22133 Sed 

and P = 1020 torr. 

7,25 Trouton's rule is AH/T s 10.5R. At the normal 

boili int, AV = V a x RT/P = oiling point, Vas ita ean / 

RT, / atm). For a small change in P, we have dP/dT x 

AP/AT and the reciprocal of Eq. (7.18) becomes 

AV ® (10.5R)_ et, / (1 atm) = T/ (10% atm) 

7.26 (a) The 0°C path solid + liquid + gas shows that 

AH Sub = Hee gu = 51.07 kJ/mol. (Pressure changes 

have no significance since P has very little effect on 

H.) (b) The Clapeyron equation is dP/dT = AH/(T AV). For 

the solid-vapor line, AH = AH ub and AV = Vgas - Veaiid = 

_ 3 
LDeoiaa = (82.06 cm -atm/mol-K) (273.16 K)/ 

[(4.585/760)atm] - (18.0 g/mol)/(0.92 g/cm?) = 3.716 x 10° 
6 

RT/P - Meolid 

cm? /mol -~ 19.6 cm? /mol = 3.716 x10 cm?/mol, where ideal 

vapor was assumed. Then (dP/dT) = AH/(T AV) = 
solid-gas 

(51070 J/mol)/(273.16 K)(3.716'* 10° cm?/mol). = 

(5.031% 107° J/cm?-K)(82.06 cm°-atm/8.3145 J) = 4.966 x 
-4 

10 ~ atm/K = 0.3774 torr/K. For the liquid-vapor line, 
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AHO= AH.» = 45060 J/mol, AV = 3.716 x 10° om?/mol. and 

rege tsa, 

AH = 6.01 kJ/mol, AV = M/Orig - M/ 

= 0.3330 torr/K. For the solid-liquid line, 

Psolia = (18-015 g/mol) x 

(4.000 cm?/g - 1.0905 cm?/g) = -1.630 cm?/mol, and 

dP/aT = -1.012 x 10° torr/k. 

gee? a) At?25°C; intP/torr) = 18.3036.~-'3816.44/ 

(298.15 - 46.13) = 3.1602 and P = 23.58 torr; at 150°C, 

the Antoine equation gives ln (P/torr) = 8.1810 and P = 

3572 torr. (b) The Clausius-Clapeyron equation is 

dinP/aT = AH/RT“, with ideal vapor assumed and the liq- 

uid's volume neglected. Differentiation of the Antoine 

equation gives at 100°C dinP/aT = B/(T/K + C)°K = 

3816.44/(373.15 - 46.13)? K = 0.035687/K.= AH/RT* = 

AH/ (8.3145 J/mol-K)(373.15K)* and ORY ap = 41-315 kJ/mol. 

7.28 (a) We make the approximations that the solid and 

leew awe umes are negligible eee to the vapor volume, 

that AH of vaporization and sublimation are constant, and 

that the vapor its ideal. Then Eqs. (7.21) and (7.22) apply 

and show that ln P varies linearly with 1/T. We plot ln P 

vs. 1/T for the solid and join the two points by a 

straight line; we do the same for the liquid. At the 

triple point, the solid and liquid vapor pressures are 

equal, so the intersection point of the two lines gives 

the triple poinr; this is found to be P = 15.4 torr, T = 

200 K. (b) Equation (7.21) gives 
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10.0 torr ABs up 1 1 
ace Cp es ES ek ee ee Poe 

1.00 torr 1.987 cal/mol-K \177.0 K 195.8 K 

AH = 8430 cal/mol 
su 

100.0 torr AH ap l l 
lo -—_— = ---oO——— [ —_—_————__ - ———— 

33.74 Corr 1.987 cal/mol-K \ 209.6 K LL souk 

AH, ap = 6550 cal/mol. OH,,,</ (cal/mol) = 8430 -6550 = 1880 

7.29 The triple-point temperature differs only slightly 

from the normal melting point, so we take T_ = 1452°c'= 

1725 K. We use Eq. (7.21) to find the liquid's vapor pres- 

sure at ie = 1725 K; this must equal the solid's vapor 

pressure at 1725 K. Equation (7.21) gives for the liquid- 

vapor equilibrium: In (P,/P,) = aH(T, - T, )/RT,T, and 

ln (Po/P__) B3 AH(T,, - Te /RTHT, Division gives 

TCR 5 (Ee) i sons Ter Ty 

In (P,/P, ) tT) - T, ree 

In (1,00/P,.) 2078 K = 1725 K 1879 K 

In (1.00/0,100) 2078 K - 1879 K 1725 K 

P = 0. OLlMatore 
{ese 

[Alternatively, we could find 4H of vaporization of the 

liquid and use (7.21) to get sid Now we use (7.21) for 

the solid: 

P 4250 cal/mol i 1 
ln —_——_- = - ————_—_——_— = —— 

0.0117 torr 1.987 cal/mol-K {1473 K L725 

P = 0.0095 torr 
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7,30 Since ice is the stable phase at -20°C, we have 

u <u where sc = supercooled. The phase equi- ice se liq’ 
librium condition gives np = and 

ice P vapor above ice 
ub | = ea 8 
sc liq E vapor above sc liq’ pret Ole Vapor above ice ~ 

= .<) i?) - Use of Uy by + RT ln (P,/P ) [Eq. 

i 

} vapor above sc liq 

6.4 for the va £ 2 ( ye] vapors gives u? + RT ln ae ee 

7) 
+ 

a Sd SE eenoen sc liq 1s 

in: (P d P < 
( i,above sc lid ge i, above ice aeenove sc liq 

uf 
Vy tee ey aS eee ice 

7.31 dP/dT = aH/(T AV). Since V of the solid or liquid 

is negligible compared to V of the gas, we have to a high 

degree of accuracy, AV - As shown 
solid-vapor Z Sanu apne 

in Prob. 7.26, AH is greater than aH by AH 
sub vap fus’ 

, > which is not negligible. Therefore Ota an 

“a ee es ee ni tases ‘i (AP/OT)) 5 ep as’ 

sOlid-vapor line has greater slope. 

The 

ey 4 The pressure due to 10 em of water is given by 

(1.9) as P =pgh = [1.00 (107? ke)/(1076 m2) (9.80 m/s?) x 

(0.10 m) = 980 N/m2 = (980 3/m?)(82.06 x 107°m> atm)/ 

(8.314 J) = 0,009, atm, where (2.7), (2.14), (1.19) and 

(1.20) were used. The total pressure 10 cm below the sur- 

face is 1.009, atm and Eq. (7.24) and data in the example 

that follows it give 

79.7 cal 82.06 em atm Ty 
0.009, atm = ————__ pete to in 

-0.091 em? 1-987 cal 273.15 K 
7 

Dagon, /273e89K) 2= 19267210573 7,02 (273.15 K)e72-7 x 10 
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T, - 273,15 K = (273.15 k)[exp(-2.7 x 1077): = le 

-7.4 x 107” K, 

7.33 Neglecting the change in water density with pres- 

sure and the change in g with depth, we have as the pres- 

3 
suracat! 3000.m: Pm: pah =.{1 0) g/ome L[AakoWwr eau 

7 
(10 cm3/1 m?)(9.8 m/s*)(3000 m) = (2.9*10° Pa) x 

(1 atm/1.01 x 10° Pa) = 290 atm. P exceeds the 350°C vapor 

pressure of water and the stable phase is liquid water. 

7.34 Let se denote supercooled liquid water. All equa- 

tions in this problem are for -10°C. The phase equilib- 

as ° = Te RT ln (1.950 torr/750 torr) and Mad. 7) Ute one eter 

° iia Pet ain (P,/750 torr). Subtraction gives Hag 7 ae 

= RT ln (1.95 torr/P,). But Prob. 4.26b gives veg = ee 

Greet Ge. = (-2.76 cal/g)(18.0 g/mol) = -49.7 cal/mol. 

(This relation holds at 1 atm, but the effect of pressure 

on Liquid and solid thermodynamic properties is slight 

and can be ignored.) Therefore -49.7 cal/mol = 

RT ln (1.95 torr/P, ) = (1.987 cal/mol-K)(263.1 K) x 

In (1.95 torr/P,). We find 1.95 torr/P, = 0.909, and 

P. = 2.14 torr. (The experimental value is 2.15 torr.) 

7.35 When the two forms are in equilibrium (and hence 

interconvertible), their chemical potentials are equal. 

We therefore want to make Ga = Gee For each form, dG = 

-S dT + V dP = V dP at constant T. Since solids are quite 
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incompressible, we make the approximation of neglecting 

the change in V with P; for each form AG = VAP or 

G(P,) = G(P,) + V AP, where P| = P° = 1 atm. Setting 
i 

eS =G ai P2) Gol Po)» we have 

G P + V = ais 2 Von AP Gor (Py) ae Ar 

=. SOA ee a : 
_ Ger (Pi) = Gay(P) AGE ay ub ee ON (Use V = M/p) 

- V ay 
di 2 a 

-2900 J/mol 82.06 one atm 
——_—_.. 

(3.41, cm/mol) - (5.33, cm*/mol) 843145 J 

14900 atm and P, = 14900 atm 

7.36 When gray (g) tin is more stable than white (w), 

we have Ug < oe and Gy < G- We have dG = -S aT + V dP = 

-S dT at the constant P of 1 atm. Appendix data show that 

-_ : = 
oe Sg! so CG. decreases faster than G, as T increases, 

and G_-increases more rapidly: than G, as T decreases. At 

the temperature Taq with G, = Gi the two forms are in 

equilibrium; below Teg! we have G, < G. and gray tin is 

= 4 = = ~ ? 5 more stable. Let qT, ze oy C, T, Toq! and AT Taq 257¢C 

~ = a - = 5 : 
We have 4G. = Gy (Taq) G, (25 C) and AG. G(T) 

G id G Sire G © kG G(25 C), so Gy (Teg) G (Tog) becomes oe C) + G, 

Tal ° _ Fe RC oe ° _ a ° = =e G(25 Cyr AG. or AG AG, Gj(25 C) G,(¢5 C) 0 
g 

0.13 kJ/mol = -0.13 kJ/mol, where Appendix data were used. 

Since AG = -I? S aT at constant P, we have AG, . AG, “: 

At Tp, am sei S = = (51.55 - 44.14) x -S, (Sy S,,) aT (Ss. S4)(T2 T,) (S145 ) 
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(J/mol-K)(T. - 25°C), if we neglect the T dependence of 

Se Ss: Then -130 J/mol = (7.41 J/mol-K)(T - 25°C) and 

- ° z= = = - e ¢ T = 7. ad Ge Tag 25°C def Sok 1735 °C)480 ae s 

7,57720, 01.6 daethe triple-point temperature, so ice has 

a vapor pressure of 4,585 torr at 0.01°c. 

7.38 (a) The initial state (state 1) has partial pressures 

Pa and Pa above Liquid A; the liquid is subject to a pres- 

sure P = P, + P_. The final state (state 2) has partial 
A B 

pressures Pa + dP. and Pa + dP. above liquid A, which ex- 

periences a pressure P + dP, where dP = dP, + dP_. Let the 
A B 

changes in liquid and vapor A chemical potentials on going 

from state 1 to 2 be du (A*) and du (A®). The phase equilib- 

rium conditions for states 1 and 2 are a (a) = u (a) and 

uy (A”) - uy (A”) = u,(A*) + du(A’) = ua) + du(A®). Hence 

du(A2) = du(a®). We have du(A*) = dG@(a’) = -S(a*) aT + 

V(A) dP = WA") dP, since T is constant. Also, u(A*) = 

u°(A®) + RT ln (P,/atm) and du(A®) = (RT/P,) dP, at con- 

stant T. Hence V(A“) dP = (RT/P,) dP, = V(A®) dPadLQGEaDs 

(b) dP,/P, = [V(a*)/RT] dP. Integration with V(A*) as- 

= Tutae sumed constant gives ln (Pa o/Pa 1) = [V(A )/RT ](P, - P,). 

Pao 18.1 cm?/mol 
ln ———————- = : Cl atm)e= 

25), (OP LOrr (82,06 cm~-atm/mol-K)(298 K) 
0.000740 

Po eee torr) = 1,00074, ee = 23.78 torr 

7.39. %Use the 25°C. path 
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a b 
Jig@l bar)? 1iq(23,766 torr) vap(23, 766 torr) S vap(t 

bar ) 

We have dG = -S dT + V dP = V dP at constant T. For the 

liquid, AG, = V AP, and 

: 3 S31 45) 
AG, = (18.1 em /mol)(-0, 956 atm) ——________ = -1.8 3/ 

82.06 ene atm mol 

Step b is a constant-T-and-P equilibrium process, so 

AG, = 0. For step c, AG. = i V dP = r (RT/P) dP = 

RT In (P5/P,) = (8.3145 J/mol-K) (298.15 K) ln (750.062/23.766) 

= 8557.2 J/mol. AG, + AG + AG. = 8555.4 J/mol. From 
b 

the Appendix, AG/(J/mol) = -228572 + 237129 = 8557. 

7.40 (a) Trouton's rule is H/T, = 10.5R = c. Sub- 

stitution into Eq. (7.22) gives 

Cc 

ee a eee (10. 5R/R)T /T + 10.5R/R = 10.5% 
atm RT R p Gent 

b 

P/atm = exp {10.5[1 - (353.25 K)/T J} 

(b) P/atm = exp [10.5(1 - 353.2./298.15) | = 0.1436 and 

P= 109 torr.  (c) In (620/760) = 10.5(1 - 353.2./T) 

and T = 346.. K = 73.,°C. 

7.41 (a) Use of (7.21) gives at 0°C: In (4.926/4.258) = 

~[ali/ (1.987 eal/mol-K)][(274.15 k)7} - (272.15 k)7!] and 

AH, 73 = 10.80 keal/mol = 45.20 kJ/mol. Similarly, ai, 

= 9,89 keal/mol = 41.37 kJ/mol. We have a8, 5, = AH, 74/7 

= (10800 cal/mol)/(273.1 K) = 39.5 cal/mol-K = 165 J/ 

-K: s = AH = 26.5 1 l-K = 111 J/mol-K. mol-K; AS,74 aH, 54/7 cal/mo 
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AG = AH - T aS = 0, as it must be for equilibrium proc- 

esses at constant T and P. The calculated 100°C AH value 

is slightly in error, since the approximations used to 

derive Eq. (7.21) are less accurate the higher the vap- 

orization temperature and the closer the temperature is 

to the critical point; for example, H,O(g) is denser and 

hence less ideal at 1 atm and 373 K than at 5 torr and 

O°c. (b) AH® and aS® are for the process liq ~ ideal gas 

at 1 bar. Let P be the 0°C vapor pressure. A convenient 

path is the following 0°C path: 

liq(P°) 4 Liq(P) Z vap(P) S vap(P°) 4 ideal vap(P°) 

Since moderate pressure changes have little effect on liq. 

thermodynamic properties, we can take OH, = 0, AS, = 0. 

Gas nonideality is slight at 1 bar, so we take 4H), = 0, 

AS, = 0. Since the vapor is nearly ideal and H of an 

ideal gas depends on T only, we take 4H, = 0. Thus AH, 73 

= AH, = 45.20 kJ/mol. Use of (3.27), (3.29), and Boyle's 

373 = aS, + AS, = AH,/T + R ln (P/P°) = 

(45200 J/mol)/(273 K) + (8.3145 J/mol-K) 1n (4.58/750) 

= 123.2 J/mol-K. 

law gives aS 

7.42 (a) dng = dn, - a dé, dn, = dng - b dé, dn, = e dé, 
bx 2 s dn, = £ d&. Then De uj, dn, = u,(dn, - a d&) + 

} - s s 
Up(dn, - b dé) + Upe age + Upt dé = Uy dn, + Up dn, + 

s ; (-au, - DU, + eu, + fun) qdé = Uy dn, + Up, dn3, since the 

equilibrium condition for the reaction is Ys Viuy = -au, - 

bun + eu, + fu, = 0. (b) dG = -S dT + V GP + Yi Uy dn, = 

s Ss -S dT + V GP + Wy dn, + Up dn, at constant T, P, and nes 

aG = = = Ss ua dn, and uy elena Bins: 

Te4s(a)yrand—(c) See Pig. 7. 1a. 
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CHAPTER 8 

8.1 As p- 0, V ~ ©, In Eq. (8.2), -b can be neglected 

compared to V to give P = RT/V - alv = (1/V)(RT - a/V). 

As V + ~, RT- a/V goes to RT and P - RT/V. (Note that it 

is harder to use the form(1.39) to get the limiting be- 

havior since both P and a/v" go to 0.) In (8.4), the 

terms B/V, c/¥?, ... each go to 0, giving PV = RT. When 

(8.3) is solved for P and b is neglected compared to V, 

we get P = RT/V - al V2" = (1/V)(RT - a/VT®) ~ RT/V. 

8.2 (a) n = (28.8 g)/(30.07 g/mol) = 0.958 mol; V = V/n = 
(999 cm*)/(0.958 mol) = 1043 cm?/mol. P = 
{ (82.06 cm>-atm/mol-K) (298.1 K)/(1043 em?/mol)]} x 

ft = (186s0m?/mol)/(1043cm"/mol) +. (1:06 * 104 cm°/mol*)/ 
(1043 cm? /mol)*} = 19.5 atm. The ideal-gas P is P = 

BT/V = 23.5 atm. (b) Blas B/RT = (-186 cm?/mol)/ 

(82.06 -cm>-atm/mol-K) (298.1 K} = -0.00760 atm7!; ct = 

(Cc - B*)/R7r*_= (1.06. 104 cm°/mol’ - 1862cm®/mol2)/ 

(82.06 cm>-atm/mol-K)7(298.1 K)* = -4.01 x 107° atm72. 

eee (80-06 Cd 2abm/wol-K)(29e2t K)/ (16.0 atm) 1 x 
5 [1 - (0.00760 atm~')(16.0 atm) = (4.01 x 107° atm) (16.0atm)~} 

97397 cm? fmol hv “= AV Se1272 "ene Also, 214529 Videal 

on (ua ieandey. waeestan: : 
ideal 

8.3 Eq. (8.4) gives P = RT(1/V + B/V2 + C/V? + °°). 

Substitution into the right side of (8.5) gives PV = 

RT(1 + BRT(1/V + B/V* + C/V + ++) + 

ctRep2 (1/97 + 2B/V> + e+e) + ©**], We compare this 
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expression for PV with (8.4); equating the 1/V coeffici- 

ter, Equating the 1/¥? coefficients, we 

get C = B’RTB + CtR29? = pt2p2n? 4 chr2n? = R@n2(Bt2 ach). 
2 

ents, we get B = B 

Solving for Bt and ct, we get: Bt = B/RT; ct = c/R*T? - Bt 

= {(CSNB “S/R Ts 

8.4 (a) B,, * 2(B, + B,) = -387 cm?/mol. Let gas 1 be CH,. 

Then x, = 0.0300/0.1000 = 0.300 and x5 = 0.700. The equa- 

tion at the end of Sec. 8.2 gives B = 

(0.300)2(-42 cm2/mol) + 2(0.300)(0.700)(-387 cm?/mol) + 

(0.700)2(-732 cm?/mol) = -525 cm?/mol. V/n,., = 10000 cm°/ 

mol. P = [(82.06 cm?-atm/mol-K) (298.1 K)/(10000 an?/mol)] * 

[1 - (525 cm?/mol)/(10000 cm*/mol)] = 2.32 atm. (b) With 

By = -180 Gm> mole we getln a 2438 cms /mol ander) aco eae 

atm. Also, = RT/(V/n, 04) = 2.45 atm. P ideal 

8.5 n= (74.8 g)/(30.07 g/mol) = 2.48, mol. 

V = v/n = (200 em” )/(2.48. mol) = 80.4 on more 

RT (82.06 em>-atm/mol-K)(310.6 K) 
(a) P =— = ______ = 317 atm 

V 80.4 emimal 

(b) Equations (8.16) and (8,2) give 

27(82.06 em?-atm/mol-K)2(305.4 k)2 
a= OOOO = 5.50 x 10° 

64(48,2 atm) 6 9) 
cm atm mol 

(82.06 em? -atm/mol-K) (305.4 K) 
b=. = 65.0 cm 

8(48,2 atm) 
3 mo17! 
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(82.06 cm’-atm/mol-K)(310.6 K) 5.50 10° em°-atm/mot2 
P= 

80.4 em? /mol - 65.0 em? /mol (80.4 em? /mol)2 

P = 1655 atm - 851 atm = 804 atm 

(c) Equations (8.18), (8.19), and (8.3) give 

0.4275(82.06 em>-atm/mol-K)2(305.4 x)>/2 
a= _ OO = 9773 10 

48.2 atm x 

tf 

anon aumaK ey mol 

0.08664(82.06 cm>-atm/mol-K)(305.4 K) 
b = ——_ = 45.0 one mon 

48.2 atm 

P = RT/(V - b) - a/V(V + b)T? = 720 atm - 548 atm = 172 atm 

(d) Interpolation gives at 374°C: B = -179 cm? /mol + 

(7.57 20} (22 cm?/mol) = -171 cm? /mol and C = 10119 cm°/ 

mol*, P = [(82.06 cm?-atm/mol-K) (310.6 K)/(80.4 am’/mol)] x 

[1 - (171 cm?/mol)/(80.4 cm?/mol) + 

(10119 cm°/mo1*)/(80.4 cm?/mol)?] = 139 atm. Note: The 

observed pressure is 135 atm. 

8.6 = 0.2000 mol, V/n,., = 3500 cm°/mol. (a) P 
Meot 

RT/V = (82.06 cm?-atm/mol-K) (313.1 K)/(3500 cm?/mol) 

f234 atm. (Gb) Letvlc be gas 1. For CjH,, a, = 27R°T4/ 

is 
= RT /8P., = 58.3 cm / 1 

mol. For CO, we find a, = 361 x 10°cm® atm/mol* 

4 
64P. = 4.56 * 10°cm® atm/mol“, b 

and 

b, = 42.9 cm?/mol. Also, x, = 0.0786/0.200 = 0.393, x, = 

0.607. From the last paragraph of Sec. 8.2, a = 

6%. 3761 & 1024 [(0.393)2(4.56 x 10°) + 2(0.393)(0.607)(4.56 x 10 

(0.607)2(3.61 x 10°) }(an°-atm/mol2) = 3.97 x 10° an°-atm/mol?; 

b = 0.393(58.3 cm?/mol) + 0.607(42.9 cm?/mol) = 49.0 am/ml. P = 

LO7. 



(82.06 cm?-atm/mol-K) (313.1 K)/[(3500 - 49)am?/mol} - 

(3.97 x 10° cn®°-atm/mol”)/(3500 an?/mol)* = 7.12 atm. (c) Z = 
3 PV/RT so P = ZRT/V = 0.9689(82.06 cm--atm/mol-K) x 

(313.1 K)/(3500 cm?/mol) = 7.11 atm. 

8.7 P= RT/V + RIB(T)/V- + RTC(T)/V. 

(aP/aV),, = O = -RT/V - 2RTB/V - 3RTC/74 

(a°P/av*), = 0 = 2rT/V° + 6RTB/V* + 12RTC/V> 

RT V2 
Cc 

ORT Vi tO Ris Oe = 10) Ci 
Cc (e} (e c 

2RT V- + 6RT BV +-12RT c = 0 CZ) 
cre (es Cc ¢ 

Subtract twice equation (1) from equation (2) to get 

B = =3 C/V, at T= T.. Substitution of this expression 

for B- into equation (1) gives c(T.) = ¥i2. Also, 

BT.) Se) c(T)/V, = i-V=We have 2 = Pai Rl = 

1 + RTL/T, + o(T)/¥ Stet een aes see 

8.8 (a) From (8.16), b = RT./8P_ = (82.06 cm-atm/mol-K) x 

(150.9 K)/8(48,3 atm) = 32.0 cm?/mol; a = 27R°T/64P_ = 
27(82.06 cm>-atm/mol-K)*(150.9 K)2/64(48.3 atm) = 

1.34 x 10° om® atm/mol-. (b) Comparison of (8.9) with 

(8.4) gives as the van der Waals estimate: B = b - a/RT. 

6 Bioo x = 32:0 em/mol - (1.34x 10° em°-atm/mo1?)/ 
(82.06 em? -atm/mol-K) (100 K) = -131 em? /mol. Also, 

Boon K = 749-6 em?/mol, B300K = «22.4 em? /mol, B 500K ~ 
«0.7 cm? /mol, 5,000 K = 15.7 cm?/mol. Agreement with 

experiment is fair. 
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8.9 WwW : U V= H : e have: AUS. s a/V = aP/M and OH ap x ap/M + 

RT. For N, at its normal boiling point, aH oy 
6 6 ae (1.35 x 10° em® atm/mo1*)(0.805 g/em?)/(28 g/mol) + RT = 

| (ks (3.9 x 10% cm” atm/mol)(1.987 cal/82.06 cm> atm) + 
(1.987 cal/mol-K)(77.4 K) = 1.1 keal/mol. For HCl, ail 

vap 
6 x (3.65x10° cm° atm/mol*)(1.193 g/em?)/(36.5 g/mol) + 

RT = 2.89 keal/mol + 0.37 keal/mol = 3.3 keal/mol. For 

= 6 
H,0, Se 2 (5.46x 10° em® atm/mol2)(0.96 g/em>)/ 

(18 g/mol) + RT = 7.8 kcal/mol. Agreement with experi- 

ment is fairly good. 

8.10 (P + 27R°T2/64P_V2)(V - RT_/8P_) = RT 
& Cc Cc (Ss 

2 2— _ — 277. 64p ey ats ye) Siaepty_ 
P + ae De V-—|= a 

64P_ Vo OT 3 3T 
Cc e 

See, gee = 
(P + 3P/V_)CV zt Vv /3) = 8P Vv 7, -/3 

2 
ils 21 Vg Ee =,1/3) = 87/3 

8.11 (a) P = RT/(V - b) - a/TV2. The critical-point con- 

ditions (aP/av),, = 0 and (a?P/av’),, = 0 lead to 
E 

RT. pLrs\ RT 3a 

_— 
— 

- 2 = | 3 
We = b) oe Cc Te ae Tae 

Division of the first equation by the second gives ve als 

= 2V/3 and Vv. = 3b. Substitution in the first equation 

gives RT /4b? = 2a/27b°T, and T, = (2/3)(2a/3dR)*. Substi- 

tution in the Berthelot equation at the critical point 

gives 
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“ 2b 3\3bR/ gh? 2\ 2a) =: 8 9/2 

Division of this Po equation by the preceding pe expres- 

sion gives P_/T_ = R/8b, so b = RT /8P . The above P Coc c c ¢ 
expression eives 

3 
144 x 3 Sle 216P2R se 27 RT? 

a Fre a" ee ee - Cia = 

2 R gp R 64 Pp 
Cc 

b _ — 
2) BoVe /2 aér® 3p 3 /3pr\% 3 

c RT. 12/395 Re? 2a 8 

Ce) Substitution of R = SEV 3 and the above expres- 

sions for a and b into the Berthelot equation followed by 

division by Be gives 

2,3 
27 eee aah — RT. 

P+— pein congue: 
64 Pony BP. 

Dera = = PTO Gey eee all & ep Va T, Breve 

ee 
64 9 72 PP wy Rt. 38P 3T. 

2 1 8 
P+ eee) Pear 

Tee NOLS, cone scl be 
5 ab th & 

i 1 2 bs 8.12 From (8.23), P. = 8T,/3(V,-+) - 3/V,*. T, = T/T, = 

310.6/305.4 = 1.017; V. = V/V. = V/nV¥, = (200 om?) / 

(2.488 mol)(148 cm?/mol) = 0.543. Then PL = 

8(12017)/3(0.543 -0.333)=.3/(0,543)- = 0e ee P/P. and 

P = 2.75P, = 1324 atm. 
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8.13 Eq. (8.26) gives B = (82.06 cm?-atm/mol-x) x 

(150.9 K)(48.3 atm)~'[0.597 - 0.462e0°7002(150.9 K)/T, 
Ps ee ieate eT ] cm?/mol. At T = 100, 200, 
300, 500, and 1000 K, we get (in em>/mol) -187.., “47.0, 

-15.3, 6-5, 21... Agreement with experiment is very good. 

8.14 As noted in Sec. 8.6, at T and P®, Ble - H= 

p° = 
So [T(av/aT) - V] dP. Differentiation of (8.5) gives 

2 
(av/aT), = RP7!(1 + Btp + ctp + ese) + ate"! (ppt + 

p2ct's ee*+), where the prime indicates differentiation 

with respect to T. Use of (8.5) gives T(aV/aT), -Ve 

2 2 RT P7l(pptt+ p“ct'4 «*+), Then H.. - H= 
ee id 

L5 RT (Bt'+ PCt'+ e++) dP = RT-[P°pt's (P°) Ctl eee], 
i] 

Te oe Plover, ~ R/ P| aPi= se [R(t +CtP+-o+) + 

RT(BT'+ PCT's ¢-+)] dP = R(BY+TB")P® + kR¢ct+Tct)pe? 4+ 

wire) 5 Finally, G.-G=s (Hig 7 H) - T(S, - S) and sub- 
id 

stitution of the preceding results gives G,, - G= id 
-RT[Btp? + &ct(p®)? +--+], 

8.15 (a) Comparison of (8.9) with (8.4) gives the van der 

Waals estimates of the virial coefficients as B =b-. 

te a/RT, C= b*, ... . Use of (8.6) gives BT = b/RT - 

a/R°T?, .e. « Differentiation gives Bt'= =b/RT” + 2a/R°T, 

eee « Substitution in the results of Prob. 8.14 gives 

Hyg -H= RT? (=b/ RT? + 2a/R°T)P? + ¢** = (2a/RT - b)P® 

+ ee» and gives S,,-S= (a/RT2)P? + coe, (b) From 
id 

2 
(8.16), a= 27K?" /64P. = 5,50 x 10° em® atm/mol’ and b = 
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RT /8P = 65.0 em?/mol. Then Hed - H = (0.987 atm) x 

[2(5.50x 10° em® atm/mol2)/ (82.06 em? atm/mol-K)(298 K) - 

65.0 em? /mol ] = (379 fe atm/mol)(1.987 cal/82.06 om? atm) 

= 9,2 cal/mol. Also, Se ~ §= [ (5.50 x 10° on atm/mo12)/ 

(82.06 cm? atm/mol-K)(298 K)*](0.987 atm) = 

(0.74em> atm/mol-K)(1.987 cal/82,06 cm’ atm) = 0.018 cal/ 

mol-K,. These are substantially smaller than the experi- 

mental values. 

8.16 (a) The Berthelot equation when solved for P and 

multiplied by V/RT is PV/RT = V/(V-b) - a/RT°V = 

1/(1 -b/V) - a/RT°V. Use of (8.8) with x = b/V gives 

PV/RT = 1 + (b - a/RT-)/V + b-/¥2 + ***. Comparison with 

(8.4) gives the Berthelot estimates of the virlal coef- 

gives Bt = b/RT - a/R°T’, eee » Differentiation gives 

Bits -b/RT” + 3a/R-T*. Use of Prob. 8.14 results gives 

H,. - H= (3a/RT’ - b)P®° + «e+ and SS. - S = (2a/RT°)P? 
id id 

+ eee, (b) Substitution of the a and b expressions of 

Prob, 8.11 A 2 ro llagives Hig 

= = 3 so Gend 5, fi S (27RT2/32P_T)P° + eee, (¢) Substitu- 

tion in the results of (b) gives 5. - S = (27/32)'x 

(1.987 c¢al/mol-K)(305.4 K/298 K)>(0.987/48.2) = 0.037 

= Hore (3 - 2 ( 1RT./64P 7 RT_/8P_)P + 

cal/mol-K and Bia - H= 15 cal/mol. Agreement with ex- 

ta - § = (27/32) x 

(1.987 cal/mol-K)(430.8/298)> (1/77.8) = 0.065 cal/mol-K. 

periment is excellent. (d) §$ 
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8.17 (a) We use the following {isothermal path (r.2.. = 

real gas, i.g. = ideal gas): 

fo 1 = 2 = 3 mahi gia wis 
reg.(V) ~ rog.(V=0) + i.g,(Ve~) > i.g.(V°) = i.e. (Vis) 

From dA = -S dT = P dV, we have (aA/av),, = =P, Then 
- os a -_ 

aA, = -S50 P dV = fed Pays dA, = 0 (since AU, = 0 and 
~~2 

AS, = 0, as noted in chap. 5); aA, = “sv Pig dV = 

By ee ac: ene LENE 
ca a (RT/V) dV, aA, = -So (RT/V) dV = -RT ln Weal )= 

-RT ln (RT/P°V?). Then LVR Gs P°) - A(T, P°) = aA, + 4A, 
V Se ae 

ety BA, = J) -AP = RT/V) AV = RT In (RTP V7) (b) 

Solving (8.3) for P and substituting in the result of (a), 
eX) 

we get Ay, - A= JS’ [RI/(V-b) - a/WV+b)T? - T/T] av 
- RT ln (RT/P°V’). Use of a table of integrals gives 
ss = soe jin, 17? 

Aeg- A= [RTin(V-b) - (a/T®)(-1/b) Ln (1 +b/V) = RT In vi), 

- RT In (RT/P°V?) = [RT 1n (1 - b/V) + (a/bT#) In (1 +b/¥)] 

RT In (1-b/¥°) + (a/bT®) In (1 4b/7°) 
= oye ro = c = A = A = RT in (RI/P VS (Ce) 39 5 (a/aT)(A, , A) 

-R ln (1-b/V°) + (a/2bT'“) In (1 +b/V°) + Rln (RT/P°V?) 

og ad (4,474) + ™S,47 5) = 

- RT ln (RT/P°V’) 

(3a/2bT2) In (1 + b/V°) + RT. 

8.18 Differentiation of (8.26) gives dB/dT = (Bre) P x 

0.7002T /T 
(-0.462)(-0.7002T /T?)e c = 0.3235(RT¢/P 1”) x 

Beh At) vg EW Ly fe 
a c! pmo Lost), pl = B/RT and dBt/aT = 

(aB/dT)/RT - B/RT?. Substitution of T, = 305.4 K, P, = 

48.2 atm, and T = 298 K in (8.26) and in the dB/dT equa- 

tion gives B = -182 cm?/mol and dB/dT = 1.186 cm>/mol-K. 
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Then Bt = B/RT = -0.00744 atm~' and dBt/aT = 

(1.186 cm2/mol=K)/(82.06 em>-atm/mol-K)(298 K) + 

(182 “em2/mol)/(82.06-cm>-atm/mol-K) (296 Kin 2) tease oe 

atm” | eal From Prob. 8.14, Hig --H = RT? 

(1.987 cal/mol-K) (298 K)°(750/760)atm(7.35 x 107 

p° aBt/dT = 

5 1 ,-1 
atm" K ') 

= 13 cal/mol and s, - S = RP°?(Bt + T dBt/dT) = 
d 

(1.987 cal/mol-K) (0.987 atm) [-0.00744 + 298(7.35 x 107?) Jatm™! 

= 0.028 cal/mol-K. 

8.19 f(x) = (1 - x)7!, f(x) = (1 - x)72, E(x) = 

ies herd et a Ec wo eamees ee 

£(0) = 1, f£'(0) = 1, £"(0) = 2, £°(0) = 3-2, ... 

f(x) = 1 + (x = O)us 2(x - 0)7/2! 4:3:- 2G =20)e/a See 

=l+x + aw! + = + oe 

Be 20 f(x) r=Pingx, fi (geal x, ft" (x)= =x" 

f(x) = eS £6 tv) (x) = =3 - 2/x", ee 

fCljeae 0, fl CP Se af Cl) =, 1 ee) = 28 

66t% (1) Boao 62S Ween ce Lex = OF +e Ge = 1) Ce 1)2/2! 

aD Ge Pfs 2 ed ae Sa) ee ee 

eE(x = 1) (Ges 17/2 Gee) 2/3 = Ge ee eee 

S23. H£(2)/ = eo; f'(x) = ean fC) e= en. ares 

£(0) = 1, £1(0) = 1, £"(0) = 1, ... 
e~=1+x + ees * 2/5 + << 

8.22 (d/dx)(sin x) COs 4S 1 2 dno /3 tense > ee 
=O Vex ciflaconee (4 te ue 
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8.23 x is in radians; 1° = 0.0174533 rad. Substitution 

in (8.29) gives sin 1° = 0.01745. 

8.24 The function 1/ (x2 + 4) has singularities at x = 214 
2 and x = -2i (where x” + 4 = 0). The distance between the 

origin (point a) and either of these singularities is 2, 

so b= 2, 

Beese(ali ss Ofna! 2257166667. 22° 
20 ey ork Bre 5 1"/n! = 2.7182818. The exact value is e = 2.7182818. 

1"/nt = 2.7182818, 

(b) For x = 10, we find 1477.6667, 12842.305, and 

21991.482 for-n = 5, 10, and 20. The exact value is et = 

22026.466. (For n = 30, one finds 22026.464. ) 

A BASIC program is 

1$ INPUT "X=";X 76 S = S + X°N/NF 
29 FOR M = 5 TO 26 STEP 5 8% NEXT N 
36 S = 1 99 PRINT "M="3M;" SUM="3S 
4$ NF = 1 199 NEXT M 
5$ FOR N = 1 TOM 119 END 
6% NF = N*NF ; 

8.26 From Sec. 8.3, T, » 1.6T, = 1.6(353 K)re 565) K- 

V_ = 2.70, = 2.7(78 g/mol)/(0.81 g/em>) = 260 em°/mol. 

From Sec. 8.4, Z, is usually between 0.25 and 0.30, so we 

take Z = PV /RT + 0.275. Thus 
Cc CAC Cc 

RT. (82.06 Be nem mole) (565 KO:05 2:75 

P ~ 0,275 —\ 9. = 49 
S ve 260 em mol atm 

(The experimental values are 562 K, 259 cm?/mol, 48 atm.) 

a 
8.27 Use the isothermal path: 1liq(l1 bar) ~ 
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1iq(23.766 torr) : vap(23.766 torr) i ideal vap(23.766 

torr) ideal vap(1 bar). For step (a), Prob. 7.39 gives 

aG. = -1.8 J/mol. For step (b), AG, = 0, since this is 

a reversible constant-T-and-P process. For step (c), 

Prob. 8.15a gives aG. = aH. - T as. s (a/RT - b)P = 

5.47 x 10° cm°-atm/mo1? amon eoe 
POTN Fak ae a aaee 5 Se ee Dg oe mae atm 

(82.06 em -atm/mol-K)(298 K) mol 760 

om” atm S.3146.) 
= 6,04 —————- ———_———_—- = 0.6 J/mol 

MOL, 85506) enolate 

For step (d), Prob. 7.39 gives AG, = 8557.2 J/mol. The 

net AG is 8556.9 J/mol compared with 8555.4 J/mol in 

Prob. 7.39 and 8557 J/mol from data in the Appendix. 

8.28 Use of Eqs. (4.52) and (8.5) gives 

iene (1/C,)[T(av/aT) , - VJ = 

C.TCTL(R/P)C + BTP + ctp? + °°) + (RT/P)(P dBt/dT + 

p* act/ar + -++)]-(RT/P)(1 + BYP + ctp? + Pay 

2 = (RT°/T,) (aBt/aT + P dct/aT + Po dDt/dT + «+-) 

a (Ay t ee tan /C,,) 4B /aT 

(b) Equations (4.47) and (8.4) give (aU/av),, = T(3P/3T),, - 

As P + 0, V + © and (aU/av),, - 0, 
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8.29 From (8.4), V - ee =—VCRT/ PC R/V PCy Vor + oe) 
- RI/P = RI(B/PV + C/PV* + ---), In the limit P + 0, we 

have PV = RT and V - Ying -~B + C/V + -+- + B, since 

V=wo ag P = QO. 

8.30 (a) As found in Prob. 8.15a, the van der Waals equ- 

ation gives B! = b/RT - a/R? and Bft = ~b/RT + 2a/R°T. 

Substitution in the equation of Prob. 8.28a with all 

terms but the first neglected gives ohne (2a/RT - b)/C, 

as the low-P estimate of Lop (b) At the inversion tem- 

perature, the~-low-P Lop is zero, so (2a/RT - b)/C, = 0 

t peo = 2a/bR = 2(1.35 x 10° 
(38.6 em? /mol) (82.06 om? - atm/moi-K) = 852 K, where N 

2 

a and b values in Sec. 8.4 were used. The low-P 298-K 

and T atm nae mo172)/ 

estimate of Bop is Lap = P23 =x 10° atm em® mol~“)/ 

(82.06 cm? -atm/mol-K) (298 K) - 38.6 em? /mol ]/ 

(6.96 cal/mol-K) = (10.3 on” K/eal)(1.987 cal)/ 

(82.06 so atm) = 0.250 K/atm, where C. is from the Ap- 

pendix and (1.19) and (1.21) were used. Agreement with 

is good, but T the experimental is poorly predicted. 
Por i 

8.31 (a) Ne has more electrons and greater intermolecular 

attractions than He, so Ne has a greater a, a greater Te 

and a greater AH ap" Ne atoms are larger than He atoms, 

so Ne has a greater b value. (b) C,H, has greater inter- 

molecular attractions and larger size, and so has the 

greater a, T,, AH .5> and b. (¢) Due to hydrogen bonds, 
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HO has greater intermolecular attractions, and so has 

H ° S molecule is larger the greater a, Ty and aN ap The H, gz 

than the H,0 molecule, aeP iss > PH," 

8.32 From (8.16), b= RT _/8P. = (82.06 om’ -atm/moL-K) x 

(190.6 K)/8(45.4 atm) = 43.1 em /mols a = 27R°T/64P_ = 
2,24, % 10° em? atm malian Vi = b +°RT/P = 43.1 em? /mol + 

(82.06 cm 3_atm/mol- K)(273 K)/(100 atm) = 267 cm pe 

V, =b+¢t RT/(P + a/Ve) = 43.1 cm 3 iol + 

(82.06 em>-atm/mol-K)(273 K)/[100 atm + 

(2.27x 10° em? atm mol72)/(267 ome pale] = 213 em” /mol; 

= 182 Bee b+ RT/(P + a/¥, ) CU Oa 
2 3 

v = 176 cna / mole V5 ma 72 PETES see ce = 170 em? /mol; 

Vs = 169 em’ /mol; Ve = 168 em jae Vg = 167 om 3/mol; 

Tn 3 ert ae se Vi0 = 166.. em” /mol; Vi = 166 em pine: Vi9 = 166 em Jealt 

From Fig. 8.la, for CH, at 100 atm and 0-6 a2 = 0.78, = 

PV/RT and V = 0.78,RT/P = 0.78,(82.06 em? -atm/mol-K), x 
3 

(273 K)/(100 atm) = 176 cm /mol. A BASIC program is 

19 DIM V(19@) 5$ FOR I = 1 TO 99 
26 INPUT "A="sA 69 V(I+1) =B + R*T/(P + A/V(I)*2) 
22 INPUT "B=":B 7@PRINT. “Ia sTs" Va" eV (541) 
24 INPUT "p="sp 8§ IF ABS(V(I+1) - V(I))/V(I) < 1E-5 
26 INPUT "T=";T THEN STOP 
36 R = 82.06 96 NEXT I 
49 V(1) =B + R*T/P 95 END 

8.33 T= T/T, = (286 K)/(190.6 K) = 1.50 and P_ = P/P. 

= (91 atm)/(45.4 atm) = 2.00. At these T_ and P_ values, 

Figs 8.5 Fives Z = 0.84 or 0.85. We have Z = PV/RT and 

V = ZRT/P = 0.84.(82.06 Gm -atm/moilsK) (286 K)/(91 atm) 
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= 218 VR 

8.34 (a) As in Prob. 7.27b, d1lnP/dT = (1/P)(dP/daT) = 

0.035687/K and dP/daT (0.035687/K)(1 atm) = 0.035687 

atm/K at 100°C. (b) AV = (82.058 cm?-atm/mol-K) (373.15 K)/ 
ieetm)e—0452) cm /mol- 19 cm?/mol = 30149 cm? /mol:. ‘then 
AH = (T AV)(aP/aT) = (373.15 K)(30149 cm?/mol) x 

(0.035687 atm/K) = (4.0148 10> cm°-atm/mol) x 

OemeawiSe 67-058 cm-catm) = 40.68, kJ/mol. 
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CHAPTER 9 

9.4 (a) n= c,V = (0.800 mol/L)(0.145 L) = 0.116 mol, 

(b) (145 g) x 10.0% = 14.5 g; 0.398 mol. (c) m, = n,/w, 

= n,/(w ~ w,) = n,/(w - nM)» where w is the mass of the 

solution, We is the mass of the HCl, n, is the number of 

moles of HCl, and M, is the HCl molar mass. Solving for 

ae mw/ (1 + mM, ) = (4.85 mol/kg)(0.145 kg)/ 

(2 + (4.85 mol/kg) (0.03646 kg/mol) | = 0.598 mol HCl. 

nis we get n 

Alternatively, a solution with 1000 g of solvent has 

4.85 mol of HCl, which is 176.8, g of HCl. The weight 

percent of HCl is [176.8,/(1000 + 176.8.) ]100% =p 15.03% 

15.03% of 145 g is 21.799 of HCl, which is 0.598 mol HCl. 

9.2 (a) All quantities involved are intensive, so we can 

work with any convenient amount of solution. Let us 

choose 1 dm? of solution. This amount of solution has 

8.911 mol of CH30H, which is 285.5 g of CH, 0H. Since the 

solution is 30% CH.,0OH, the solution's mass is (100/30) x 

(285.5 g) = 951.8 g. Its density is (951.8 g)/(1 fash = 

059518 </oms (b) mo on yen =n (Bot) mony 
i i oA 

(951.8 g - 285.5 g) = 0.01337 mol/g = 13.37 mol/kg. 

(8) Pou on * Mou,on/¥ = (285-5 9)/(1 dm?) = 285.5 g/L. 

9,3 Let us take 1000 g of solution. This contains 

(0.800 %)(1000 g) = 8.00 g of NH, and 1000 g - 8 g = 

992 g of water. This is 0.469. mol of NH. and 55.06 mol 
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of water. Then m, = n,/w, = (0.469_ mol)/(992 g) = i A 7 
0.000474 mol/g = 0.474 mol/kg. Also, x, = 

i 

0.469_/(0.469, + 55.06) = 0.00846. 

9.4 c, = n/v = n,/(w/P) = pn,/w, where w is the solu- 

tion's mass. Because the solution is very dilute, we have 

we W, + a oe = n,Mas where A is the solvent. Then Cc. 

=Pn,/n,M,. Also, x, = n,/(n, + n,) x n/n), soc, ® 

Px,/M,- For the molality, we have m, = n,/w, = n/n M, 

re x,/M,« From ¢c, = px,/M, and m, © x, /M » we get c, *Pm,. 

9.5 As noted after Eq. (1.4), M, = M x 1 g/mol, so 
r,A 

= = = -3 Mm, n/n My np/(n Me 4 g/mol) apf (aM, , 10 keg/mol) 

= 000 ke. (1 np/n Me mol/kg 

9.6 (a) V=n,V, + n,V, = (0.500 mol)(18.63 cm?/mol) + fae) Bots 
(55.51 mol)(18.062 cm?/mol) = 1011.9 cm>. (b) From Eq. 

(9.26), C, = n,Cp, + n5Cp>° 

solution that contains 1000 g of solvent has 0.1000 mol 

An amount of 0.1000-mol/kg 

(5.844 g) of NaCl and has an NaCl weight percentage of 

[5.844/(5.844 + 1000)]100% = 0.581%. Taking 0.581% of 

1000 g gives 5.81 g of NaCl in the 1000 g of solution, 

which is 0.0994 mol of NaCl. The percent water is 100 - 

0.581 = 99.419%. The HO mass is 994.19 g, which is 
2 

55.186 mol H,0. So C, = (55.186 mol)(17.992 cal/mol-K) + 

(0.0994 mol)(-17.00 cal/mol-K) = 991.22 cal/K,. 

9.7 Substitution of G= f, n into G = U + PV = TS 
(Pa ha 
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gives the desired result. 

EE Sy 32 (BASS Etna where A is the Helmholtz en- 

ergy of the solution, n; is the number of moles of i in 

the solution, T and P are temperature and pressure, and 

NS gi indicates that all mole numbers except i are held 

fixed. 

9.9 (a) H = U + PV. Partial differentiation gives 

(dH/odn. ) = (dU/dn, ) i°T,Pyny yy L°T,Pyny ys 

so H, = U; + PV,. (b) Taking 3/8T of (9.32), we get 

(346, 4/87), 4 = (8/27) py ie 

+ P(dV/dn, ) ’ 
BE bel aac bane 

— —% = 

b BL 
aL 

= a% - = =e 
Pi ny l(8G,/eT), | - gS tv sc hion, (-Sy ¢5S 0k 
Jalnes) Ze )e'naSy S:Si-=9S SecAS. 47. wheres 9 30 beamed 
ak ae Bk at ayaa t mix 

9.10 (a) G= }. n,u, = OF n, (vg + RT1n (P,/P°)]. Taking 

P, = P° and P, = Ps in (4.65), we have for n; moles of 

ne 3 _ c® ° a See gas is G(T, Pi, n,) G(T, Pe, n;) = n,RT x 

es pap 

* ° ° = ne ° .RT x G(T, Ray n,) + n, RT 1n (P,/P ) = n,G,(T, Pr let ny 

z: * 

In (P,/P°) = n, [uj + RT1n(P,/P°)), since G, = u, for a 

pure substance. Hence the above sum for G of the mixture 

% 
= =o. / = becomes G is G(T, P,, n,). (b) s See oury nag 

% * 
A SEC So = 1, S(T Py, ny), where (4.51) was 

- " * ee # Hrs used. (c) H=G+TS =), Gi +T Y, S; ke a(G ee TS;) 

ie Hy(T, n,), where Ps is absent since H is independent 

of P for an ideal gas. (@) C. = (dH/oT) = 
= P P,n; 

x * S % ES aan MS H; = be aC = Le Choy ft, n,). Us 
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- = boy = Se = H - PV Ty Hy P(Ty n,RT/P) = oF (Hy; - n,RT) = 

Yi (Hy - P,V) = Fi US(T, n,). (e) Assuming the mixture 

7 * Ps. * a is ideal, we have Cp = Mf Cp oy (T ny) = ©P,0, + “3,0, 
* * 

POS} 03 + nCp CO, = (0.100 mol)(29.355 J/mol-K) + 

(0.300 mol) (37.11 J/mol-K) = 14.07 J/K. 

care le n(H, 0) = 1.11) mol and n(C,H.OH) = 0,977 mol. 

x (C,H, OH) = 0.977/2.087 = 0.468. For this composition, 

Fig. 9.5 gives V(H, 0) = 16.8 Aap yaaa. V(C,,H.OH) eG H/ «(8 

ba ym. V =Vin, + Vin, = (16.8 em mony Cie mol) + Teo v9" 
S790 on fmot<0.977 m1) a one 

1G | ie n,V, + noV. = 307.09 cm? = (72.061/18.0153)mol x 

Ore 488 em>/aol) 4 (192.252/32.0422) mol Vou on 
3 

and 

= ») 3 
VcH,0H = 40.19 cm’ /mol. 

9,13 Take solutions that each contain 1000 g of H, 0 (con- 

stant nj, Oo): Let w be the solution mass. For the 12% solu- 
“Ho 

tion: (1000 g)/w = 0.88000 and w = 1136.36 g; this solu- 

tion contains 136.36 g of CH, 0H, which is 4.2557 mol of 

; 3 
CH,OH; the solution has Vv = (1136.36 g)/(0.97942 g/em ) = 

3 
1160.24 em?. For the 13% solution: (1000 g)/w = 0.87000 

and w = 1149.43 g; this solution has 149.43 g of CH, OH, 

which is 4.6636 mol of CH, OH; the solution's volume is 

3 
v = (1149.43 g)/(0.97799 g/em?) = 1175.30 em, We have 

) = (15,06 em?)/(0.4079 mol) = s (AV/An TP sty Vv CH, OH CH, OH 

36.9, em nol. To find Vu, 0 we now take solutions with 
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100 g of CH OH (constant n ) and do the calculations CH, 0H 
the same way as for the constant n solutions. For the 

H,40 2 
12% solution, we find n, .= 40.706 mol and v= 850.84 em>, 

2: 

For the 13% solution, we find Mo = 37.148 mol and V = 
Zz 3 i 

786.54 cm . Hence V se (AV/ An) = 
H,0°7 , P38 Ae 20°T,P sMcH. OH 

(264,40em 1/23 25 5B mo) = 18207 ants mole 

9.14 (a) V of MgSO, at a given composition equals the 

slope of Fig. 9.3 at that composition. The slope is zero 

at the minimum, which occurs at n = 0.07 moles in MgSO, 
1000 g of water, which is a molality of 0.07 mol/kg. (b) 

Infinite dilution corresponds to n ~ 0. Drawing the MgSO, 

MgSO, = 0, one finds its 

—390 

em? /mol, which is V of MgSO,. 

tangent line to the curve at n 

slope to be “3.5 

9,15 We draw the tangent line at x = 0.4, This 
ethanol 

t—J 3 = line intersects the Tact 0 axis at -1.1 em’ /mol = 

a = i hee 3 a OU 3 
Vino Vig 0 = Vui9 0 18.05 em-/mol, and Vii90 16.9, em” / 

mol. The tangent line intersects the x = 1 axis 

- 58.4 

ethanol 
3 = ok 

treba 1 = - = ie 5 cm /mo Vethanolic’ “ethane. sattanel 
= 57.3 cm?/mol. 

3 
em /mol, and Ne sna 

—* 
Vi50 = M/p = 

(18.015 g/mol)/(0.99705 g/cm?) = 18,07 em’/mol and v* CH, OH 
(similar to 

9.16 The pure molar volumes are 

s 3 
= 40.71 cm /mol. We plot AV nix! ? VS. x10 

Fig. 9.4). (a) Drawing the tangent line at Xi 9 = 0 we 
2 

find it intersects the Xy 0 = ] line at =405 na mete 
2 
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(With a reasonable choice of scale, the intersection oc- 

curs off the paper and can be calculated by extrapola- 

—i 3 - Vv = -4,. em’ /mol 
H,0 ca 99 H90 1 

= 3 
= “x50 - 18.1 cm’/mol and u.07 14.5 em?/mol. Of course, 

VctH3 OF VCH OH 40.7 cm /mol at *H50 = 0, (b) The tan- 

gent Line at * Hy 0 = 0.4 intersects the *H50 = 0 line at 

-0.5 em? /mol and intersects Xo = lL atej=1).6 cm?/mol, sO 
2 

tion.) Therefore at x nO Vay 

= Kk ee 3 em, = 3 e V cH, O# - VoH3 0H = -0.5 em /mol and Vou, OF 40.2 cm /mol; 

V. = V = ial =-_ = we YH50 16.5 em /mol. (c¢) Von 0H aged 1.6 

UV = b 2 UV = ve = @ aoe and VcH3 OH 39,1 /mol; Vig 0 Vii 0 0.6 

em /mol and V,, . = 17.5 em /mol. H50 
De : . Bat? Ca) Ve (av/ang dr Pin, =b + (3/2)en, + 2kn, for 

nM, = 1 kgs. (hb) -For a, = 1 mol/kg, we have n, = 1 mol in 

a solution with nM, = 1 kg. ae = 16.6253 ome / mol + 

1.5(1.7738 em?/mol?/2)(1.0000 mo1)™ + 

2(0.1194 em?/mo12) (1.0000 mol): = 19.5248 em?/mol. 

fey V= nn. Vat n_V¥. and n,V, = V- nV. = a 4 bn. + 

3/2 O) BNE ORS foe! eieo 
- nb - 1.5en, = 2kn, = a ‘en, kn,. 

Since n, = (1 kg)/M,> we get Ve = (M,/1000 g) x 

(a - zen 3/? - kn’) for n,M, = eke 5 Cd) nee n,/n Ma, = 

n,/(1 kg) = n,,/ke and n, = m, kg. Substitution in the re- 

sults of (a) and (c) gives the desired equations. (e) 

Vy,0 = (18.0152 g/mol)[ 1002.96 Bie ee 728 en mole 

(1 mol/ke)?/2 ne?/? - (0.1194 em?/mo12)(1 moi/kg)? kg? ]/ 

(1000 g) = 18.050 one ate (f) In the infinite-dilution 
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— —oO 

limit, m_. goes to zero and Ve in (d) becomes Ve days B 
[Au6 25Seeneimaw 

9718 PV gay = ValNa | ay (el VENO,, SV (Kye pe | 

and Vwano, = V°(Na’) + v™(NO3). Then Fear SPUT (Rie | 
aa -, =o = == | Vo(Cl a)" = Vino, Noy - ViaNo, = (38.0 +1666 - 2758) 

ca (mel = 26.8 eno nale 

aie =(V- v¥)/(n, + n,)> so V - Vez 9.19 (a) 2 = AV 

.. Woe ok + n,)2 and V = (ny + n,)z + V (n, + n,)z +n,V% + 
(ny A A‘A 

wk n,VR° (b) Taking (a/any),. ,1,P of the result of (a) 

gives SULLY a a = vi for the left side and z + 

yo (n in for the right side. (Note that 

ye 
VA 

ny-) Equating these expressions, we get Va = Zz + 

n(az/an, ) eivre (c) Equation (1.35) gives (az/an_) 
A Np An 

; + Dee e aont + 

is a constant at fixed T and P and is independent of 

A 

= SERIA sr oe Since x 

2 
SOgs OS = -n/(n, +n_) 

B 

ae n,/(n, + na)» we have 

! 
* ~ o~ =] Reey Se aape con 

result of (b) gives (az/an.) = (V. = V* - z)/n. Substi- 
A np A A 

tution of these expressions for ax,/an 

+ = - : n,) x,/n The 

A and az/an, into 

az/an, = (dz/dx,)(ax,/an,) gives dz/dx,, = (ve - Vis + z)/ 

Xpe The ny subscript can be omitted from (az/ax_) bee 
Bonz 

cause z = (V - v*)/n is an intensive quantity and so is a 

function of x, only and is independent of the size of the 
B 

system and hence of np: (d) The plotted quantity av ix/? 
m 

is symmetric in A and B. Since the intercept at x, = 0 is 
B 

We - Va the A-B symmetry means that the intercept at x, 
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= 0 is Tp epalnds = = B Va But Xa 0 is x, Iie 

9,20 The tangent to the AH ix VS. *H5S0, curve at *H)S0, 

= 0.4 intersects x =O at -13,2 kJ/mol = 
Ho SO, 

Becrer.e,o-cne Pirersectae ri) co = 1 at o-16.1 ko/mole 

AMALEE ,HSO,," 
oo oes. 

find SHai fe HO 2 kJ/mol and A 

kJ/mol. 

Drawing the tangent at *H5 80, = 0,333, we 

IEP Hy SOye aoe 

= a = 9.21 OH ax H - H™. (a pote hee an 

m | = 
- - But by definition, H ean, pon, (aH /2n5)0 Pins ut by ’ 

* r* Ux 
= + HO GEA& sO nets). pana? Also, H n H(t, P) n, BI WP) 

* i ps 
= H.. Therefore (a AH , /an = Bee Srrerin, © are Teor or®: 9 na BT,P,n, 

fi - A* = af H, He A 

aN; 

eat? where (9.38) was used. 
9 

. ° ° ieee puptraction of SHE NaCl (s) from the apparent AH; 

values give the following integral heats of solution per 

mole of NaCl vs. Xwacl: 

AHi nt ,waci/ (kJ/mol) fe Biles (2%.34 1 3.016 ce | 

Xnacl 0.1 0.0625 0.03846 0.019608 

As in the last example in Sec. 9.3, multiplication of 

44s nt,Nacl “By *Naci 9*Y<* AH nix /n? 

(AH, ./n)/(J/mol) 187.4 146.7 116.0 72.74 0 

eel Oi 0.0625 0.03846 0.019608 0 

We plot AH ix vs. X and draw the tangent line at Xwacl 
NaCl 

= 0.05. The tangent line intersects Xyacl = 0 at 664 J/mol 
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= Hy 0 - Hy 0 and intersects Xyac] = +1 at 1984 J/mol. 

Extrapolation gives the intersection at Xwacl = 1 as [664 

10(1984 - 664)]J/mol = 1.39 kJ/mol Hyacl Hwacl* 

9,23 The NBS tables give AH? = -92.307 kJ/mol for 
{i298 

HCl(g) and aH: = -121.55 kJ/mol for HCl in 1 mol of 
5290 

H,O. Thus aH -29.24 kJ/mol for a solution with 
a int, HCl ~ 

1 7 9.500. From (9.37), OH, = Suc, “Hine or 29 

= H = @ t = 

AH tx! tot *HC1 AH at ,HCl 14.62 kJ/mol at x1.) 

0.5. Using further data, we find (values in kJ/mol) 

0,500 0,400°:0,333 (0.286 »6,250 @ 07200 *HCL 
OH at, Hel ~29.24 -40.36 -48.65 -53.17 +-56.18 -60.61 

AH ax! Mor 714-62 -16.15 -16.22 -15.19 -14,05 -12.12 

We plot AH nix V8e Xo) and draw the tangent line at XucL 

= 0.30. The intercepts at Xuc, = O and XuC1 = 1 give 

AHaiee,H)0 = -8., kJ/mol and Haier Hci = ~31-g kJ/mol. 

9.24 No. Models show that the A-B intermolecular forces 

differ from the A-A and BeB intermolecular forces, 

9,25 Neen = 1,280 mol and en 1.085 mol. <e = 

0.5412 and Up 0.4588. Equation (9.44) gives AG ix = 

(1.987 cal/mol-K)(293.1 K)[£(1.280 mol) In.0.541?74 

(1.085 mol) 1n 0.4588] = -950 : = = ) ] cal. AV... = 0, ZA rep deat 

AG Nix = AB nix - T AS ix? so AS ix = (950 cal)/(293.1 kK) 

3.24 cal/K. 

9.26 (a) (100.0 g)/(78.11 g/mol) = 1.280 mol. 
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Meo £2085) mol. tetas 1.280/(1.280 + 1.085) = 0.5412. 

x = 0.4588, P =0075412074./ torr) = 40°04 torr. 
tol ben 

Boy = 094588(22.3 torr.) = 10.2 torr. (b) Spee 

(A0, 4 + $02) rorr, = 5026. torr.,. Use of FP, = x P gives 
i L,vap 

ent ais = (40.4 torr)/(50.6 torr) = 0.798. Seoieean = 

OE 202% 

7 = — * * 2.2 : Rese + cele Kee hex +(l-x )P 
hex’ oct’ 

x a uy * * a * ee = io (P pie AC AOES Pee) (666 torr - 354 torr)/ 

(1836 torr - 354 torr) = 0.211. ae L=402211, 2.05789, 

r 

en P= = x,P* = a 8 i ean: x Pe 0.929(95-0-torr) 0.305P, a. 

ak ae e * k = and Lae Seto scorre = © = xP) + X5P5 = 95.0 torr = 

* * * 0.305PL, + 0.695P,., = 0-305(173 torr) + 0.695P).. 

and iad = 60.8 torr. We assumed an ideal solution, ideal 

vapor, and the pressure independence of 1a 

% 
= x,P,/P. However, 2:e2 Rae NAGY A A,v A‘A 

* * _ # . * a 
P= P, + Pp = x,Py * XpPp = X,Py + (1 x,)Ppe so Xav 

* * * He # jo% & jn% a 
x,P,/(x,P, a x,Pp) = (x,P./PQ)/(x,Pa/Pp + 1 x,)- 

(b) If A is benzene, then P\/P} = 74.7/22.3 = 3.35 and 

the equation in (a) gives os Var 3.35x,/(1 + 2.35x,)- We get 

e e 1 Xa,v 0 0.456 0.691 0.834 0.931 

Xn 0 0.2 0.4 0.6 0.8 1 

The plot resembles the upper curve in Fig. 9.10b. For 

toluene (t), we find i 0.299x,/(1 - 0.701x,) and 
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0» 0.070) 0.1766.°02310 0.545 44 
t,v 

x 0 0.2 0.4 0.6 0.8 1 
c 

9.30 For an ideal solution, V = V* = n,Vi + noV>5 

% * _ * ae n,M,/o, + noM,/p5 = m,/0; + m_/p5 = (33.33 g)/ 

(0.8790 g/cm?) + (33.33 g)/(0.8668 g/cm?) = 76.37 cm>. 

Then p = m/V = (66.66 g)/(76.37 cm?) = 0.8729 g/cm>. 

5 eae K * s 
9231 (a) Ne = Cp Cp = nee ery (dH Pa er 

* 5 
a Se yl - H) = (36H A/T) pn, = 0, since AH_,, = 0 

: * + * 
for an ideal solution. (b) Cp = Cp = n4Cp, + 259Cpo = 

(100/78.11) mol (136 J/mol-K) + (100/92.14) mol (156 J/mol-K) 

= 343 J/mol-K. 

9.32 At Xp = 0.50, the tangent is horizontal and inter- 

sects the Xp = 0 and Xp = 1 axes at -0.41, kcal/mol 

% _ era ‘ Retr aee 
Uy - Uy = Up Upi the calculated result is uy us 

RT1n0.5 = (1.987 cal/mol-K)(298.1 K)1n0.5 = -0.411kcal/ 

mol. At X, = 0.25, the tangent line's intercept at xX, = 0 

# 5 To 
is -0.18) kcal/mol = ea and that at X_ = 1 ee 0.81, 

* ¥ 
kcal/mol = Up - Upi the calculated values are Sr 

RT1n0.75 = -0.170 kcal/mol and ug - uy = RT1n0.25 = 

-~0.821 kcal/mol. 

9.33 From (9.30), (9.31), (9.42), and (9.28): 

Tits Cure nea) Ui eae pens R ln x2 oy Rinx, 

- _ if * weak ae =e 
vy, eC SLM (an, /aP).. Meg She elon 

y, + RT inx, + TS} - RT ln x, = Hy (since WG Gy). 
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9° 
9.34 = [= 4? a) a= vb, =u, + RT In (P,/P°) p, + RT In (x, P/P ) 

Ms + RT ln (P/P°) + RT ln X,- For x, = 1, this equation 

becomes mi = Us +oRn In (P/ Pe) so = ny + RY inex i° 

9.35 Substitution of Equation (9.42) into the 

phase-equilibrium condition uy ee gives Hy + RT ln si = 

* 3 ce eRe 
by Tene Xy> SO X) x Similarly, Xo X5° 

9.36 (a) The solvent A is ethanol and Raoult's law gives 

begat eee = Pa = 0-9900(172.76 torr) = 171).03 \torr. 

Sa et ae PER =z (177.95 - 171.03) torr = 6.92 torr. 

(b) In a gas mixture, Py = xP, so SS = 171.03/177.95 

= 0.9611, and xy chil =6.92)7 117-995 u= 0.0388,. (c) Ps = 

K,x;, so Ki) = P ani! *chi =.( 6592. torr)/ 0.0000 24692 storr, 

(d) Pa = ee = Poth = 1079800 (172.76 torr) =.169.30 torr; 

Pohl = K oni*chl = (692 torr)(0.0200) = 13.84 torr. P = 

(169.30 + 13.84) torr = 183.14 torr. yeah Poth’? = 

169.30/183.14 0.9244 and xy chi * Poni’? = 13.84/183.14 

= OSO0756. 

9-37 (a) Poy = een ar = 0.9794(438.59 torr) = 429.56 

torr; Pee (1 - 0.9794)(438.59 torr) = 9.03 torr. (b) 

Raoult's law for the solvent chloroform gives Pohl = 

% # = s . ; 
Xon1Pchl and Pohl =(429.56 torr)/0.9900 433.90 torr 

= = ° 0.0100 = 903 fcoyePee. * Koin*eth and Ki+4 (9.03 torr)/ 

torr. 

9.38 We have K, = Pi/x; for very dilute solutions of i. 

For cs, as solute, we draw the line tangent to the P(CS, ) 
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curve at the point x(CS.) = 0. Since P = KX)» the slope 

of this tangent line equals Kas ; the slope equals the in- 
Z 

tercept of the tangent line with the x(CS,) = 1 line. We 

find Kos = 1.2. x 10° torr in acetone as solvent. Drawing 

2 
the tangent line to the P(ac) curve at the point x(CS,) 

1 and finding its intercept with x(CS,) = 0, we get Koc 

2.0rx 10° torr in the solvent cS... 

S539 From. (9.66), u; — = RT ln (K,/P°) = ° 

Vay 

(8.314 J/mol-K)(308 K) 1n (145/750) = -4.21 kJ/mol. 

- “5 = ; i 9.40 (a) aH = 8.14 x 10 mol, 7H0 tae SSS RT 2 § oa 

Weve Ghee K, = Py /xy = (1.00 atm)/(1.47 x 1022) = 

"aye Mens Fi ) sete / aL atm, b) x = Pp = 
Hy =H Ny 

(londomatm\/ (6 8200426m) cata nex ol Or n, = 8.14 x 107 
2 

4 

mol and Mat = 1.64 mg. 
; 2 

9.41 x, = Py /Ky = (0.780 x 760 torr)/(5.75 x 10° tore’ 
crane ate 2 Ny 

5 1703 x 1077, xe (0.210 760 torr )/(2-95 = 10 sraren 
O 
2 

5.41 x Moro. n and n are negligible compared to n 

5.55 mol, son. = (1.03% 107° )(5,55) mol). = 5672 SHGet 
No 

mol and ng = (5 Gl 107030555 mol) aes. 00 «Owned 
2 

MN, = 1.60 mg and m. = 0.960 me. 
Oo 

9,42 N, 0), yea 2NO,. The initial amount of N,0,, is 0.0109 

mol; also, n(CHC1, ) = 1,68 mol. At equilibrium, n(N,0,) = 

0.0109 mol = y and n(NO, ) = 2y. Since n(CHC1, ) >> 0.0109 
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mol, we have us Fay sh bs 1.69 mol. The equilibrium mole frac- 

tions are x(N, 0, ) 0.00645 - z and x (NO, ) = 2z, where z = 

2 -7 2 y/(1.69 mol). We have K, cies er cum) = [x(NO, ) ] /x(N,0O 

427/(0.00645 - z). 

Zi=8.8 = 1D". en x(N,O,) = 0.00645 - z = 0.0064 and 
x(NO,) = 2z = 5.6 x 107, 

ee 
Using the quadratic formula, we find 

9. 43 Ky SE as: Reena eee x (Means! tot) / (Mois/tot) 

= 480n. aie «| rahe son +n 
Pras’ cis! trans s trans 

= 480n.;,,/(ngi, + 480n.;,) = 480/481 = 0.99792. We have 

) Su vane toed 

99.792% trans and 0.208% cis. 

9,44 Equations (9.30), (9.28), and (9.64) give: s, = 

° a WO L. pyn, Si + RT ln x.) s R ln Xj 

The infinite-dilution limit of this equation gives 

NO ee = -(3/aT) 

Sot tine om 
Si = (S, + R ln x,) . He 

G S, = u° ae = H°, Th G, - TS; Us + RT ln x, + 1, RT ln x, i The 

infinite-dilution limit of this equation gives H? = H°. 
i i 

9.45 Equations (9.17), (9.73) and (9.72) give AV ix = 

ye Bega 

Equations (9.74) and (9.72) give OH ax = 

Sale E 13 HS a ys= Hoe He) 

Zita CH, - Hy) + n,CH, - HA) = Ey 4, 9,08: D> 

a =x = a Tel otek 
- = = V = V e 

gl es ee Pam ar D> 

9.46 In K, = -AG°/RT. (a) (81nK,/2T), = AG°/RT? - 

(9AG°/3T),/RT = AG? /RT@ - (-AS°)/RT = (AG° + TAS°®) /RT* = 

AH°/RT*, since (3AG°/2T), (d/dT) yy ViUy = 

Lv, (2ug/ar), = -Ly vySf = 48°. (b) (8 1nK,/8P)p = 
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- (84G°/8P),,/RT -AV°/RT, since (dAG°/9P),, = 

Die Ly i COUT /eP Yn 53 
Ae Sa as eu rer AV 

9.47 (a) Kinase P,/K,; sO as K. increases, x, decreases. The 

solubility of 0, in water decreases as T increases. (b) 

0° a) ee 
Uc heeee “ H, )/RT Cd en K,/2T), w (A epg 

4 In K, = in (3.52 x 107) = in (2.95'x 10’) = 0.177. 

Howe: x  =(8.314 J/mol-K)(298 K)20.177/(10 K) = 
i {,vap 

-13.1 kJ/mol.  (c¢) The log of (9.68) gives RT ln K ,/bar 

26 ee i een ot = me _ Fe 
Us Ws vap of Sap: and we have Ge gies 

(8.314 J/mol-K)(298 K) 1n (44100 bar/1 bar) = 

= ee _ fe D 26.5 kJ/mol. (d) AS = (4H - AG)/T, so st eee Py 

[(-13100 - 26500)/298] J/mol-K = -133  J/mol-K. 

9.48 The log of Eq. (9.68) reads ln K, = ln P° + 
i 

Cue - be van Partial differentiation with respect to 
9 

T gi fe AT) Sa yeCue coma : gives (a In K,/ 1)» (uy Hs vap/RT + 

acvany #2 ane dT ]/RT = (6° - G°)/Rr2 me me is rey 7 <p GP )/RT° + 
~S° 4 §° ark =o a ee ae 

( i i,vap)/RT CGivat : OR aes oe TS; )/RT 

(H° - H°)/rt? = (B° - F°)/RT*, Partial differen- 
i,vap i i,vap i 

af 

an°/aP Tay = Vi ( ui/ )~/R V,/RT VE/ RT (since Hievat depends only 

tiation of ln K, with respect to P gives (a ln K,/3P). = 

on T). 

9.49 The phase-equilibrium condition us = uf and (9,64) 

give bien + RT ln xt = ge + RT ln xf and ln (xF/x?) = 
0,8 ) (uy - by? MRT. Hence xi /xe = exp Ce ~ Us? O/ Ra) = 
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NT, P). (b) Equation (9.68) gives KE/KY = 

=i Wy vap)/ BT] eaeXh [(apr 7 ay seme ne S b ) 

exp [(uy?? - uf?")/RT] = N(T, P). (¢) N= 30.3/0,068 = 446, 

exp LGaee* 

o.20 ‘Trouton's rifle is AH ap! Ts x 21 cal/mol-K. We find 

the following heats of vaporization: EA Weds ~ 7420 cal/mol, 

AA ot ~ 8060 cal/mol. Equation (7.21) gives for the vapor 

pressure of pure benzene at 120°C: In [Pleas atm) ] = 

(7420 cal/mol)(1/353.2 K - 1/393.1 K)/(1.987 ecal/mol-K) = 

a = . : * r 1-075 and Pen = 2.92 atm. Similarly, we find Pol = 1.29 

= * we = atm, P en = eh = 0.68(2.92 atm) = 1.99 atm. 

P Ses okie 29 atm). =) 0.4) atm... Pos 2.40 “atm, 
tol 

“vap,ben ea = (1.99 atm)/(2.40 atm) = 0,83. We as- 

sumed the accuracy of Trouton's rule, the T independence 

of AH of vaporization, ideal gases, an ideal solution, and 

the pressure independence of THe 

4 : x a : 

pes AG) GieG aba ~ php A 
(aG/an,) . er ATE ae Rete ng PAGAS ye De Me mix 
* 

+ RT(a in x_/an . + RT ln x, + n ,RT(a in ee eres n, ( n 3/ ne 

* 
= - + + My + RT ln x, + n RT[1/n, I/(n, n,) J 

A 

is = * = 
A : : 4° T - RT = 

n,RT 1/(n + n,) iol + RT ln x + RT xR Xp 

B 

B 

ves of the logs are found as in Prob. 9.54b.) 
t 

‘ A % e 

9.52 (a) Use of (9G/0P),, = V gives AG, = Jp V, GP’ + 

p* 
J 3 es dP’. We have AG, = 0 for this constant-T-and-P 
P 

mi + RT ln X as since Xx, +x = 1. (The partial derivati- 

equilibrium process. AG, = AH, - T AS3 = -T AS3 = 
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sn RUT (Dey ee is n,RT ln (P3/P_), where (3.29) and Boyle's 

law were used. AG, = 0 (see the end of Sec. 6.1). AG, = 0 

(constant-T-and-P equilibrium process). AG, = 

(8 (a Van dp’. (b) They are small because G of a liquid 

varies only slowly with P. (c) With AG, and AG, neglected, 

% & 
= AG. = n,RT1ln (P,/P,) + n,RT ln (P,,/P,). (d AG = AG dq) 

mix 3 A Use (9.51). 

9.53 Equation (9.82) becomes AG ix/ (Ma + Bp) = 

RT[x, 1n (x, JP/PA) + Xp ln (xp ,P/PR) I. At xX.4, = 0-200, 

AG ix/ (ny + ng) = (8.314 J/mol-K)(318 K) x 

{0.200 1n [(0.1552)454.53/172.76] + 

0.800 In{(1 - 0.1552)454.53/433.54]} = -731 J/mol. At 

x = 0.400, 0.600, 0.800, we get AG. = -1034 J/ eth ix/tot 

mol, -1154 J/mol, -997 J/mol, respectively. At x = 0 
eth 

and 1, AG 0. mit Dee 

@ 3 2 ry = @ = 9.54 (a) From (9.35), AS ax (a 2Gnix!?™ psn, 

“ny R ln ca BF R lin OO (ny + n,)x ,X_(2W/ aT). From 

9.33 = ¢ = = ( ds SHasy AG ix * T OSiay = (My * n,)*,*_LW 

T(aw/aT),]. From (9.34), Nees 

= * a * A + n,) xX, (aW/aP).,. (b) AG ix = G’= G* so G =" Gs 4 

AG ix nu (T, P) + noup(T, P) + AG. 

= (23 Bee tea = 

(n 

ee Then Us = 

* 
= + AT, Png uy (a AG ix/?"Q)7 Png We have in X 4 

= IL = al = = nn, n(n, + na) and ln Xx, In n, ln (ny + na) s 

so 2 ln x ,/an 

(aG/an 

A 

i I/n, - I/(n, + n,) and 3 ln x,/an, = 

-1/(n, n,)- Also, xX (My + n,) = n,n,/(n, + n,): Us ing 

ve these equations, we find La A + RT ln Xa + iT] 
= 
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n,RTL1/n, ~ I/(n, +n.) ] - n,RT/(n, +n) + W(T, P) x 
4 25 _ [n,/(n, +n.) n,n,/(n, +n.) | = A + RT ln x at W(T,P)x2, 

Since AG ix is symmetric in A and B, by analogy to by we 

* have p, = nn + RT ln x, + W(T, P)x’, (c) Equating Ua in B 

the solution to La in the vapor above the sOlution, we 

* a Ming Be ret u, + RT In x, + Wx, = Sree: RT ln (P,/P*). Also, 

for pure liquid A in equilibrium with its vapor at T: 
Wee Pe ° * roe, eae: * RT In Dba) Subtraction of this equation 

from the preceding one gives RT ln x aa Wx? = 

RT In (P /P*),’ so In (P_./P*) = 2 aa afPA)s ( sf Me In x, + reese PA/P 

ex D = * p(ln x, exp(Wx5/RT), and Py XE exp (WxE/RT). By sym- 

metr P= og 2 v2 xP, OxP (Wx) /RT). 

9,55 AG) ap involves Lsothermal conversion of liquid at 

1 bar to vapor at 1 bar. We use this isothermal path: 

11q(P°) 4 119(P,) 5 vap(P,) > vap(P?) 
AG, x 0, since moderate pressure changes have little 

effect on Licuid thermodynamic properties. AG, = 0, 

since this is an equilibrium process at constant T and P. 

Assuming ideal vapor, we have AG, = AH - T AS. = -T AS3 

= -nRT ln (P,/P*), where (3.29) and Boyle's law were 

used. Therefore AG° = AG, + 4G, + AG, = -RT ln (P,/P”) 
vap 1 2 3 Be 

and P. = P° exp (-aG° /RT). 
i vap 

9.56 (a) U,; ne. Vie (b) Uy» Hy» cre (c) None. 

9.57 (a) All; (b) ideal; (c) ideal and ideally dilute; 

(d) all; (e) ideal; (£) ideal; (g) ideal. 
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9.58 (a) True, since the equilibrium condition at con- 

stant T and P is minimization of G. (b) False; as noted 

in Sec.) 9.2, AS vax is occasionally negative. (c) False. 

In a liquid solution, intermolecular interactions are 

large. (d) True. (e) False. 
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CHAPTER 10 

10,1 (a) No. (b) Yes. (ce) Yes. AS a,/x, and a, in 

(10.3) depends on ve (d) Yes. 

= * = 10.2 (a) Yr 4 Xi vape ari: iS 

(1 - 0.138)(304.2 torr)/(1 - 0.200)(295.1 torr) = 1.11. 

Yr ,eth = 0.138(304.2 torr)/0.200(102.8 torr) = 2.04. 

@r chil = Vy chi*chi = 1.11(0.800) = 0.889; ar eth = 

2.04(0.200) = 0.408. (b) UW, = Uo + RT In a, = u* + 
= i i i i 

ae ee & -. RT ln aie 20 Ue US = RT ln ay 4° Voth DAS 

(8.3145 J/mol-K) (308.1 K) 1n 0.408 = -2300 J/mol. Uchl 

* 
Ben} = RT ln 0.889 = -301 J/mol. (c) Eqs. (9.32), (10.7), 

y <4, ae 
and (10.4) give AG nix = yi n,(u; uj) Ya n,RT In ari 

= (8.3145 J/mol-K) (308.1 K)[(0.200 mol) 1n 0.408 + 

(0.800 mol) 1n 0.889] = -700 J/mol. Alternatively, 

AG 3, 2 (0.200 mol)(-2300 J/mol) + (0.800 mol)(-301 J/mel 

= -701 J. (d) For an ideal solution, ee 1 and 
a 

ay 4 = Xe 80 (8.3145 J/mol-K) (308.1 K) x 

{(0.200 mol) 1n0.200 + (0.800 mol) 1n 0.800] -1280 J. 

& % 10.3 (a) aris P,/P, = Xi vapP/ Py: ar ben 

0.363(1.68 atm)/(2.98 atm) = 0.205. YT ben = ar pen/*ben 

= 0.205/0.262 = 0.78,. = (1 -0.363)(1.68 atm)/ 
Srtol 

(1.34 atm) = 0.799; (Teal 0.799/(1-0.262) = 1.08. 

(b) Since toluene is the solvent, Yr1,tol = Yrtol =5 1.08. 

The p. 268 example gives Yz7 pon = (Bean hen ule mane 

og, 



fe =] where Ky = (Phon/*%ben) ° We plot x P/x and ben, vap ben, lig 

0; we find Kien = 2.1, atm. So 

S they | 

extrapolate to *pen, liq = 

= (2.98 atm/2.1., atm)0.78 0° @71,ben = 

= 0.799. (c) We 

Yr1,ben 

1.1) (0.262) = 0.28 

1 

§* “St tole set tor 
=. a CD eee = 5d > ~ ° have AG, = G- G* = J, ny(uy - uy) = Ty aydyy ur 4) 

= Ya n,RT1na - An amount of solution with n,., = 1 mol 
Jerk 

has 0.262 mol of benzene and 0.738 mol of toluene, which 

is 20.4, g of benzene and 68.0, g of toluene. The benzene 

wt. % is [20.4_/(20.4 + 68.0,)]100% 23 ol) oe BOs 4 Oe 
qi 4 

of solution has 0.231,(125 g) = 28.9 g of benzene and 

bene 0.370 mol and Nol 

mol. Then AG ix = (8.314 J/mol-K)(393 K) x 

((0.370 mol) 1n 0.205 + (1.04 mol) 1n 0.799) = -2.68 kJ. 

96.1 g of toluene; thus n = 1.04 

10.4 (a) Let b = 3,92. Equation (10.21) with B = Hg and A 

= a and state 1 being pure Hg gives ln ie 

eatmead Cl - x5] a) int Cr ~9 bs 
zn? 

og 
b f a [x/(1 - x)(1 - bx)] dx = 

[b/(1 - b) J[-in(1 - x) + ae (1 - bx) ],2" = 

[b/(b - 1)] In (1 - %) = LI/ = Oijained bee) 

(3.92/2.92) In (1 - x, ) = (1/2.92) in (1 - 3.92x,,). 

(b) Yip zn Tees ie 0400) = 0.843; ayy ca” Vy ont za 

= (,843)(.0400) = 0.0337. in ibs = (1/2.92){3.92 1n 0.960 

- In [1 - (3.92)(0.0400)]} = 0.00360; 

aye 7 1.0036(0.9600) = 0.9635, 

Yue = 1.0036, 
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1 1 
10.5 (a) u, = Ti + RT In y, 4x, = u* + RT ln x, + 

> 

RT ln exp (bx5 ) = Ti + RT ln x, + bRTX,. (b) Let the com- 

ponents 1] and 2 be called A and B, respectively (to avoid 

confusion with states 1 and 2). We use Eq. (10.21) written 

for Convention I. We choose state 1 as pure B, 5; sine f chy ye 
= 1. From part (a), ln ‘aay = bx,» and we have ln Yt B,2 = 

ee Fc 10% ee ae 
oa [x,/ C1 = x4) ]2bx, dx, = -2b S eee 

z 
=2b[ (x. 5 - mR 0) -1+%]= bx’, where x, = 1 - x, was 

B A 

used. Dropping the superfluous subscript 2, we have 

he . 2 
ln Yr B = bx, and YTB = exp (bx). (c) In the limit 

aoe ae 0 and “ats 1, Fig. 10.2 gives Yt chi = 0.50. Hence 

0.50 =e and b= ln 0,50 = -0.693, For ae ed 0.494, the 
2 

simple-colhtton model gives y.° 267 925?20-494) = 0,844, 
-0.693(0. 506 )2 

caine Poni. 

are 0.824 and 0.772. 

= 0.837; the true values 

10.6 As noted after Eq. (10.11), GE = RTE, n, In ¥; 4° So 
b) 

E = ad -_ 

a a¢ 6 Ba . oe OBE ear * * oh PA en 

Values of Yr listed in Sec. 10.2 give at 35.2°C: 

i o- 0,082 0,200 . 02336 0.506 0,709 

G/n. A eoee 06.1. w 1391, 213850) e102 .6y, cal/aol 

x 0. 315+ 0.940711 
ac 

c/n -69.8..-24.7°° 0° cal/mol 
Usehe 

10.7 (a) In the second example in Sec. 10.2, it was shown 

* 
= K |for & # A. In the infinite-dilu- that Yori ri Pi/ ‘ 
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tion (x, + 1) limit, we have y ~ 1 [Eq. (10.10)] and A Fist 
oaks 1 B in this limit, the boxed equation becomes 

5 9 

Lye = PT/K,« Equating ane two expressions for PI/K, » 

= es] oe we get Varta)" Yra/Ytiae (b) From Fig. 10, 2a, Yq chi 

0.50 as ee oe 1, Therefore Yrt,echl = oO eweht in acetone. 

10.8 (a) Eq. (10.13) gives P and a = =A" pe 
HO H50 H,0 H50 

(23.34 torr)/(23.76 torr) = 0.9823. (b) an ‘tgs 22.75/23.76 

2 

= 0.9575. An amount of solution with 1 kg of solvent has 

2.00 mol of sucrose and 55.51 mol of HO, SO Xo = 

2 
= y xX = 

H50 H50 H0 

0.9575 = Yu 90-9652) and Yu one 0.9920. 
2 2 

§55.51/(55.51 + 2.00) = 0.9652. Then a 

10.9 For an amount of solution containing 1 kg of water, 

ss as 1.50 mol and nH,0 = 55.51 mol, so *H50 = 

55.51/57.01 = 0.9737 and Py a 0.0263. From Eq. (10.23), 

Y Ix, = 1.292/0.9737 = 1.327. Then a 
Yit,suc x m,suc 11 suc 

= igi ere ee = 1,.327(0.0263) = 0.0349. Also, ene = 

= 
e e peeea Deuces ys -297(1.50) = 2.94 

10,]0 Equations (9.31) and (10.23) give ve a3 
b 

ce) ce) 77? 77 2 
= aP = V = V whe Can 9/2 a Conrr a/ Ne ttt . re 

an equation on page 263 in the text was used. From 

ra = - s = = ° - (9.30) and (10.23), S (aun y/8T)p Coury 4/27), 
—O Os. - Cre oOo 

R ln M ym = Siri R ln M,m (S| + R ln x,) 

io} 

R ln Mm 

p. 263 was used. We have x, /My = n,/n M 

[s, + Rin (x,/mm°)]”, where an equation on 

coe A} in the infin- 

ite-dilution limit, no. = ny and x,/M, = n,/nyMy = n/w, 
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= mi» where Wa is the solvent mass and my is the solute 

molality. Then S° = [s + Rin (m /m°)]*. Finally, 
m,i 7 £ 

(9.28), (10.23), the above relation between S- Ll and 
’ 

hed da th cee = ‘ NM = Stay an e relation Aira HP (p. 263) give Hat 

me ee TS ey + RT ; ee - : Mnf mi Hitt R eae + TS irs R ln M,m ) 

eae <e = i = eter pr yy = Hy 

0 : ©) = 4? 10,11 ar + RT ln Cy, eye ) Mir + RT1n Yori 

In the limit x, ~ 1, Eqs. (10.29) and (10.10) show that 
A 

the activity coefficients go to 1; so this limit gives 

° RON. ce) = = ~ Mot Tal + RT ln (x,¢ /c,) . We have x, n,/n. oe 

eR = * n,/n, and c, = n,/V ow n,/V, for x, near 1, Hence, 

° aed ° * ewK ° ° 
= = = + (x,¢ /c,) c n,V,/n,n, Cc Vas and Hod Orr g 

RT ln Cos Substitution of this result in (10.28) gives 

° Sa. ° ° 
= = + Bs Ura + RT ln vac + RT In Crees! © ) Utd 

° h Novica Comparison with (10.22) shows that 
—* : 7 8 —*& 

Vale Se = Var %1 29 oa = OH y/ May Yar te 
We have Xs =n = W i/™eot Ay /WaMe oe = aM /M Oe = 

* ws * 7 
PaVams/Me ot (where w is mass) and Va = V,/nys so x, /V. = 

_- a uU* -_= 

Pam N/M oe = OaMyXq- Then ¥, 4 = (xi/Vaci)¥y7 4 = 

(Pam xy/C5 (Yn 4 /%a) = (P,mi/Ci)Y a ae Also, eyed 

°o ° oO oO Pam, Y oe and (Y ical? )e Palms Ye 4/m )m°, so 

eos = Patan it and ae ie (P,m°/c ae 

10,12 "(a) KCL > K* + C1"; Celie, el Weed ez tamale 

(b) MgCl, + Mg?* + 2cl"3 v= 1, v= 2, 2,= 2, 2 = ol. 



(ce) Meso, = Mg** + SOj73 v, = 1, v= 1, 2, = 2, 2 = 2. 
36 

(d) Ca,(PO,), + 3ca** + 2POU shy c= Oy v mecge a menes 

z= 3, (g) For a 1:1 electrolyte, z, = |z_| = 1. KCl 

is a 1:1 electrolyte. 

V4 ve /(v +v_) 
NOE SI Perens eG eed 

bby su 
(B) yy = Ge (y_) i (sy viyi, DS 

eas aie 

03 OS) eyo vty, 

Gy) 

10,14 By = viyby ve) By + 2u_. 

10,15 Cv)" = Gene (a) Cv)" = 1/4! 1 

(b) (v,)° = 1127 and v, = 1.587, (e) v, = 1. (a) (v4) 
5399 and vi = 2 eo5T 

10 lo With) vi. * vio") 1, (10.53) is Yas a*[1- (1-0) ]*y, 

= Gee Yi Oye 

10.17 Substituting the m and m_ expressions preceding 

(10.52) into (10.46) and using (1.68), we find Fe Hy + 

. avi v_ Oe ge 
RT ln ((y,) Cav m, /m ) th (l-a)v, J (m,/m )}= By 

ye eae ee Va vi 
+ RT ln uly) a (m, /m ) Cyl) o Ges) aenx 

v 
f1-(1 -a)vi/v_] “Jepe + 

/v v/v v/v 
SO ema ala) vy) = m,/m°} 

a v/v v_/v 
My + vRT ln {vv ,o [1 - (1 -a)vi/v | m, /m he 

which is (10.53) and (10.52). 

v/v v 
vRT ln {y,a : (v,) bs 

10,18 From the mi and m_ equations preceding (10.52) and 
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from m®~ = ee = om, and m™ = y _m,» we hes m/m. =a andm /m- 
v 

ee eee e) ¢ “@_/a air ¥, * 
v,/ \ ee 

a al -(l-a)v 4/Y _] "Yys which equals y, [Eq. 

- (10259))). 

10.19 Use of the reaction-equilibrium condition itp = 

poate: Eq. (10.36), and Eq. (10.38) gives G = nts 

Ore ayia t (vin, = ape, + ypu, + ul) =n 

+ 

(vin + viu_)n, = nyu, + MiUye 

10.20 (a) Equation (10.58) gives 

. 1 23 / OL COLE 
Ln saa oe 

(0.018015 kg/mol) 2 (4.800 mol/kg) 20.02 torr 

0.990 

a u 

(b) From Eq. (10.56), ay 5 ee = (20.02 torr)/(23.76 torr 

= 0,843. One kg of water contains 55.51 mol of H,0. 

There is no significant ion pairing in the KCl solution, 

so x, = 55.51/(55.51 + 4.80 + 4.80) = 0.853. Equation 
A 

(10.5) gives ‘os a,/x, = 0,843/0.853 = 0.988, 

(c) a, = 0.843. X, = 55.51/(55.51 + 4.80) = 0.920. 

Ya = 0.843/0.920 = 0.916. 

10.21 (a); In. y = am/m° + b(m/m°)? + c(m/m°?)? + a(m/m°)* 

5 (afm? + bm’ /m°? + cm’2/m°>? + dm’/m°*) dm’ = 2am/m° + 

(3/2)b(m/m°)2 + (4/3)c(m/m?)> + (5/4)a(m/m?)*. (b) Sub- 

stitution of m/m° = 6.00 gives log Y, = 0.45415 and Y, 

2.85. One kg of H50 has 55.51 mol HO, and x (HO) = 

55.51/(55.51 + 6.00) = 0.902,. Equation (10.23) gives 
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Y = Ym,i/*a = 2.85/0.902,. = 3.16. 
II,i ©) 

10.22 (a) At constant T and P, 0 = ny du, +n, du, = 

~ + , 7 RTM,vm, dg) + n,((vRT/m, ) dm, 

vRT d ln Y,] and 0 = (n,/m, - on M,) dm, - n,M.m, dé + 

ny din ¥,- We have m, = n,/n Ma. Substitution of nM, = 

n/m; into the preceding equation and division by n, gives 

n,(-ORTM 4 Vv dm 

din y, = d¢ + (a - 1)/m, ] dm, at constant T and P. 

vm, = -RT ln Yo, aX a/ RTM vm * i Cb) Or Cla yp )/R™, ‘ ym, = 

-ln Oye aX a)/Mavmy « At high dilution, Yx A ~ 1 and 

A 

In x, ~ x, - 1. At high dilution, there is no ion pairing 

in OAT - in Xp Equation (8.30) gives for x, near 1: 

and the electrolyte gives vn moles of ions. Hence Exes 

ee AY We have ln x, * -vn,/n, and 

o- (va, /n,)/M,v(n,/n My) = 1. (¢) Integration from the 

1 - vn, /n, oe vn, /n 

infinite-dilution state (where vis 1 and ¢ = 1) to a so- 

lution with molality m gives in ¥, (m) = ¢@(m) - 1 + 
m 
ue [(@ - 1)/m, ] dm, . 

10,23 m(C17) = [0.0100 + 2(0.0050)]mol/(0.100 kg) = 

0.200 mol/kg. m(K*t) = 0.100 mol/ke. m(Mg2*) = 0.070 
ge ae 7 2 mol/kg. m(SO,”) = ce mol/ke. is % x, 25m, 

4[0.200 + 0.100 + 2°(0.070) + (-2)70,020] mol/ke 

0.330 mol/kg. 

10.24 For the electrolyte M Xx with stoichiometric mo- 
+ “e@ 

lality ms and no ion pairing, we have m = vm, and m = 
L = 
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2 
v_m,. Hence ‘n, 4(z vm, + zy _m,) = 

2 
4m (v 424 + viz) = 42 lz_i(v, + vm, = *z | 2_| vm where 

(10.65) and (10.45) were used. 

452 

*10.25 (a) With ion pairing neglected, I, = 

4[27(0.01 mol/kg) + 22(0.01 mol/kg)} = 0.04 mol/kg. Then 

log ¥, = -0.510(2)2((0.04)2/11 + (0.04)4] - 0.30(0.04)) = 
-0.31¢; ¥, = 0.48. (b) (b) 1, = $£22(0.01) + 22(0.01) + 

2*(0201) + 17(0,02) + 3°(0.01) + 17(0.03)] mol/kg = 0.13 
mol/kg. log cc -0.510(2)2{ (0.13) 2/[1 + (0.13)2] = 

0.30(0.13)} = -0.46,; Y, = 0.35. 

10.26 From (10.61), we have at 25°C: CoH, 0n/ CH, 0 = 

4 B/2° 8 1, 
Bcror anos rst cS. cujon) 60:78 710-297) «x 

<9 = ds (78.4/32.6) = 3,31 and Bou, on! By o (0.787/0.997)2 x 

(78, 4/32.6)% = 1.37,, where data following (10.66) were 

used. Using the Cy o and B 0 values after (10.66), we 

hes 45 os ? 
CH, OH = 3,89 (ke/mol)® and BCH, OH = 4,52 x 10 

CARS al, Substitution in (10.66) gives for CH, 0H at 

e o\%s ese fe os 
25°C: in fm 3,892, |2_| (1 /m ) /(1 +0.452(a/A)(1 /m )*] 

get C 

@ 

Substitution of i 7inr = 0,0200 and a/A = 3 gives 

ln ce -0.462 and 2 Fas 0.630, 

10,27 (a) m(Pb2*) = 0.100 mol/kg - 0.43(0.100 mol/kg) = 

0.057 mol/kg; m( NO, ) = 0,200 mol/kg - 0.043 mol/kg = 

0.157 mol/kg; m(PbNOZ) = 0.043 mol/kg. I, = 4°4(0.057) + 

1(0.157) + 1(0.043)] mol/kg = 0.214. (b) log y, = -0.257 
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and y, = 0,553. Equation (10.53) gives 

= (0.57)!/3r1 - 0.43(1/2)]2/30.553 = 

0.390. 

10.28 (a) In Eq. (10.76), Y. and m are for P = 
m,i,sat i,sat 

P° = 1 bar. Since the solution is very dilute and nonion- 

ic, we can approximate y as 1 and (10.76) gives 
m,i,sat 

° = as = AGE 29g!02 (aq) ] = 0 - RT In 0.00115 = 16.8 kJ/mol. (b) x; 

P,/K, = (1 bar)/(30300 bar) = 3.30 x eae n/n 
tot 

a5 ny /My 0 and Noone ny 03-30 100") ae (55.51 mobi 

(3.30 * 107°) = 0.00183 mol in 1000 kg of water, so m 
CoH 

= 0.00183 mol/kg. Then (10.76) gives AGe 298!CaH 6 (aq) ] 5 

-32.82 kJ/mol - RT ln (0.00183) = -17.2 kJ/mol. 

10,29 Use of Eq. (10.24) for Us gives the following re- 

sults. S5 = (au, /2T), = - (aus ie 

4 ns In Oye i ae )] = - Rin Cy my /m”) 

- RT (a ln Ym,i/®™) pn Ve = anes = (ap3/aP)., és 

+ RT (a In y, 1 2P en = aoe + RT(a In Ym, i/2P Ip. 
nae 2 
H. = ny + TS, = Th oy + ‘35° - RT (oa ln Ym,i/?T)p 

+ J qi 9 me a 
710 
Ant - RT (a ln fy 2D 

2 ns” 

10.30 (a) AGS gg/ (kJ/mol) = -237.129 - 0 - (-157.244) = 

-79.852. AH59,/(kJ/mol) = -285.830 - 0 - (-229.994) = 

-55.836. AS59,/(J/mol-K) = 69.91 - 0 - (-10.75) = 80.66, 

(b) AGS og/(kd/mol) = -237.129 - 394.359 - 2(0) - (-527.81) 

= -103.68. AH5,,/(kd/mol) = -285.830 - 393.509 - 2(0) - 

(-677.14) = -2.20. AS59,/(J/mol-K) = 69.90 + 213.74 - 
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2(0) - (-56.9) = 340.5. 

ht pic h Ce © a . sae (au, /aT), (a/3T) (vue 

oe e 
rm v,( an) / aT), + v_(-an2/aT), = v5) + v_S*. Subtraction of 

v 

6) ne . 
‘ st Sa fn ~ fine 

+ TAS = " s mi f,i v,(OG. , +T aS, .) 

e 8 
= A wm, ve Bees + v_ 4H. _¢ 

s 
Sol from each side gives aS 

2 

Then AH AG ei 
v_ (ace + TAS 

Q 

f 
2 

’ f 

10,32 Since the two ways of writing the reaction refer 

to the same process, AS° must be the same for each. Hence 

S°(H*) + S°(OH™) - S°(H)0) = S°(Hj0*) + S°(OHT) - 28°(H,0) 

and S°[H,0° (aq) ] = S°(H*) + S*(H, 0) = 0 + 69,91 J/mol-K 

= 69.91 J/mol-K at 25°C. 

10.33 (a) Use of (10.86), (10.87), and (10.88) gives 

AG? / (kJ/mol) = 65.49 + 2(-111.25) = -157.01. AH?/(kJ/mol) 

=p 64-77 +..2(-207<36)0= -349.95:.° S°/(J3/mol=K)) =) -99°.6. 4 

2(146.4) = 193.2. (b) AH°/(kd/mol) = -240.12 - 167.159 - 

(-471.153) = 3.87. 

10.34 From (10.86) with i = HCl, -131.23 kJ/mol = 

AGE(HC1(aq)] = AGE[H*(aq)] + AGE{Cl (aq)] = 0 + 

AGE(Cl (aq) ] and AGE[Cl (aq)] =x -131:23 kJ/mol. Similarly, 

(10.88) gives AHPE{Cl (aq) ] = -167.16 kJ/mol. Use of 

TASF{HCl(aq) ] = AH [HCl (aq) } - AGE {HCl (aq) ] gives 

Ase {HCl(aq)] = -120.5, J/mol-K = S°{HCl(aq)] - $8°(H,(g)] 

- 48°[C1l,(g)] = S°[HCl(aq)] - 176.88 J/mol-K, so 

S°(HCl(aq)] = 56.3, g/mol-K = S°{H (aq)] + S°{Cl (aq)] = 

S°[Cl (aq)]}. 
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10.35 From (10.79), 
° = Q * 

ac. [i(A)] = AG,(i™) - vRT In CVs sen eae 

AG, poglkCl(aq)] = -409140 J/mol - 2RT In [1(0.588)4, 82] 
9 

= -414,30 kJ/mol. Equation (10.86) gives -414.,30 kJ/mol 

/m°), so 

AG, ayy at (aq) ] - 131.23 kJ/mol and AGe jaan (aq)] = 

-283.07 kJ/mol. Equation (9.38) at 1 bar gives 
= ps _F _ qe 
Hai ef, KCL (aq) = 17,22 k3/mol = H°[KClL(aq)] - H°[KC1(s) ] 

—o —o as 
= H(Kcl(aq)] - H [Kcl(s)] = H [k*(aq)] + H [cl7(aq)] - 

H [KCl(s) ]. Subtraction and addition of the standard en- 

thalpies of K, ‘Cl,, and e on the right side of the last 

equation gives 17.22 kJ/mol = aH, fie ae + 
b 

He 99glCl (aq)] - aH pgglKCl(s) J = H. F208 (aq) ] 

167.16 kJ/mol + 436. 75 kJ/mol and AH sigee (aq) ] 

-252.37 kJ/mol. To find S°[K*(aq)], we use the fact that 

AG 9g for dissolving KCl in water equals AGe a9glKCl (aq) ] 

- AG? yoglKCl(s)] = (-283.07 ~ 131.23 + 409.14) kJ/mol = 

-5,16 kJ/mol. Since AHGae for the solution process is 

17.22 kJ/mol, we have AS° = (AH® - aG°)/T = 75.06 J/K- 

mol for dissolving KCl in water. Then 75.06 J/mol-K = 

S°[KC1l(aq)] - S°[KC1(s)] = S°[K*(aq)] + S°[cl"(aq)] - 

S°[Kc1(s)] = S°[K*t(aq)] + 53.36 J/mol-K - 82,59 3/ 

mol-K and S°(K*(aq)] = 104.3 J/mol-K. 

20 es 
10,36 (a) From (10.99), In $5 = pe (V/RT - 1/P) dP = 

P 
ee (i/p + Bt + ctp + ptp? + °>** - 1/p) 4P = 

2 P 3 
ie (Bt + cip + ptp’ + +++) dP = BYP, + ctPs/2 + DtPA/3 + 
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see. Dropping the unnecessary subscript 2 on @ and P, we 

get the desired equation. (b) Comparison of (8.9) with 

(8.4) gives B =b - a/RT, C= bo. ees RUSELOL (8.16) 

gives Bt = (bRT - a)/R-T, ct = (2abRT - a’)/Rot*, sete 

and substitution into the result of (a) gives the desired 

result. 

10°377(a) From Eq. (8.16), b.= RT /8P = 42.9 sa Vine! and 

a = 27R°T2/64P_ = 3.61 x 10° cm atm mol~2. At 75°C, RT = 

28570 em>-atm/mol and Prob. 10.36b gives ln ¢ = 

= [(2.38x 10°)/(8.16 x 10° atm)](1 atm) 

- [(4.18x 10'7)/(1.33 x 1078 atm-) ](1 Se = -0,00292 and 

@ = 0.997 (compared to ae = 0.997). Replacing 1 atm 

by 25 atm in the preceding equation, we get ln ¢ = 

-0.0749 and @ = 0.928 (compared to ore aor = 0.92). (b) 

a= ay(T, P) = 0,(75°C, 25 atm) = 0.928, where the re- 

sult of (a) was used. f. = OP, = ,x,P = 

0.928(0.100)(25.0 atm) = 2.32 atm. 

10,38 From (10.97) and (10.98), G =p = u° + RT 1m (f£/P°) 

= 1° + RT ln (@P/P) = »° + RT In (P/P°) + RT ln g. For 

the corresponding ideal gas, ¢ = 1 and qid = ‘a =u + 

RT In (P/P°). Therefore G = Gi? + RT In g and Ing = 

(G - Gi4)/rr, 

10,39 (a) Equation (4.65) gives 4G = i Vv dP 

ie (nRT/P) dP = nRT ln (P,/P,) = (1.000 mol) 

(8.314 J/mol-K)(273.15 K) In 1000 = 15.69 kJ 

»* 

3.75 keal. 

151 



(b) AG = n dp = n{p° + RT ln (£,/P*) - pw’ - RT ln alee 

= nRT ln (f,/f,) = nRT ln (6,P,/0,P,) = (1.000 mol) x 

(8.314 J/mol-K)(273.15 K) ln [1.84(1000)/0.9996(1.000) ] 

= 17,.1kJ = 4.08 kcal. 

10,40 From (10.99), ln ¢@ equals the area under the 

V/RT - 1/P vs. P curve from 0 to 120 atm. The data are: 

3 ae 
LO [atmGV/RT = 1/2) 4,79 @408)] «4.78 2-5-0 > 36 

P/ atm 1 10 20 4O 60 

10° atm (V/RT - 1/P) -5.47 -5.01 -4.17 

P/ atm 80 100 120 

Plotting the points and measuring the area, we find: 

The rectangular area between the P axis and the line 

WRT - 1/P = -0.00417 atm™! is (-0.00417 atm™!)(120 atm) 

= -0.500. The area between the line V/RT - 1/P = -0.00417 

atm”! and the curve is found to be -0.104. The total area 

is -0.604 = ln @ and @ = 0.547, Also, f = ¢P = 0.547 x 

120 atm = 65.6 atm. [Alternatively, numerical integration 

can be used. We take -4,79 x 1072 atm” as the zero-pres- 

sure limit of V/RT - 1/P. The trapezoidal rule gives 

-0.00479 as the area from 0 to 1 atm, -0.0432 as the area 

from 1 to 10 acm, -0.0479,. as the area from 10 to 20 

atm, and -0.0979 as the area from 20 to 40 atm; Simpson's 

rule gives -0.4107 as the area from 40 to 120 atm. The 

total area is -0.604.. ] (b) Problem 8.29 gives B = 

lim, .g (V - V,,) = lim,_4 (V - RT/P). The data in part (a) 
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give lim, (V/RT - 1/P) = -0,0048 atm™ |, Hence B(-50°C) 
= (-0.0048 atm~!)(82.06 cm>-atm/mol-K) (223 OLE 
-88 errno). 

. 10.41 (a) B = [82.06 cm>-atm/mol-K) (126.2 K)/(33.5 atm)] * 
meee et, gee Us 7To02td26e2) (279915 

) = -12., com> /mol. 

(ONE yarB (RT m 15. fis 101° ate. ALS ath, in @ eUBiphe 
4 (Sa OM vate ht atm) «S507 x 07” ands ole Oroopas. 

At 25 atm, In $ = -0.014, and = 0.9859. 

Tt 10.42 (a) Bt, 

atm = -5,326 x 107 

° torr’ '. In the mixture: In 

5 

= B_,/RT =(-1040 cm?/mol)/RT = -0.04048 
5 ee cs A. me eee eee 0 C563, atte torr 

-7.497 x 10° = 

chl 

In 6%, ,(T, P) = Bt Pp = (-5.326x 10> torr ')(301.84 torr) chl 

= -0.01608 and ea =-0,.9841- In Pee = 

5 Pe aay 405° torr | )(301.84storr) = <0.02263¥and ar = 

0.9776. In the pure vapors: In 4*,, = (-55326 bal On neX 

.) # — e * = or e (360.51) = -0.01920 and > ohl = O.9610 7 e1n eae = -0.01599; 

4 to % 
Pea = 0.9841. (b) fs = Yr 1% Fi and Fer are = Yr 1% PP ae 

* SOY, 4 = $;x; yP/x,O;P)- Then ¥; 4) = (0.9841)(0.6456) x 

(301.84 torr)/0.5242(0.9810) (360.51 torr) = 1.034 and 

Yzt,car = (0.9776) (0.3544) (301.84 torr)/ 

0.4758(0.9841)(213.34 torr) = 1.047. (c) Here we take o; 

* e. % : 
and od: = 1 and Yr,4 = Xi yP/x Pi. We get ent e038 

and Yr car = 1.0546 

* % read 10.43 AG... = G-G" = YS nyw; - iF, nui = ry n,(u, - uy) 

% 
= ih ny (RTIn yy 4xj) = Ls n,RT 1n (P,/P;). 
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10.44 At constant T and P, we have dus = d(uy + RT ln x,) 

= Riad lolx = (RT/x, ) dx, . Therefore Z, n, du, = 

RT &, (n, /x ) dx, = RTE, (nine oe MD? dx, = RIn, 2, dx. 

From 5, x, = 1, it follows that Z, dx, = 0. Hence 
Sef aap | 

on n, du, = 0 at constant T and P. Q.E.D. 

10.45 There are 2N, = 12% 1o4r ions in 1000 cm? of so- 

lution. With uniform distribution, each ion is in the 

center of a cube of volume (1000 om?) /(12 x 1023) = 8, 3x 

neon 22 31/3 8 
cm~ and edge length (8.310 ““ cm = (Fun Om 

cm = 9 X and this is the nearest-neighbor distance. 

10,46 (a) The following become 1 in the Limit xy > be: 

- b) Onl becomes 1, Tew tee 11 mB (b) Only ¥, 5 

10,47 (a) Because A-B attractions are weaker than A-A and 

B-B attractions, U and H of the solution will be higher 

than U and H of the corresponding ideal solution. Hence 

AH ix >O= AHO 

are stronger than A-B attractions and the molecules have 

similar sizes and shapes, A molecules in the solution 

will tend to surround themselves preferentially with oth- 

er A molecules (and similarly for B molecules). Hence the 

degree of order in the solution is greater than in an 

(b) Because A-A and B-B attractions 

ideal solution (where there is complete randomness in 

distribution of A and B molecules), and S of the solution 

is less than sid, S < gid, S - se < sid - Sa AS ix < 
id a id AS nix* (c) “Gat = OHux 7 T Snax Mik OH ay > AH ix 

and AS ‘> ASnix? we have AGaix > AGuix’ 

10,48 (a) An increase in Zz increases the attractions be- 
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tween the positive ion and the negative atmosphere that 

surrounds it, thereby stabilizing the solution and hence 

Lowering uy and lowering ‘ed: (b) An increase in fonic 

diameter decreases the closest distance of approach be- 

tween positive and negative ions, decreasing the attrac- 

tions between them and hence increasing by and increasing 

y4- (¢) An increase in tonic strength means an increase 

in the attractions between each cation and the anions in 

its atmosphere, which lowers by and hence lowers vee 

(d) An increase in solvent dielectric constant decreases 

the interactions between positive and negative ions, 

increasing uy and increasing 4° (e) As T increases, the 

kinetic energy of random ionic motion increases, which 

tends to distribute the ions more randomly and to thereby 

break up the ordered ionic atmospheres. This destabilizes 

the solution and increases ha and Yee 

10.49 (a) True. When u; = uy in (10.3), then a, = 1. (b) 

False. For example, for Convention I, with x, <oae Y; 

oe (CC). Trues See Bq. (10-3), might be such that Y¥;*; = Ls a. 

(a) Prue. See Eq. (10.5). (e) True. See (10.3) and (10.5). 

10.50 (a) i ne ie is and use of (10.52) gives 

Dad + VRT ln (v,y,m,/m°*) = Me + RT ln (P,/P°), so 

Tote Ee vest | eee y RTs + a) ay jg im? ye 

P. = P° exp Pou ey RELY: Ysm; /m° ) see: 

HOT HCL, Me =i12=v_, V = 2, and ve =. | ESO Ps = 

Wns) 



° 2 alt, °o fo} ‘a os V o,V s 

K.(Y¥,;m,/m°)". (b) K; = P° exp ee od )/RT]. up’ = 

MRcl(g)* Ym,i = YEH (aqg)) + wetel (aq). unig - uy 

AGE LH” (aq) } + AGE[C1l”(aq)] > AG2THC1(g)] = [0 - 131.228 - 

(-95.299)] kJ/mol = -35.929 kJ/mol. K, # (1 bar) * 

exp [(-35929 J/mol)/RT] = 5.08 x107? 
7 

bar, P = 
a 

(5.08 107’ bar)[0.80(0.100 mol/kg)/(1 mol/kg)]* = 

a rags (0° Ihde 000024 torr. 
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CHAPTER 11 

11.1 (a) my = n,/wy = (4.603 g)(1 mol/46.026 g)/(0.5000 kg) 

= 0.2000 mol/kg. We neglect H* from H.O. Let x = m(H*) = 2 
m(HCOO™). Then (11.15) gives K, = 1.80 x 1074 mol/kg = 
22 

Nex /(0.2000 mol/kg - x). With the initial approximation 

Y, * 1, we find x = 0.0059, mol/kg. Hence I, = 0.0059, 

mol/kg and the Davies equation gives a 0.92.. Use of 

this vy in the K. equation gives x = 0.0064, mol/kg. Then 

t 0.0064, mol/kg, Y, 70-919, x = 0.0064, mol/kg. (b) 

m(KC1) = (0.1000 mol)/(0.500 kg) = 0.200 mol/kg. The KCl 

contribution to I, is 0.200 mol/kg and the H* and HCOO” 

contribution to I, is (from part a) about 0.006 mol/kg, 

sol. = 0.206 mol/kg. The Davies equation gives Yeu 

0.74... Use of this Ys in the K, equation gives x = 0.0079 

mol/kg. This gives a revised es of 0.2079 mol/kg, which 

gives y, = 0.74... 

If x is the moles of HCOOH that ionize per kilogram, then 

We then obtain x = 0.0079 mol/kg. (c) 

m(H*) = x and m(HCOO ) = x + 0.400 mol/kg, since the 

KHCOO contributes 0.400 mol/kg of HCOO~. So 1.80 x 107° 

mol/kg = y2x(0.400 mol/kg + x)/(0.200 mol/kg - x). With 

the initial approximation In = 0.400 mol/kg (due to the 

salt), the Davies equation gives Nees 0.735. With x in 

the numerator and denominator neglected compared with 

0.400 and 0.200 mol/kg, the K, equation gives x = 1.69 * 

10 mol Ko. This x is small enough to neglect its contri- 

bution to I, and to neglect it compared with 0.200 mol/kg. 
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11.2 For H,S(aq) = H"(aq) + HS (aq), AG5g, = [12.08 + 

0 - (-27.83)] kJ/mol = 39910 J/mol = -(8.3145 J/mol-K) x 

(298.15 K) InK®, so K® = 1.02 x 10°’. For HS-(aq) + H*(aq) 

(aq), AGo98 = (0 + 85.8 -.12.Q8)k3/mol*= 73.72 kJ/ 

-13 
MOl=2-=RTadin Ko cand Kh? = =1.2.-%"10 3 

+ S 

11.3 For this very dilute solution of an extremely weak 

acid, we cannot neglect H* from the H,O ionization. The 

last example in Sec. 11.3 gives m(H" ) = (K,, + mk_)'/? = 

[ne Ca Ome + (120011012) (enzuc 10719) 73 mol/kg = 

1.27 x 107! mol/kg. 

MiG eZee H,0° + OH’. The only significant contribu- 
2 

tion to I| is from the NaCl, so I, = 0,20 mol/kg. The 

Davies equation gives log y, = -0.127 and Veer 0.746 for 

x -14 _ 
H,0* and OH~. Equation (11.12) gives 1.00 x 10 

(0, 746 )*[m(H,0*)/m? }” and m(H, 0") = 1,34 x 107" mol/kg. 

11,5 Substitution of T/K = 310.1, into the equation of 

Prob. 11.28 gives log K° = -13.618 and K° = 2,41 x 107}4, 

We can take L xs O and ioe 1. Equation (11.12) gives 

2.41 x 10°'4 = [m(H,0*)/m°]* and m(H,0*) = 1.55 x 1077 

mol/kg. 

11.6 In this extremely dilute HCl solution, the ioniza- 

tion of HO cannot be neglected. 2H,0 Ps risen + OH . Ke = 

m(H,0*)m(OH”)/m°*, since ee 1 in this very dilute solu- 

tion. If y moles of H50 ionize per kilogram, then m(OH ) = 

y mol/kg and, since HCl is a strong acid, m(H0° ) = 
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-8 (y + 1.0010") mol/kg. Therefore k° = 1.00x107'4 - 
(y + 1.00x1078)y and y* + (1.00 1078)y - 1.00x107'4 = 
0. The quadratic formula gives the positive root as y = 

ao ce _ 9651 x 10°", So m(H,O*) = (y + 1.00% 1078)moi/kg = 
1.05 x 1077 mol/kg. 

11.7 WK +HO HOt +x. K = y‘m(H3 0% )m(X" )/m(BX). 
m(H,07) = m(X ) = 0.0100 mol/kg, since the H,0* from the 

ionization of water is negligible, a 0.0100 mol/kg. 

The Davies equation gives log aS -0.0448 and aie 0.902. 

Hence K_ = (0.902)*(0.0100 mol/kg)2/(0.200 - 0.010) mol/ke 

= 4,28 x-107* mol/ke. 

11.2 a(H, 0) = y CH, 0)x (H, 0) yw x(H,0), since H,0 is an un- 

charged species and its y should be close to 1 in this 

fairly dilute solution, In 1 kg of H,0 there are 55.5 mol 

of HO. There is no significant ion pairing, so n( Na‘) = 

n(Cl) = 0.50 mol in 1 kg of water. Therefore, x (H, 0) = 

(55.5 mol)/(55.5 mol + 0.50 mol + 0.50 mol) = 0,982 x 

a(H,0). 

bie?) 6-0. + HO: HCH. 0, 4+" OH” 
L327 M4 AEN 

a(HCjH,0,)a(OH") K°> 1,00 x 107!4 
a(CjH,0,~)a(H,0) K? 4,75 x 107° 

5 )/ aC HC, H3 0, 

(11.11) were used. If we neglect the OH from the ioniza- 

Sia * where K, = a(H,0 )a(C,H,0 ) a(H, 0) and Eq. 

tion of water, then m( HC, H, 0, ) = m(OH ). The solution is 
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reasonably dilute and the OH and C,H, 05 ions have the 

same charge, so the Debye-Htickel (or Davies) equation 

gives y(OH ) = ¥(C,H,0,)3 these activity coefficients can- 

1. Let y = 

oo /Ouorand 

cel in Kp. We take a(H,0) = 1 and y(HCjH30,) 

-10 m(OH7)/m°. Then 5,7, x 10719 = y*/(0.10 - y) 24 1 
yee) 6 100s ao M(OK = Jebex 10° mol /keeeaner en 

(11.12) gives 1.00 x 10714 = y2m(H30*)m(OH™ )/m°?. We have 

i x 0.10 mol/kg and the Davies equation gives log Ven 

-0.107 and y, = 0,78, We find m(H,0*) = 2.2 x 107? mol/kg. 

11,10 (a) H,S + H,0 = H,07 + HS; HS + H,0 = H,0” Oe cae 

We neglect the H,0” from water, Because Ke of HS” is much 

less than Ko of HOS; the H,0” from the second ionization 

step is much less than that from the first step. Because 

of the smallness of K. of HS”, the ionization of HS does 

not change the HS” molality to any significant extent. 

Henee we can take m(H 0") = m(HS ). Let y= m(H,0°)/m°. 

Neglecting activity coefficients, we have 1.0 x 107? = 

y7/(0.10 = y) y7/0.10 and y = 1.0 x 1077: hence 

eo mol/kg = m(HS"). Let z = messiness 

4) o/ 

m(H, 07) = 10% 0 

For the tLonization of HS”: Ix 10717 = (1.0 x 10° 

(0.00010 - z) x (0.00010)2/0.00010 = z and m(s“7) = 

1 x 10717 4 mol/kg. (b) From part (a), m(H,0*) ~ 1x 10° 

mol/kg ~ m(HS ), so Lf =1x tort mol/kg. The Davies equa- 

tion gives log Yee -0,.0050 and Us 0.988 for H,0* and 

7 
HS. Hence 1.0 x 10° = (0.988)2y2/0.10 and y = 1.0 
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toot: hence m(H,0”) = m(HS’) = 1.0, X 107+ mol/kg. The 

Davies equation gives log y(H, 07) = -0,0050 and y (H 0”) = 

Prose. allen ys>) = 01 paBsey(S-") =" 01954.4s0 dx 107) = 

-(0.988)(1.01 x 1074)(0,954)z/0.988(1.01 x 107%) and 
ets.) a. x 072? mol/kg. 

2+ 2- 
tt. Cu + SO), = CuSO, (aq). Neglecting ionic assoc- 

jation, I * 0.20 mol/kg and the Davies equation gives 

log 1 -0.5080 and V2 0.310. Let m[ CuSO, (aq) ]/m° ee 

Use of the initial estimate of v, in Ko for the associa- 

tion reaction gives 230 x 2/(0.310)2(0.0500 - z)* and 

2? - 0.14522 + 0.0025 = 0, The roots are found to be z = 

0.0200 and 0.125. Since z cannot exceed 0.05, we have 

m{ CuSO, (aq) | ~ 0.0200 mol/kg and m(Cu2*) x 0.0300 mol/kg. 

This gives an improved estimate of Tr x 0.12 mol/kg; the 

Davies equation gives an improved estimate of Yoo 07354. 

2 OMB 4724 Then 230 ~ z/(0.354)*(0.0500 - z)* and z 

0.0025 = 0; we find z = 0.0222. Hence m(cu**) x 0.0278 

mol/kg and a 0.1112 mol/kg. The Davies equation gives 

Pe 0.361 and this leads to z = 0.0226. Another repeti- 

tion gives Y, * 0.363 and z = 0.0227. Further repetition 

is clearly unnecessary and 5 eg 0.363 and m(Cu2*) = 0,0273 

mol/kg. We have a = 0.0273/0.0500 = 0,546. Since va Sy 

= 1, Eq. (10.53) reduces to Vege tyaer 0.546(0.363) 

0.198. (The experimental Y; De Oye livia) 

11,12 (a) The equilibria are HX + H,0 = H,0* + X~ and 
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2H,0 

we have: (1) K, = m(X~ )m(H,0*)/m(HX) and (2) ee 

= H,0* + OH”. With activity coefficients taken as 1, 

m(H,0* )m(OH™ ). Electroneutrality gives (3) m(H,0*) = 

m( OH”) + m(X7), (b) Conservation of X gives (4) m= 

m(HX) + m(X7). (e¢) Using Eq. (2) to eliminate m(OH ) and 

Eq. (4) to eliminate m(X~), we find that Eqs. (1) and (3) 

become: (1)! Kai m(H, 0” )m(X” )/[m = m(X7) J and 

(3)! m(H,0*) = K,,/m(H, 07) + m(X"). Let y = m(H,0*). Sol- 

ving (3)' for m(X~) and substituting into (1)', we get 

3 2 a 
y + KY = (K, + mK )y ~ KK, = 0, 

11,13 (a) For HX + H,O 2 H,O7 + X7, KT A is given by 
207 Saeed : 

(11.14) with the m°'s omitted and where the y's are ¥id.83 

Letting + and - indicate the H, 0” and X” ions, we have 

Ke,a a (Yo, + C4/ Ym, 4 Ye, -c. ! ¥en, -"_) 

Kaya Yo uxCHK! Ym, HX" HX 

Substitution of 1s Cio ie Mae Pie FOR ek ae ean 

i = HX gives Ke hy — (P,) "1p, * Pas (b) Cc, = n,/V 

and m, = n,/Wy> so c,/m, =w,/V. In a dilute solution, 

the solution's volume is approximately equal to the vol- 

ume of pure solvent, so c,/m, SW A/a = Pas (e) Substi- 

PHEADS: Cs/ aS Pigg EO: ¥e 9C ay Os ees Bae SASSO ee 
m,i- 

11,14 (a) From Sec. 10.6, A as 78.4 for water at 25°C; 
b 

for a1l:1 electrolyte: 
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(1)(1)(1.602 x 10729 cy? 
2 ae a cit yee a ENDTT PCE 4n(8.854 x 107!2 ¢2/N-m2)78,4(4.5 x 10719 m) 

x (1.381 x 10723 3/K)(298.1 XK) 

K, = (4/3)n(4.5 x 10719 m)?(6,022 x 1023 mo1~!ye!-588 = 
=96.00112(10 dm)*/mol © 1.12 dm?/mol 

(b) z, = 2 and |z_| = 1, so b = 2(1)(1.588) = 3.176 and 
we find Ke = 5.51 An od: (c) b = 6.352 and Ke = 

132 dm’ fmol, (a) b = 9,528 and K, = 3160 dm?/mol, The K's 

have the correct magnitudes. 

11.15 V = M/p = (58.44 g/mol)/(2.16 g/cm*) = 27.0, cm?/ 

mol. From (11.23), In a, = (P - PV /RT = (P - 1 bar) x 

(27.0, cm?/mol)/(83.14 cm>-bar/mol-K) (298.1 K) = 

0.00109, bar '(P - 1 bar). At 1, 10, 100, and 1000 bar, 

we get lin a, = 0, 0.0098, 0.108, and 1.09, and we get 

a; = 1, 1.01, 1.11, and 2.98, respectively, 

11.16 K, = 5.38 * (0 mcls/kq> = y2m(ag*)*. With the 

initial approximation Nee tenes SIE get m(Ag*) = 0.0073, mol / 

kg, which gives Ih = 0.0073 mol/kg. The Davies equation 

0.00802 mol/kg, gives Ye ae A This Y, gives m(Ag” ) At 

which gives ae = 0.00802 mol/kg and tee 0.91,. This ie 

gives m(Ag’) = 0.00805 mol/kg as the solubility. 

: 2 
Waaldian Can (a) Ca2*(aq) + 2F7(aq). m(F) = 2m(Ca“*) and 

Kop = 302 * 1071! moi3/kg? = y,m(ca?*)y2{m(F-) 1° = 
4 

2 ay? [m(ca* +) 73. with Y, = 1, we get Cate * ). eae OX EO 
4 

mol/kg. This gives I, = $[4(2.0*10 © mol/kg) + 4.0 * 
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-4 4 
10° mol/kg) = 6.0 * 10 ~ mol/kg. The Davies equation 

gives VG = 0.94 With this bi we get m(Ca**) = Zee: 6° 

1074 mol/kg. 

1, 6) et oL BaF, (s) ea Ba“* (aq) + 2F (aq), AGo og = 

[-560.77 + 2(-278.79) - (-1156.8)] kJ/mol = 38.4, kJ/mol 

=7 a ° x 3 it) 
= -RT In Keo: and Se 1 Ogee eh mol~/kg~. 

p 4 

11,19 (a) KCl(s) 2% K*(aq) + C17(aq). = (-283.27 e 

AG 98 
-131,228 +409.14) kJ/mol = -5.36 kJ/mol = -RT In K? 

In Kee = (5360 J/mol)/(8,3145 J/mol-K)(298 K) = 2,16. 

Kop = 8.7 and Kp = 8.7 mol?/ke-. (b) ie - yim(K*)m(C1”) 

= v2 li gO 20 aa oe oy.” Dae aT 9 
= yam, Cam.) = ¥,om, = yim. oy, = Ke! ™ = 8 7/(4.82) 

and val: = 0.61. 

1B PwAe) Caco, (calcite) 2 CaO(s) + CO, (a). AGaae = 

(-604,03 - 394,359 +1128.79) kJ/mol = 130.40 kJ/mol = 

-RT In K°. In K° = -(130400 J/mol)/(8.3145 J/mol-K) x 

(298.15 K) = -52.60. K®° = 1.4 x 1072? = P(CO,)/P°, where 

we took the solid's activities to be 1 and assumed ideal 

vapor. Therefore P(CO, ) = 1.4 x 10723 bar. 

11,21 Taking the activities of the solids as 1 and assum- 

ing ideal gases, we have K° = P(CO, )/P(CO) = 1,15 = 

n(CO, )/n(CO). Since the initial n(CO, )/n(CO) value exceeds 

1.15, the equilibrium position lies to the left. Let z 

moles of co, react to reach equilibrium. Then 1.15 = 

(5 - z)/(3 + z) and z = 0.72 mol. The equilibrium amounts 

are n(Fe,0,) = 2572 mol, n(€CO) =°3./2 ‘mol nGred) =iesa 
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mol, n(CO, ) = 4,28 mol. 

2+ - 11.22 ca’ + SO; = CaSO,(aq). The 2.08 g is 0.0152, mol 
of CaSO,. Let z mol/kg of caso, ion pairs be formed, Then 

ere ay t9 2 2 190 = 2/y/ (0.0152, - z)" or z° - (0.0305, + 1/190y7)z + 
0.000233. = 0. The quadratic formula gives 

z = 0.0152, + 1/380y" + 4 (0.000322/y2 + 0.0000277/y*)# 

Initially we take om 1 and get z ~ 0.00856 (where the 

minus sign is peede eine z can't exceed 0.015). Thus, 

our initial estimates are m(Ga-*) ~) 0.0067, ) m(S0,”); 

these give I x 0.0269 mol/kg. The Davies equation then 

gives log Le x «0.271 and ve = 0,536. Use of this tb in 

the above equation for z gives z ~ 0.00536 and m(Ca“*) S) 

0.0099, mol/kg. Then Lo 0.0397 mol/kg, log yaad -0.315, 

ac 0.485, This on gives z ~ 0.00485 and m(Ca“*) x 

0.0104, mol/kg. Then aes 0.0417 mol/kg, log 7 -0,320, 

Y, x 0,478, This gives z ~ 0.00478, I, ~ 0.0420 mol/kg, 

eee 0.477. This gives z = 0.00477, which is the conver- 

ged value. Thus m(Ca“*) = m(S0,) = 0.0105, mol/kg and 

Sa y2m(Ca?*)m(S07,~) = (0.477)7(0,0105, mol/kg)* = 
s 

Dea X 107" mote kee 
1 

bios ok os P(CO,)/P° = (183 torr)/(750 torr) = 0.244, 

(a) (5.0 g)/(100.1 g/mol) = 0.050 mol CacO,. We have "co, 

= (0.244 bar)(4000 em?)/(83.14 em>-bar/mol-K)(1073 K) = 

0.0109 mol. Hence the equilibrium composition is 0,039 

165 



mol of CacO,, 0.0109 mol of CaO, and 0.0109 mol of CO,. 

(b) The 0.0050 mol of CaCO, is not enough to give 0.0109 

mol of CO therefore all the Caco, dissociates to give 93 

O mol of CaCO,, 0.0050 mol of CaO, and 0.0050 mol of CO,. 

W224 Eq. (11.4) 2 holdeswhG*> «SRT in? Ko = 0) 22 Oe 

2(-95.299 kJ/mol) = 190.598 kJ/mol. So K3gg = 4.1% 10734, 

11.25 The Lewis-Randall rule gives 6, = o; (450°C, 300 bar). 

No + 3H, va 2NH,. Let 2z mol of NH, react to reach equi- 

librium. At equilibrium, "NH, Ra Se ar aH 

n = z. P. = xP and P =" f(10= 27) / (4 22) 1 Fe = 
N, i NH, Ho 

{(3 + 3z)/(4 + 22) JP, Py = [z/(4+2z)])P. The left side of 

2 
(11.30) is (4.6~x 1072)[(0.91)7/(1.14) (1.09) 7] ~- = 8.2 x 

-5 

=) Sot 732. ar 

107°. The right side is (P., /P°)*/(Py /P°)(P, /p°)> = 

(p/p°)~2(1 - 22)2(4 + 2z)*/z(3 + 3z)> = eee ee 

P/P° = 300, we must solve (1 ~ 22)*(4 + 22)*/2(3 + 3z)> = 

7.38. z must lie between 0 and 0.5 and trial and error 

gives z = 0.0566. A BASIC program to calculate the left 

side of the equation is 

19 INPUT Z 39 PRINT F 
26 F = (1 -2*Z)*°2*(4 + 2*Z)*2/(2*(3 + 3*Z)*3) 49 GOTO 16 

5¢ END 

At equilibrium, a P= 22 SO 667° 1 = 35197 G, 
3 Ho 

n = 0.0566. 
No 

11.26 N, + 3H, 2 2NH = 2(6.49 keal/mol) = 12.98 3+ 46799 
kcal/mol = -RT ln K°. In K® = -(12980 cal/mol)/ 

(1.987 cai/mol-K)(700 K) = -9.332. Ko = S185 e010 ene 
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* 
Lewis rule is: o, * 6,(T, P). For NH, Pe = (500 atm)/ 

(111.3 atm) = 4.49 and its = (700 K)/(405.6 K) = 1.73. For 

Ny, P. 500/33.5 = 14.9 and i 700/126.2 = 5.55. For 

Hy, P 500/(12.8 + 8) = 24.0 and iv = 700/(33.8 + 8) = 

16.7, The Newton graphs of ¢ (the full reference is in 

Sec. 10.9) give Ont, ~ 0.86, tn, wal 26.8 and o, % 
2 

1.16. The left side of Eq. (11.30) equals 

(765 0-3/7 (0586) (1.26) (1016) > | = 2.35 x 10r 

Let 2w moles of NH3 decompose. The equilibrium amounts are 

n( NH, )/mol = 1 - 2w, n(N,)/mol = w, and n(H, )/mol = 3w. 

De op /mol = 1 + 2w. Use of P, = x,P gives for Eq. (11.30): 

CCL = 2w)/(1 + 2w)]7(507)" 

[w/(1 + 2w)][3w/(1 + 2w) P(507)* 

1631w* = (1 = 2w)?(1 + 2w)? = [C1 - 2w)(l + 2w)]* = 
2,2 
) . Let z= we, Then 163122 = (] «= fone 

2 

(1 = 4w 

Pe ee er ies fendi 4652-462.) 1 = 'Oll We! Findte) =70, 02265. 

Then w = Ae = 0,150 and n( NH ) = 0.700 mol, n(N,) = 0,150 

mol, and n(H, ) = 0,450 mol. 

11,27 (a) Assuming ideal vapor and taking the solid's ac- 

tivities as 1, we have Ke P(CO,)/P°. Equation (11.32) 

gives [a ln alls = -aH°/R. We plot ln K” vs. 1/T. 

The data are: 

Nera ee 20 472 «1,411. -0.677 -0,046 
s 

10¢/t 10.27. 9.79 9.32 8.89 8.57 K 
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The measured slope is -2.03 x 10% K = -aH°/R and AH® = 

169 kJ/mol. At 1073 K, AG® = -RT ln K® = 

-(8.3145 J/mol-K)(1073 K) 1m (183/750) = 12,, kJ/mol 

We have AG° = AH® - T As°® and 483073 = 

[(169000 - 12600) g/mo1]/(1073 K) = 146 J/mol-K. 

(b) From the extrapolated graph, we read ln K?( eS at 

10°/T = 7.855, so K° = 4,5 and P(CO,) = 4.5P° = 4.5 bar. 

11,28 Substitution of T/K = 298.15 into the equation gives 

14 
log KS = -13,998 and Ke = 1,003 x 10 ~-. We have aG® = 

-RT In K° = -(8.3145 J/mol-K)(298.15 K) 1n (1.003 x 107!) 

79.91 kJ /mol. (Cf. Prob. 10.30.) We have (a ln K°/aT), 

AH°/RT2 = 2.302585(a log K°/aT) Differentiation of the 

K" equation in the text (which is for P = 1 bar) gives 

(a log K°/aT), = (24746, 26 K)/T? = 405.8639/2,.3025857 + 

0.48796/K = 0.0002371(2T/K*) = 0.03376 K7! at 25°C, Hence 

AH°® = 2,302585RT“(0.03376 K7!) = 57.45 ka/mol at 25°C, 

ASogg = (AH® - 46°)/T = [(57450 - 79910) J /mo1]/(298 K) 

= -75,.3 J/mol-K. 

11.29. -AV° = -5.4 onainel + 1.4 on ml - (18.015 g/mol) / 

(0.997 g/cm?) = -22.1 cm?/mol. (9 1n K°/3P), = -AV°/RT 

and fe Ayla Koos =f (Av°/RT) @P at constant T. Neglect- 

ing the pressure dependence of AV°, we have ln (K5/K}) = 

-(AV°/RT)(P,-P,) and In [K39.,_//(1.00 x107'4)] = 

(22.1 cm?/mol) (83.14 cm?-bar/mol-K)~'(298 K)71(199 bar) 
eS = ° i -14 = 0017 8.= is K500 haat 32.236 and K 500 bar = he 90 ° 
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11.30 (a) As in Prob. 11.29, with the P dependence of AV° 

neglected, we have -(AV®/RT)(P, - P,) = ln (K5/K;) = 

In, 1.191 = 0.1748 and AV° = -0.1748(83.14 cm>-bar/mol-K) x 

(298.1 K)/(399 bar) = -10.9 cm?/mol. (b) 1n 2 = 0.693 = 

(1029 cmo/mol) {83.14 cm?-bar/mol-K) | (298 K)"'(P, - Py) 

and Po - P, = 1.58 kbar, so P, = 1.58 kbar. 

11.31 (a) Since Da = me we have uh = ce Equation (10. 26) 

gives Be vox He Hence aH” = oe + Zia, va and substi- 
b ] 

tution in (11.32) gives the desired result. (b) K /K, = 

yA Nal = 
Va Va 

LPS IN PES BAR, ee te Wee 
v 
al hs Ab = 

Tiga Ve 9e4/ Ym, om Hyun (Py) = P a? where b = 

= a oe” . ° (c) From (b), Ks = KPa and ln Ko in Ke 

Leh 

= bin p, + in (const), where const involves c° and m°, 

° £ ° - ~ Hence (3 In K fat) p ='(3.In K/2aT) 5 b(a In P,/2T), 

(3 in Ke/eT)p + ba y = AH?/RT?, where we used the result of 

part (a). Thus (a ln Ke/ aT) 5 = AH?/ REZ - ba, = AH?/ RT? 

re Vie (d) From (11.32) with the concentration 

Z ° seal 2 =< 2 
scale used, AH / RT = AFPO/RT™ - Ot 4 Cada Vs v aul a/ RT + 

Cada (v Fe/er? - v,a,). Since an Wee are vA ee 

follows that H° H - RT-a for i # A. 
oleae fi i A 

-7 
Wea: SAG! 2 Ale = oe vibe reply GH )u(H™ at a(H*) =107’] 

s [x (iFHt Val ‘ *. v(H* n° (H *)] = A : 

v(H*){ulH* at a(Ht) = 1077] - u°(H")}. We have uy = uy + 
. -7 

Ri vinsd,,..60 uf H at a(Ht) = 10 Ay = a °(H") + RT ln 10 
4‘? 
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2 °(Ht) = 16s118RT. AG?’ nace = -loehlevCH on: 

11.33 AG° = 2(4.83 kJ/mol) = 9.66 kJ/mol. Q = 

0,2 ° 0,3 a (Pyn,/? ) /(Px /P Pg be )~ and use of P, = x,P gives 

Q = ((1/7)317/1(2/7)31{(4/7)3}> = 0.0425.  (8G/2E)n p = 
AG° + RT ln Q = 9660 J/mol + (8.3145 J/mol-K)(500 K) x 

ln 0.0425 = -3.47 kJ/mol. Since (9G/3E) an p < 0, the re- 
’ 

action proceeds to the right. 

11.34 Equations (11.35) and (11.2) give (aG/a€), mee 
> 

RT = Ln = 3 as zy Vit zy vi Qu; + RT ln a,) x i Fels iwee 
= AG® + RT Z, ln ye =AAG + RTein bile a yt) = 

i a Aya 

AG° + RT ln Q. , 

11.35 As found in Prob. 6.27, constant T and P addition 

of j will produce more j when Xs > v./alv| where v5 and 

Alv| have the same sign. v, and alv| are small integers 

and typical values of v,/al vl arél/2, 2/1, 1/3<s2f3e1ebe. 

Since the solution is dilute and j is a solute, we have 

= << 1, and Be will not exceed v;/al vl. Hence the answer 

is no. 

11.36 (a) False. Intermolecular interactions between He 

and the gases in the reaction may change the gases' fu- 

gacity coefficients and so shift the equilibrium. (b) 

True. See Fig. 4.6. (¢) False. See Eq. (11.19). 

(d) False. aG°® # AG in the reaction mixture. 

(e) False. The molality-scale standard state is a state 

in solution. (f£) False. See (e). 
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CHAPTER 12 

12.1 The contribution of sucrose to the vapor pressure 

‘ean be neglected. P = Pa = nbs Since the solution is 

reasonably dilute, we can take a, ¥ Xp, and P = on In 

100 g of solution, there are 98.00 g/18.015 g/mol = 5.440 

mol of water and 2.00 ¢/342.3 g/mol = 0.00584 mol of suc- 

rose. Then Xo 5 0.99893 and P, = 0,.99893(1074.6 torr) = 

1073.4 torr. 

fee 2 oT = UOw220r0)(0d “MOl/ 72.15 gq) = (0500318 mol. —— CcHy 2 2 

aa He = (0.00313, mol)/(0.01645 kg) = 0.190, mol/kg. 

#2 
Ke = M,RT> (Heys a = (84.16 g/mol) (1.9872 cal/mol-K) x 

(279.62 K)7/(7.47 cal/g)(84.16 g/mol) = 2.08) x 104 K g/mol 

9 K kg/mol. AT, = -kpm = -(20.89 K kg/mol) x 

(0.190, mol/kg) = -3.96 K. Ty =-6.4/7°C = 3,90" Caen oe Ge 

We assumed an ideally dilute solution and that only pure 

cyclohexane freezes out. 

12.5. K. = M RT*?/ aH =. (18.0153, g/mol )ic 
ae ate b Ab vap,A 

(8.3145 J/mol-K) (373.15 K)7/(40660 J/mol) = 512.9, K g/ 

mol = 0.5129, K kg/mol. 

hte 420ia= -AT-/k, = (0.112 K)/(1.860 K kg/mol) = 0.0602 

mol/kg = n,/w, = n,/(0.0980 kg), son, = 0.00590 mol of 

maltose. M,; = w,/n, = (2.00 g)/(0.00590 mol) = 339 g/mol 

and M.. ied 539 
, 
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ee D (a) AT = -k £ &™p = -k-n,/w, = -k,wp/Mpw, and Ma = 

-k_w,/AT pw, (b) For 100 g of solution, the 3% solution 

Z 3B” ~(1.86 K kg/mol) x 

(3.00 g)/(-0.169 K)(97.0 g) = 0.340, kg/mol = 340., g/mol. 

has w, = 3.00 g and Wm 97.00 g; M 

For the 6, 9, 12, and 15% solutions, we find Mp = 337.3, 

334.,, 331.,, and 328., g/mol. Plotting M, vs. wt. % 

maltose, we get a nearly linear graph that extrapolates 

to M, = 343 g/mol at 0 wt. &. 

2 * * 12.6 1/TET, = (1/TEVLI/ (TE + ATS) = (1/T5)(1/Ts) x 

2 %\2 
LANG A ScAT E/E) T= CVD Ey (19 WT E/E CB ee 2 ere 

12.7 (a) Myo, = [(1-00 g)/(60.06 g/mol) ]/(0.200 kg) = 

0.0833 mol/kg; Ke = -AT;/™, oa = (0.250 K)/(0.0833 mol/kg) 

= 3.00 K kg/mol. my = -AT./k, = (0.200 K)/(3.00 K kg/mol) 

0.0666. mol/kg = ny/(0.125 kg) and ny = 0.00833 mol. 

My = wy/ny = (1.50 g)/(0.00833 mol) = 180 g/mol. MY oy = 

mr 'é #2 i 
TS0.. (5) AHeus,A = M,RT;°/k, = (200 g/mol) x 

(1.987 cal/mol-K) (285 K)*/(3000 g K/mol) = 10.8 kcal/mol 

= 45.0 kJ/mol. 

12.8 We have 0.00313, mol of C1 oH, and mM, = 

(0,00313¢ mol)/(26.6 g) = 1.18 x 1074 

(or455 K)/(si8 x 107" 

mol/g. Hence ee 

mol/g) = 3860 K g/mol. Equation 

(12.20) gives OH ap = (119.4 g/mol)(8.314 J/mol-K) x 

(334.8 K)2/(3860 K g/mol) = 28.8 kJ/mol = 6.89 kcal/mol. 

A *\2/,,.5 
12,9 (a) We have Y¥ Xp = Aix and AT; = [R(T,) (Beas a! x 
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in a, = (k_/M,)(-6M, vm, ) = -k -dvm,- (b) In 96.0 g of wa- 

ter we have 4,00 g (or 0.0229, mol) of K,SO,. Hence m 

(0.0229. mol)/(0.0960 kg) = 0.239 mol/kg. Then ¢ = 
i 

-AT,/k vm, = (0.950 K)/(1.86 K kg/mol) 3 (0.239 mol/kg) 

OS siL 2. 

12,10 Equation (12.17) gives ZA m, = (22377) / 

(14.1 K kg/mol) = 0.168 mol/kg; in 100 g of bromoform, we 

have 0.0168 total moles of solutes. Let P and P, be phenol 

and its dimer. Then 2P 2 Py. The 2.58 g is 0.0274 mol of 

phenol, Let 2z mol of phenol react. At equilibrium, 

np/mol = 0.0274 - 22, np, =z, anda, = 0.0274 - z. 

Then 0.0168 = 0.0274 - z and z = 0.0106, So np, = 0.0062 

mol and n, = 0.0106 mol. The molalities are Mp = 

(0.0062 mol)/(0.100 kg) = 0.062 mol/kg and m, = 0.106 
P 
Z 

mol/kg. Thus at (0.106 mol/kg)/(0,062 mony eye = 

27.¢ kg/mol. 

toe) UitA m= aT, /k, = (0.70 K)/(5.1 K kg/mol) = 

0.137 mol/kg = + n_)/(0.300 kg); so n aes era Co ap nap an 

0.0412 mol. We have 6.0 g = Nap 128.2 g/mol) + 

n (178.2 g/mol) = Dap 128.2 g/mol) + 

(0.0412 mol - Nap) (178.2 g/mol). We get De 0,027 mol 

and bee 0,014 mol. 

12.12 (a) In 100 g of solution, n, = (8.00 g)/(342.3 g/mol) 

= 0.02347 mol ‘and mM, = (0.02337 mol)/(0.092 kg) = 0.254 

mol/kg. AT, = -(1.860 K kg/mol)(0.254 mol/kg) = -0.472, K. 
1 
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(b) In ay = (Me. y/R)(1/TE-1/T.) = 
[(6007 J/mol)/(8.3145 J/mol-K)](1/273.15 - 1/272.66,)/K = 

-0.00470 and ay = 0.9953,. 100 g of solution has ny = 

(92.00 g)/(18.0153 g/mol) = 5.1068 mol of HO, SO xX, = 

5.1068/(5.1068 + 0.02337) = 0.99544 and Ya * a,/x, = 

0.9953,/0.99544 = 0.99987. (c) @ = -(1n a,)/Mam, = 

0.00470/(0.018015 kg/mol) (0.254 mol/kg) = 1.027. 

12:13-{a)  ©eRT 2"(0.282 mol/L)(1" L/10> cm) x 
3 

(82.06 cm -atm/mol-K) (293.1 K) = 6.78 atm. (b) 
2 

(18.015 g/mol)/(0.998 g/cm?) = 78705 cm?/mol. Ina 

<= 

HO 

HO e 2 
-(V%/RT) = -[(7.61 atm) (18.05 om? /mol)/ 

(82.06 cm>-atm/mol-K) (293.1 K)] = -0.00571; a 
Hi6e%0 
3 

0.99431. x, 4 = 55.508/(55.508 + 0.300) = 0.99462. yY = 
2 

0.99431/0.99462 = 0.99969. 

12.14 woxls Il/RT =. (621/760 }atm/ (82206 cme-atmeimal- ky ec aaee 
B 

a Shes Pa ged 108 mokven >. One ae of solution contains 3.58 x 

10 ° mol of the protein and contains 0.0200 g of protein; 

-7 
so M, = (0.0200 g)/(3.5, x 10 mol) = 56000 g/mol; Myo = 

56000. This is approximate because the solution is not 

actually ideally dilute. 

12,15 We have 5.55 moles of water and 0.00292 moles of 

sucrose, Equation (12.26) gives 

Tl = [(82.06 cm?-atm/mol-K)(298.1 K)/(18.07 em?/mol)] x 

(0.00292 mol)/(5.55 mol) = 0.712 atm, We have [[ = psh 

and h = Il/pg = 
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ONTO. arn 8.314 x 10’ erg 
aon 3 3 3 = 736 cm 

2 g/em )(980.7 em/s*) 82,06 cm” atm 

12,16 i= psh. In the infinite-dilution limit, p of the 

sOlution goes to p of water, and we shall use p of water 

in the following calculations. For the first solution, 

II = (0.996 yom) (080.47 ony eae em) = 2129 Senloae 

and Il/p, =C2 129 erg/cm>)/(0.00371 evens) =O 74 x 10> 

erg/g. The other solutions give Il/p, values of 

Oe eye h os 10> | and' 2. 100% 10 ere/ ec Aaplce let 

lyse is nearly linear and extrapolates to 4.5, x 10> 
4 

erge/zg at Ps = 0. This intercept equals RT/M, and M, = 

(8-314 x 107 erg/mol-K)(303.1 K)/(4.5, x 10° ere/g) = 

5.55 x 10% g/mol; the number average molecular weight is 

55500. 

oan 2 os 

12,17 ll/p, » RT/M, + A,RTP, : A,RTP, = woe ‘ 

2 2 _ 
ARTO, + AoM,RTP 5/4 = [(RT/M,)* + A, (M,RT) P,/2] and 

taking the square root of both sides gives the desired 

result. 

12,18 (a) Eda Cc. ~]I/RT = (7 atm)/(82.06 em? -atm/mol-K) x 

(310 K) = 0,000275 mol/em> = 0,275 mol/dm> ~ cy + + Cage 

Therefore ee 0.138 modi as compared to 0.15 moans 

(b) We shall approximate the concentrations by the molal- 

ities, Then rita c, * [2(0.460) + 3(0.034) + 2(0.019) + 

2(0.009)] mol/dm? = 1.078 mol/dm> = 0.001078 mol/em>, Then 

TI ~ (82.06 cm?=atm/mol-K)(293 K)(0.001078 mol/em>) = 
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26 atm. 

12,19 We have Vy = n,RT/P, so V, is proportional to n 
i 

and to X,° Then M, = zy xM and Moe = HO.7 oie Ol) 

0.21(32.00) + 0.01(39.95) = 29.0. 

12,20 TL= -(RT/V,) In a, = -(RT/V,)(-oM, vm, ) = 
—* > = P 

(dRT/ VM,vn,/n My = ORTvn, /n,Vi- 

12.21 Ca) be = Ha2e Assuming ideally dilute solutions, 
b ] b ] 

* Fs ate we have TONG T) + RT ln Xa. = p(P, +I, T) + 

* * a RT ln Xa 2 and pa(P, +I, T) - palPys i@, 

RT lin “a - RT ln ye Es eS + BERGE. 

was used. From (12.22), HC? + T) - HACE. T) = Vall 

where (12.11) 

where the pressure dependence of Vi is neglected. Hence 

—* ae, mn = 

Ne os RT (x, 9 X_1)- (b) xn 2 0.100/(0.100 + 55.51) 

= 0,00180 and re hes 0.0200/(0.0200 + 55.51) = 0.000360. 
9 

TE = (82.06 em?-atm/mol-K)(298.1 K)(0.00144)/ 

(18. 07*em?/mom real. 95 atm 

12.22 At equilibrium, the equality sign holds in (4,21) 

and -P* av% - p® av® = aat + aa® = -p% dV) te opal acne 
_ pe 6.5.58 Os Ba ee 

r av? + ari Us dn, so Ly Ms dn, + ori DS dn; = 0. Let 

dn moles of substance j move from phase q to phase g. Then 

an’ = dn and dn‘ = -dn; we have mite dn + *o dn = O and 

a 8 : 
a a 

202 oe, = Cand -p+22+2-+p+2 = 4 = p and Dis 42- ete 

The minimum f is 0, so the maximum p is 4 in a binary sys- 

tem. 
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12,24 As noted in Sec. 12.6, the upper curve is the P-vs.- 

Xa, liq curve and the lower curve is the P-vs,-x curve, 
A,va 

We take A as acetone, Table 10.1 gives P and the x 
A, liq 

.and Xa, vap values that correspond to each P value. Plot- 

ting these points, we get a phase diagram with a minimum 

in P = 
oe * acetone 0.4. 

12.25 The width between the vertical axes is 60 mm and 

x, = 0.3 lies at 18 mm. We draw a vertical line at 18 mm, 

and then a horizontal line that goes from the liquid line 

at 18 mm to _the vapor line; the intersection with the va- 

por line is at 45 mm (corresponding to x, = 0.75) and 
A 

gives the result of the first distillation step; drawing 

a horizontal line from the liquid line at 45 mm, we find 

it intersects the vapor line at 98.5 mm, corresponding to 

X =) 1,97. 

: * pt + a # 

peer FP Phen ji trol - Xpen’ ben t XrolF tol - Xpen* ben ss 

% * 5 * : 

= = - OF h 
1 then) tol Prol i (Phen Pol *ben oe Ee 

linear , so we need only two points to Dlocri ts hs Dees 

% 
_ = = = e a2 ve 

e422 .6 Ore Ac mee 0 and P Ber (Ae COL at x, 

12.27 (a) As found in the Prob, 12.25 solution, the first 

vapor has ae = 0,/75.\). (b) A hortzontal” linetstrarting 

from ap = 0,30 intersects the liquid line at Snead = 

0.04. (ec) When n | , the horizontal tie line is 
lig vap 

bisected by the vertical line at oie 0.30. By trial and 

error, we find that the tie line with equal halves is the 
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one that joins x OsTl. withox 0.50. 
Astiq™” A,vap 2 

12,28 A horizontal line at 80°C in Fig. 12.11b intersects 

the curve at w.,, values of 0.07, for phase a and 0769 ‘for 

phase p. We have 10 g = 0.07¢m_ + 0.69(20 g - m) and 

moe 6.2 g3 then m, = 20 g - 6.2 g = 13.8 g. (Alternativ- 
B 

ely, the lever rule could be used.) The a phase therefore 

has 0.07,(6.2 g) = 0.5 g of nicotine and 5.7 g of water. 

The gp phase has 0,69(13.8 g) = 9.5 g of nicotine and 4,3 

g Of water. 

12,29 Drawing a horizontal tie line at 80°C, we find it 

intersects the water-poor portion of the curve at Mid = 

0.69. Drawing the vertical line at weight fraction w = 
nic 

0.5 and using the lever rule (12.44), we find 

(20 g)(17%5 mm) = mo 7k mm) and the mass of the water-poor 

phase is ae = 45 g. The mass of nicotine in the water- 

poor phase is 0,.69(45 g) = 31 g and the mass of water in 

this phase is 45 g - 31 g = 14 g. 

12.30 (a) Let abe the water-poor phase and £8 the water- 

rich phase. (0.400 - 0.375)m, = (0.89 - 0.40)me = 

(0.89 -0.40)(10.0 g - my) i 0.025m, = 4.90.9 - 0.49m, and 

a 
My = 9-5,9, Mg = 0.499. Then "0 = 0.375(9.5, g) =3.6 g, 

a B os 
oe penel = (9.5 - 3.6) g = 5.9 g; ™H0 = 0.89(0.4, g) = 

a a 
0.4, 9; epeneis 0.005 gio (b)L06345 = Mate pu. 69e= 

a ee = (4.00 g - mew) /GdOe0 g - m’). The first equa- 
H50 H50 

tion gives mi 0 7 0.375m" and substitution in the second 
Z 
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equation gives 0.89 = (4.00 g - 0.375m")/(10.00 g - m°). 
; Qua 

Solving, we get m = 9.5 g, and the problem is completed 

as in (a). 

12,31 Let B = benzene and A = cyclohexane. Equation 

(12.47) becomes 

~~ pk a en, =] tT, * FR/L RT, (AH, fey, ln x, | 

(27826 °%)/ (i= "0.233 1n Xn) and TL 24 

(279.7 K)/(1 - 0.884 ln x), where i and ae are the left- 

and right-hand curves in Fig. 12.12. We get 

Xp 0 0.1 Oo O53 0.4 0.5 0.6 

T, ZIG 22/1,.9 264.8 257.2 249.0 239.9 229.6 

TY 192,7 

x, 0.7 0.8 0,9 1 

T, 917.6 202.6 181.3 

TL. 2b me 25546 255,9'. 2/9,7 

Plotting the curves, we find they intersect at 71% mole 

percent cyclohexane and -58°C. 

12,32 The halt at 84.3 wt. % Zn must correspond to a com- 

pound with melting point 595°C. (It could not be a eutec- 

tic halt since its temperature is too high for this.) The 

compound's empirical formula is found as follows: 

(84.3 ¢)/(65.38 g/mol) = 1.289 mol Zn; 

(15.7 g)/(24.305 g/mol) = 0.646 mol Mg; the Zn:Mg mole 

ratio is 2:1 and the compound's empirical formula is 

MgZn,. The phase diagram is of the type shown in Fig. 

We 
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12.18. The eutectic temperatures are 345°C and 368°C. One 

eutectic composition is 97 wt. % Zn (corresponding to 

368°C). It is difficult to tell which curve the reading 

at 50% belongs to, so all that can be said is that the 

second eutectic composition is close to 50 wt. % Zn. 

12.33 (a) The phase diagram is the same type as Fig. 

12,19c, with line PM lying at 0.1°C. The Liquid \¢2) ciara 

solution of salt in water, B is Hy, the compound is 

NaCl-2H,0, and A is NaCl. Since the diagram goes up to 

only 100°C, the right-hand melting-point curve (which is 

almost vertical below 100°C) does not reach the NaCl axis. 

The compound lies at 62 wt. % NaCl. (b) 20°C lies above 

the peritectic temperature of 0.1°C. As the solution evap- 

orates, we move horizontally to the right on the diagram, 

eventually reaching the 2 + A (solution + solid NaCl) re- 

gion; eventually, pure NaCl is obtained. (c) This system 

lies initially in the 2 + A (solution + solid NaCl) re- 

gion. When the peritectic temperature of 0.1°C is reached, 

solid Nacl+2H,0 begins to form, The 80 wt. % composition 

lies to the right of MN in Fig. 12.19c, and the system 

stays at 0.1°C until all the liquid disappears, leaving a 

mixture of the two solids NaCl and Nacl+2H,0. Then this 

mixture is cooled to -10°C. No solid H,O (ice) is present 

at =10.C. 

12.34 A cooling curve that corresponds to l.s, — 
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ls. +a4-7a4-7 a +8 shows three breaks. A cooling curve 

that corresponds to l.s. ~ l.s. +a—~1.s. +a +8 > 

a + 8 shows a break followed by a eutectic halt. A cool- 

ing curve at the eutectic composition shows no break and 

‘one halt. Similarly. for curves to the right of the eutec- 

tic composition, 

i235 For f+ 2 +B-- B + A,B + £-~ B+ A,B, a break fol- 

lowed by a (eutectic) halt. For cooling a liquid with the 

eutectic composition, a halt. For 2 ~ 2 + A,B >~2+B+ A,B 

- B+ AJB, a break and then a halt. For 2~>2 +A- 

R+A+ A,B ~ | ae AB -~2+B+ A,B ~ B+ A,B, break, 

Date nait. FOr £- 2+ A, £ + A,B +A- A,B, break, 

halt. For £~2£ +A-7-2+A +4 A,B -~A+ AoBs break, halt. 

12.36 Just as Fig. 12.18 resembles two Fig. 12.12 dia- 

grams placed side by side, the Bi-Te diagram resembles 

two Fig. 12.15 diagrams placed side by side: 

‘Liquid (2) 



a is a solid solution of Bi,Te, in Bi. 8 is a solid solu- 

tion of BL in BijTe3. y is assolLdssolutionnof- 7 crmin 

Bi,Te,. § is a solid solution of Bi,Te3 ini. Fe. 

12.37 The intersection of the miscibility gap with the 

phase transition loop does not include the composition 

corresponding to the minimum, so we get a combination of 

Figs. 12.17 and 12.14. Phase qa is a solution of Au in Fe, 

Phase 8 is a solution of Fe in Au. The phase diagram is: 

liquid (2) 

Let A= HNO, +*3H,0 and B = HNO, +H, 0. 

liquid (2) 

0 0.25 On5e e” | *(HNO,) 



12.39 (a) Equation (12.48) gives In X, = 

[(35.1 ecal/g)(128.2 g/mol)/(1.987 cal/mol-K)] x 

[1/(353 K) = 1/(298 K)] = -1.184 and x, = 0.306. (b) The 
B 

“same as (a); x, = O.306.. Ce) ain Aye 

[(38.7 cal/g)(178.2 g/mol)/(1.987 cal/mol-K)] x 

[1/(489 K) - 1/(333 K)] = -3.32, and x, = 0.036, 

12.40 (1000 g)(1 mol/78.1 g) = 12.8 mol. The 523°C point 

on the solubility curve CE is at Xen 

ri2.8 mol 4 Nol): We get Fee 14 mol. 

12.41 r 

o°c 

—23°C 

Ice + solid LizSO, 

H20 Li2SO, 

12.42 Pure water (wat) lies at the point ee eet th x 
at eth 

0; pure ether (eth) Lies at a I 0% I ls; pure ace- 

=, a ae O. States with Maes 0 

correspond to the line X at + i ay = 1] or eg 1 - Nat 

tone (ac) lies at ee 

this is .a Jine with intercept 1 and slope -l3; the two- 

phase region is bounded on one side by part of this line, 

The plait point K is richer in water than in ether. 

The phase diagram is 
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12.43 Draw DA, DB, and DC in Fig. 12.23a. Let Ar(ABC) be 

the area of triangle ABC and let h be the altitude of this 

triangle. We have *%hBC = Ar(ABC) = Ar(ABD) + Ar(BDC) + 

Ar(CDA) = %(AB*DG) + %(BC*DE) + 4(CA*DF) = 

EBC(DG + De + DF). Hence h = DG + DE + DF. 

12,44 (a) We drop perpendiculars from point F to each of 

the three sides of the triangle and take the ratio of each 

perpendicular distance to the triangle's height. We get 

for phase F: es 0.056, asi 0.919, psa ar 0.02,. 

Dropping perpendiculars from point H, we get the phase H 

V “wat — OTe: ‘eth 

(b) FG = 31.2 mm and GH = 19.6 mm. The lever rule gives 

composition as: x = 0,22 =O 7024 
ac S. 

31,2n, = 19.6 n,, = 19,6(40 mol - n)3 then n, = 15.4. mo 

and ny = 24.6 mol. Phase F has 0.05.(15.4 mol) 

of acetone, 0.91)(15.4 mol) = 14,2 mol of water, and 

0.8. mol 

184 



0.02, (15.4 mol) = 0.4 mol of ether. Phase H has 5.4 mol of 

acetone, 1.8 mol of water, and 17.3 mol of ether. 

12,45 (a) The diagram resembles Fig. 12.24 with ether re- 

placed by ethyl acetate. (b) The overall composition is 

x =O S70 ox ac = 0.40, x = 0.40. This point lies 
ethyl wat 

in the two-phase region and is just a shade below one of 

the tie lines graphed in (a). Drawing in a tie line 

through this point. we find it intersects the binodal 

curve at points corresponding to the following composi- 

* a = a = a = tions, Phase q: yon 0.916, x oc 0.06., Sane 0.02.4. 

° B = - = 4 = Phase 8: eet 0.265, Xe 0.23, arg eh 0.50,. 

We have 0.91,n™ + 0.26,(0.50 mol - n*) = 0.20 mol; so 
5 

n* = 0,107 mol and n® = 0.393 mol. (Alternatively, the 

lever rule could be used.) Then ms = 0.91,(0.107 mol) = 

i OL A : 0,098 mol, nek = 0.0066 mol, Methyl 0,0025 mol; 

8 % Be pas B 2 Ee 0.102 mol, Nic 0.093. mol, DN eenyt 0.197 mol. 

Multiplication by the molar masses gives: 

a an 104 = a = ° La = 1.76 g, te Ds oe. methyl O22 e% 

B a B 8 = Dat 1.84 g, ne gay a Merny i Leet 

12.46 The overall composition of 

the system is given by point G, 

so the overall mole fraction 

x, of A equals the distance 
A 

GS to the side opposite 

vertex A. Points F and H give the compositions of the two 

135 



phases F and H in equilibrium, and Xa pe FR, Xa oy = HT. 
9 3 

Equation (12.49) with a = F, 68 = H becomes n,( GS - FR) 

n, (AT - GS) and /n,/ny = Fik/@ The figure gives sin 6 

HK/GH = GM/FG. So HK/GM = GH/FG and the boxed equation 

becomes n/n, = GH/FG or FGn,, = GHn,,- 

12.47 (a) Since the solution in beaker B has a lower vapor 

pressure than that in A, the evaporation rate from the A 

solution exceeds that from the B solution and the equilib- 

rium state will have beaker A empty, its liquid having 

vaporized from A and condensed in B. The vapor pressure in 

the box will be that of the diluted salt solution in B. 

(b) The vapor pressure of the B solution is lower than 

that of the A solution. Liquid will evaporate from A and 

condense in B until the sucrose molalities are equalized. 

Let amass z of H,0 vaporize from A. Equating molalities, 

we have (0.01 mol)/(100 g - z) = (0.03 mol)/(100 g + z) 

and z = 50 g. Beaker A ends up with 50 g of water and 0.01 

mol of sucrose; beaker B ends up with 150 g of water and 

0,03 mol of sucrose, 

12,48 The diagram has the same appearance as Fig. 12.15. 

With xy going from 0 to 1 on the horizontal axis, the 

areas are relabeled as follows: 1.s. becomes vapor, 

1.s. + qa becomes vapor + qa (where a is a dilute solution 

of liquid A in the solvent liquid B), l.s. + 8 becomes 

vapor + 8 (where 8 is a dilute solution of liquid B in 
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liquid A). The horizontal line is a mixture of phase a, 

vapor, and phase 8. The region q + 8 is a mixture of the 

two immiscible liquids qa and 8. 

.12.49 Yes. For example, an endothermic chemical reaction 

might occur. Another example is adding a salt to a mixture 

of water and ice at 0°C (see Sec 12.10). 

— PaO M aC 2, p= 1s. f = Cc = pw 2 <r - a= 20-114 

2 - 0 - 0 = 3, but since P is held fixed, there are two 

degrees of freedom (temperature and Xa). (Db) cee 2 = prs 2 

f=2-2+2-0- 08 2, but since P is held fixed, 

there is one degree of freedom. Once T is fixed, the mole- 

fraction composition of each phase is fixed. (c) c = 2, 

Do<037.2 = 2.— 93 + 2 >-0 —-0 = |, but since P is held 

fixed, there are no degrees of freedom. All intensive 

variables (T, P, mole fractions) are fixed. 

12,51 Assuming ideal vapor, we have P; = Xi vap? = 

ig: = = Yr, 4%4F i> But for an azeotrope, Xi vap = X,, SO x,P 

Y. .x.P* and ne. BID Y = (760 torr) /(581 torr) 
g 

te ee I,ethanol 

= = eae On emetia ise tetuyiacetate (760; tort) /(631> torr) 

2 sa es 2) 
12.52 (a) For each substance, UW; = Uy and 

B 
st Y % 0. ee ths Re ineye. x is Rr Yn seeAg eat u; + R Te 

1 oh Ryle B 
SEE ais ae Ma ny cichst 
1 

For phase a, x is very close to 1 and ew x= 1. Hence 

ome bt Bs x47y8 = 9.999595/0.00300 = 333. (1)x) = YT, ww and ge Kelty = 0.9 ’ 

a a _ B 
= 1 and Yr pen*ben * bh shed For phase 8, ben’ 

B 
Yt,ben 
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a <8 CIN 2 : 
YE pen = Xben/*ben = 9+99700/0.000405 = 2460. (b) This 

solution is phase 8. With ideal vapor assumed, P. = 

Yr i%aPie so Pio = 1(0.997)(95.2 torr) = 94.9 torr and 4 ‘ 

Pa =. .333(0'.00300)(23..8)-Core) «23,6 torr.:2) = P + Pp = 

118.7 torr. (c) This solution is phase a. P bon 2460 x 

(03000405 )(95.2" torr) =194.6.torr; F = 1(0 1999595 p2% 

(23:56 -COLT)) se 2348 (torr. PP =.118-6 torr. 

12.53 Let b stand for benzene and a and 8 be the two 

liquid phases. te = ue and Uy + RT In YP pXp = uy + 

RT logs pene so uke = ee Above solution a, Pp = 

Vr B*bPbe Above solution 8, Pp = Yea RPE Use of 

Ve BX = anes gives PP = Pe. 

12,54 Assuming an ideally dilute solution, we have 

-0.64°C = -k_m_ and m_ ~ (0.64 K)/(1.86 K kg/mol) = 
£705 B 

0.34) mol/kg. (a) aT, = kim = (0.513 K kg/mol) x 

(0.34, mol/kg) = 0.17, K. The normal boiling point of 

2 water is 99.975°C (Sec. 1.5 and Fig. 7.1), so T 

eo a * = = 1005155C, (b)°r = Py = x Pas We have m., n,/W 4 

n,/n,M, ns x,/M, since the solution is dilute. Then x_ ~ 

mM = (0.34), mol/kg)(0.01801 kg/mol) = 0.0062. So P x 

0,.9938(23.76 torr) = 23.61 torr. (ce) JI s x_RT/V, = 

0,0062(82.06 em atm/mol-K)(293 K)/(18.0 em?/mol) = 

8.3 atm. 

12.55 (a) False. See Fig. 12.13. (b) True. See Fig. 12.1. 
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(c) False. See line FHK in Fig. 12.12. (d) False. The 

eutectic solution in Fig. 12.12 freezes entirely at one 

temperature. (e) True. As x, increases in the solution, 
A 

Ua in the solution must increase [Eq. (4.90)], sou, | 
o 

of the vapor in equilibrium with the solution must in- 
* A fe. o,V ° . 
crease. Since May =U, (T) + RT ln (P,/P Ey eS Vay 

increases at constant T, P, must increase. 
A 

Reminder: Use this manual to check your own work, and not 

to avoid working problems. 
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CHAPTER 13 

13,1 (a) V= HAE ey (3v/4q)i/3 + 

P3CR20 em fareee = 0,62 cm. A ah Aven = 4n(0.62 Gmc = 

4.8 mse (b) The volume of one particle is (4/3)n x 

(300 x 10° =e = as BA GIES 10719 re The number of parti- 

cles is (1.0 cm 25/13 x 10716 ones = 8.8, x 1019, The 

-8 )? -10 

area of one particle is 4w(300 x 10 em =) 13 3718 

em”. The total area of the particles is (8.8) x 10!) x 

Cleon 1071, m2) # 1,0 x 10° ae 

d3e2 CL EOE Nala dA and Nae ee AA = (73 dyn/em) x 

(3.0 cm aes 220 ergs. 

Noe ay a= Yo(1 - Jig he At 0°C, 26.5 mN/m = 

Voll - (273.1 K)/(523.2 Kt? = 0. .4057 y, and y, = 65.3 

mN/m. At 50°C, y = (65.3 mN/m)[1 - (323.1 K)/(523.2 x)Ji!/9 
= 20.2 mN/m. 

2/3 1/3 
13.4 a C755) 

= 69.3 dyn/em. y = y)(1 - ee = (69.30 decnes 

TV SA@rE reyiers lou) 2” 

@rror is. l00C28.1 = 26.5)/26.5 = 600 2 

C5232) (0.432/0.252 - 0.951) dyn/em 

= 28.1 dyn/cm. The percent 

13:25 (phe = [(50 dyn/em)/(10 re em? atm)/ 

(8.314 x 107 ergs) = 4.9 x ion” atm. 

13,6 (a) Substitution of numerical values of z/L into 

the equation gives PlP ita = 0.9997, 0.982, 0.953, 0.881 
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0.500, 0.12, 0.05, 0.02, and 0.0003 for 2/L = -2, <1, 

-0.75, -0.5, 0, 0.5, 0.75, 1, and 2, respectively. (b) 

The planes at z = -Q.75L and z = 0.75L include 90% of 

the change in density, so the thickness is 1.5L. (¢) The 

thickness of the interphase region is 1.5L = 1.5(5% &) = 

8% &, which is about 3 atomic diameters thick for He. 

13.7 PX - P® = 2yv/R = 2(73 dyn/em)/(0.040 em) = 3650 erg/ 

Ke, = (3650 erg/em>)(82.06 one atm)/(8.314 x iter ergs) = 

0.0036 atm = 2.7 torr. P% = P® + 2.7 torr = 762.7 torr. 

Rest errona(rss17). y = 

(027914 =a0.0012 )(af'em )(9801%-cm/s-)(3.33 cm)(0,0175¢em) 

= 22.6 dyn/cm. 

13.9 h = 2y cos /(P, - P28 = 2(490 dyn/cm) cos 140° / 

Pea 800 1 e/a (98027) Gufa-)(0,0175 cm) Seek 22 cen: 

13.10 h = 2¥/ (Ps - P._)8t = 

2(52.2 dyn/em)/(0.3383 g/em)(980.7 PEW PCSVESN Gs em) = 

18.0 ecm. 

13,11 (a) For @ = 0, we have a hemispherical interface (as 

in Fig. 13.8b). The volume of the liquid above the menis- 

cus is the difference in volume between a cylinder and a 

hemisphere and equals Carer - Gy [ey Pre = Dee = 

Cr G3). Hence, this extra liquid has volume and mass 

equal to those of a cylindrical column of liquid of height 

r/3, and we must replace h by h + r/3 in the equation for 
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ye (b) h + r/3 = 3.33 em + (0.0175 em)/3 = 3.33, cm. Re- 

placing 3.33 em by 3.33, em, we get y = 22.6 dyn/em. 

13,12 y= 2(P, - Peeenic and y = 2(P, - p,8hore- 
h, rl [2y/(p, ~ Pp. el(/r, - I/r,) and y = 

4(P, - p.)e(hy - hy)xyro/(ry - x1) = (0.900 g/em?) x 
(980.7 cm/s’ )(1.00 em)(0.0600 em)(0.0400 em)/(0.0200 em) = 

53.0 dyn/em,. 

13.13 Cpa CaF (y* - y)/b and (a ln Co/2Y an = 

(1/e,)(ae5/2v),. = (1/e,)(-1/b) = -1/be,. (ay/3a ln Coy = 

-be, and Eq. (13.34) gives Poa) = beo/RT = (y* - y)/RT. 

13.14 M301) = -(1/RT)(ay/a In m/m°),,. We plot y vs. 

ln m/m°, The data are 

y/(dyn/em) 61.3 59.2 56.1 5225 47,2 

In (m/m°) =4.6527~-41 157" 33,913 (9692507 "* 32799 

For m = 0.020 mol/kg, 1n (m/m°) = -3.912. Drawing the 

tangent line at this point, we find its slope to be -ll.. 

dyn/cm. Hence toa) = 

(11. dyn/em)/(8.314 x 10’ ergs/mol-K)(294 K) = 

4.8 x 10719 Moly ene. 

13,15 Equations (10.4) and (10.52) give Tone uc + 

RT ln a, = Us + yRT ln (v,.¥ym,/m°). We therefore have 

in a, = v ln Cv ¥ym,/m°). So d in a, = vy d In (v,¥m,/m?) 

= y d[ in v, + In (¥ym,/m°)] = v d in (Y¥,m,/m°) and 

(ay/a in ao) = v7 fay/a in (Y¥pm/m°) J, and substitution 
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in Eq. (13.33) gives the desired result. 

13,16 Equation (13.31) and ni/ng = xo/xt give 

BSdeh1 G7 “imal [eo 0 eabor Rol Se0T10 

100 em2 45 x 1078 mol 0.90 

«3.0 'x 10710 moons 

13.17 A= U- TS and dA = dU-T dS - S dT = T dS - P dV 

+y dH +2, u, dn, - TdS - Ss dT = -S dT - Pave 

Y dA oe ri uy dn, . At constant T, V, and ni» dA = ¥ att 

and (aA/34),, Ven, =. 

13,18 (a) From Fig. 13.10, vt = Az, and vB = A(b - zy) 

Equation (13.19) with i replaced by 1 reads ny = 7) - 

a ers | K = Boo a Vee Az, cf Al (b Zo) n+ ZA (cf cy) ciVs since 

Ab =v. Setting ni = 0 and solving for Zo, we get Z, = 

(cfV"- ny )/ (ef - cf). (b) Substitution of v% = Az, 

and v® = Ab - Z9) into (13.19) gives ny Ean + 

Alzg(c8 ~ cy) - cfV. Substituting the Zo equation of part 

(a), dividing by oA, and using yay =n cl we get 

the equation in the text. 

3 Ee 8 Be ee 
Se ean? Menai: ant ceYbuk * 
cP yP + n°, Since the volume of we interphase region 
{ bulk , Bd 

= B h = is very small, we can take V cone + vee 2 ah = n, 

a B ~ S = o> ery Sonate 
caveat S10" ~ Yeu) * 4 Vout (°f ; cipal i 

a ae a sds 
Since cf << Cys we have n, = ‘Pap ior} + civ + as 



a B s 
Ns bulk + c,V + nie Q.E.D. Replacing i by 1, we get the 

second equation. (b) In the Prob. 13.18b equation we have 

ics - ef )/ (ce -¢)) # (-c,)/(-c7) = cl/ey = 
lg a 

(ai hs van! Bago 8 et oer = i shulk-olsbali ee ee 
this relation and the results of (a) gives Pay = 

-l-ia s a n& a 
A Papa Me “Bi payee 1) (ng wbulk/™], bulk) = 

-l-_s S$; a a 
eps es BOs palkoniapuiel 

13.20 V=M/D = (284.5 g/mol)/(0.94 g/cm?) = 303 em/mol. 

The volume per molecule is (303 om? /mol}/(6.02 x 10°? /mol) 

= 5,03 x 10724 ae The cross-sectional area of a molecule 

is 20 es Let £ be the molecule's length, Then 

5.03 x 107 cm? = (20 x 107! om?) and 2 = 2.5 x 10°" om 
= 25 oh 

13.21 (a) 3[4057 (107 cm)7]t = 4,8 cm? and t = 2.35 x 107’ 

em = 24 2. (b) V=M/p = (885.4 g/mol)/(0.90 g/cm”) = 

984 em?/mol = (6.02 x 10a: mo17!)A(2, 35x 10° of em) and 

A = 6.9 x 107! ance (c) There is one molecule, which 

is (6.02 x fowt. moles, per each 6.9 x 107! em? area, 

so wren = n,/A = (6.02 x 10° smote f(en9 x 10°) em”) 

= 2.4 xX ron mol/em”. 

13,22 (a) We plot 1/v vs. 1/P. The data are 

10; va / (elem) MOUG0 “7855. 654 Ga ee ee 

107P /atm™! 28.6 “10,0. 5.99 3°89 s28d0nu2 455 

The straight-line fit is only fair. The intercept is 
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3 
0.0056 g/cm = \/v_s and v_ = 179 one The slope is 

0.0155 atm e/om> = l/v_b, and b 

1/(179 aa fe)(0 0155 atm cy Rees) 0.36 one (b) To 

keep the units simple, we rewrite the Freundlich isotherm 

a 
as v = k(P/P#) » where pi = 1 atm. We plot log v vs. 

log (p/pty , The data are 

EAE 2.004 2.134 2.185 2.210 2.217 2.220 

log (P/P“) 0.544 1.000 1.223 1.410 1.525 1.593 

The straight-line fit is rather poor in that the points 

show a pronounced curvature at high P, (Recall from the 

text that the Freundlich isotherm doesn't work at high P.) 

Ignoring the three points at high P, we draw a straight 

line through the remaining points. The intercept is 1. 86, 

= log k, and k = 73 eck The slope is 0.264 = a, 

(c) For the Langmuir isotherm, vb =ec = 64,5 are atm) 

and v = (64.5 em?/g)(P/P*)/€1 + 0.36P/P*): with p/pt 2 

7.0, one gets v = 128 ome ee For the Freundlich isotherm, 

0,264 Seg ton a) (7) = 122 em/g. 

be23 Ca) _y = rin (sp*) +r in (p/p#) , where P# = 1 atm. 

BUOLOC Ot V.vs.. 17 (p/p*) is linear with slope r and in- 

*) tereept r in (sP (b) The data are 

Gar a etOs S66 15360 warS2)- 1650 V1166 

in (P/P#) 1,253 2.303 2.815 3.246 3.512 3.669 

As with the Freundlich isotherm in Prob. 13,22b, the 
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points at high pressures show a strong curvature, indica- 

ting that the Temkin isotherm doesn't apply at high P. 

(Note that it predicts v ~ © as P ~ ~,) We ignore the 

three high-pressure points and draw a straight line 

through the remaining points. The slope is 33.4 on fe =f. 

The intercept is 59 one ie = (35 aay} ln (sp#) and s = 

S00 panes 

13.24 We have 1 + bP = ecP/v, so a plot of P/v vs. P is 

linear. 

13,25 (a) The curve resembles Fig. 13.15b, indicating for- 

mation of more than a monolayer. We have a type II iso- 

therm and the BET equation is appropriate. (b) We plot 

P/v(P* - P) vs. P/P*, where (since 77 K is the normal 

boiling point) p* = 760 torr. The data are 

10°, P/v(P* - P)/(g/em?) 9.97 16.4 24.1 29.9 35.8 

107P/P* 193701205) iO. be aa ey oes 

10°[P/v(P*- P)]/(e/em?) 45.6 81.3 112.9 162.6 

10*P/P* 3728-5802 7Ot eOet 

The low- and medium-pressure points fit a straight line 

well, but the three points at high pressure deviate great- 

ly from this line (it is common for the BET isotherm to 

work poorly at high pressures) and will be ignored. Using 

a generous scale to plot the points, we draw a straight 

line of slope m and intercept b through the first six 
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points. We find m = 1.17 ene and b = le, x 1072 eee 

We have m = Rave - I/v ¢ and b = l/v ec, sov_ = (m + b)7! 

= 0,843 yee also, ¢c = (1 - my) = 73. (e) n= 

(1 atm) (0.843 em>)/(82.06 om>-atm/mol-K)(273.15 K) = 
3076 °x 107> moles of N, adsorbed per gram of sample. This 

nae 226° x Use molecules, so the surface area of the pow- 

der te (2526 x 10'7)(16 x 107!® om2) =°36000 cm? = 3.6 ue. 

13.26 For 6 << 1 in Eq. (13.35), we have 1/6 >> 1 and 

1/bP + 1 >> 1, so that 1/bP >> O and hence 1/bP >> 1 and 

bP << 1. Therefore bP can be neglected in the denominator 

of (13.36) to give v = cP, 

13.27 Let N be the number of adsorption sites. The rate 

of desorption of A is proportional to the number 6,N of 
A 

adsorbed A molecules and equals ky Avan: The A adsorption 
>] 

rate is proportional to the gas A partial pressure Pa and 

to the number (1 - 04 - 0,)N of unoccupied sites. Hence 

NACA = ke ar al - 8, - @,)N and 

DV 1S ET FILS Sai etal Malad Ua Ca) aero 
where bs = ke aa ae Similarly, a, = b,P,(! Sty On). 

Division gives 0/4 = b,P,/b,P,- Hence, 9, = bP, x 

(i= a ~ bP, ,/baPa) and 0, = b P/O + b,P, + baPa)e 

Similarly, 9, = b,P,/(1 + b,P, + baP,)- The fraction of 
B BB AA 

occupied sites is 6, + 6, and equals v/v so Vie = 

on °, Set aan si pep / (1 AA B B) 

Ly, 



—_ 3.28 (a) From (13.41), d ln P = - (AH, /RT*) dT at const- 

ant 6; integration gives ln (P,/P,) = (<OH,>/R)(1/T-1/T,), 

where <AH > is an average AH, over the temperature range. 

In. (0.03/0.0007). = [<AH>/(8.314 J/mol-K)] x 

E873 0K). - (773 K)"'] and <AH,> = -210 kJ/mol. (b) For 

QL = 0.1.0 and .500 ato .600°C, <AH > =) 

R((873 K)~' - (773 K)~']7' 1n (23/8) = -59 kJ/mol. For 600 

TOC se inh 6 ies to 700°C, <AH,> = RL(973 K)7 ln (50/23) = 

-55 kJ/mol. 

13.29 (a) Multiplication of (13.40) by ve gives 

Pe/(P*- P) = (v/v_)[1 + (c - 1)P/P*] and v/v_ = 

PP™c/(P*- P)(P* + Pe - P). (b) For P << P*, we have 

p* - P w P* and VEN = PPp*c/P*(p* + Pe) = Pc/(P* + eP) = 

(P*) 7 cP/I1 +c(P*), Pl, which is the form of the 

Langmuir isotherm (13.35). 

13.30 This suggests that the CO is chemisorbed in two 

different forms, as shown in Fig. 13.14. 

13,31 (a) Taking activity coefficients as 1, we have i 

PAR Sale Conservation of matter gives ¢ = [L] + n[L], 

so K. = ie/Cc f amen = x/(c - nx)”, where x = [L Js 

(ec - nx)” = x/K. and c = nx + (xf syh/%, Co) efa= l/c = 

(e - n[L.J)/c = 1 - nx/e. (¢) With Ke = 1029° 
re 2 Oe 

(a) and (b) give c = 50x + e°(x/c?) 

» we have 

» where c® = 1 aside The equations of 

0.02 Cw aA = easoeren 

and [L] = fe. For various assumed values of x = [LJ]. we 
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eatculate ic, ete,,.as 

x/e°? 

10°¢/e? 

i078 10719 -8 -7 -6 0 

omsee4as7 Ss imingeo7) Pozen ove 
10°n[L, Ve? 0 5x107!? 0.00050 0.050 0.500 5,00 
10°[L Ve? 0 4.37 Sy eEeACY pela CAA 
£ 1 1.000000 0.99992 0.993 0.935 0.603 
are PyadeD  g7o. Ci asaro a 

10°c/c° p186  57.9= 166 508 

10°n[L, /e° Po.ur es OU, ~ 158 500 

10° L]/e° Liismmer ic le te KUL vey, 

£ 0.329 0.137 0.049 0,016 

The plots of [L] and n[L_] have the form of Fig. 13,17b. 

(d) From the graph of f, we find that ¢ = 0.00015 mel ane 

at. £2035. 

13.32 (a) log z = 0.4343 In z and y = 

[73.0 = 12,99 in (ac + 1)] sen ent We have d Inc = 

cvlde and (2y¥/a In c) = e(ay/ac) = 

-(12.99 dyn/em)ac/(ac + 1)3 Eq. (13.34) with R = 8.314 x 

10’ ergs/mol-K gives D301) Be C5 oy x 10710 mol/ema) x 

ac/(ac +1). (b) This resembles the Langmuir isotherm; 

© corresponds to P and Po) corresponds to v. (ec) With 

a = 19.64 dm? /mol, we get 

10° T'y¢1)/(mol/em?) Pim eee Su56 fh 28 40765 5 Ol maSe 

mol) deo) GmOrOsemOel #6021 004) “ON7 eeleO 
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[or 3oaCa) cP /P, = (Vi/RT) dP at constant T. Integration 

_ ooh 
gives ln (Pa o/Pa 1) = (V,/RT)(P, - P.)> where we neglect 

ed the pressure dependence of ee Let state 1 be the bulk 

state and state 2 be a drop of liquid with radius r,. 

Equation (13.9) gives the extra pressure experienced by 

the drop due to its curvature as P, - P, = 2y/r. Hence 

- (Gt | in CPs Pe a = (V'/RT)(2y/r) and 

- y y = = Pe = Poa exp (2¥W/erT). (b) W = M/P = 

(18.015 g/mol)/(0.998 ny 2B 05 oa mole The result 

of part (a) gives P /(17.535 torr) = 

| (73) dynf omy (L se 05 emaimet | 
Em ee 

Cl O0Rx 107° em)(8.314 x 107 erg/mol-K)(293.1 K) 

and P . = 17.726 torr. 
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CHAPTER 14 

2 14a! F = Q,9,/4n€ ox = 

2(1.60 x 107? ¢)(1.60 x 10729 ¢) “6 
emi at ae eS Ome 
4n(8.854 x 107°* co No! m@2)(1.0 x 10719 m2 

VOM Pa ane x” = 

(8.988 x 10? Nm? c72)(1.60 x 107)? ¢)/(2.0 x 10719 my? = 

3.6 x 10/9 V/m. (b) 0.90 x 1019 v/m, 

L423 $, - 6, = (Q/4nEQ) C/r, - I/r,) = 

1.60 -x 10" c 1 1 

PetCR ash x 1OREe Ce. NOP ORTS) 420 & 107 Oo ans 20 OE Lem 

= -3,60 V 

14.4 (a) (3.00 mol)(2 x 96485 C/mol) = 5.79 x 10° Cc. 

(b) (0.600 mol)(-96485 C/mol) = -5.79 x 10° c. 

Li Rb 
14.5 Equation (14.23) gives Be 7B = i 
-(96500 C/mol)(-0.1 Vv) = 10° J/mol. 

= = = = = - + 4.6 G= 0-4-4 - 60, = oy ee 

(?cuso, (aq) z %7ns0,(aq)? 9 (47 nS0,,(aq) bon z 

= = 0,3 wei + Oa +. O92 V ='O,4G7Ve (0, - Sous) v 

Pan? (aye2:. (bh) 13 (ce) 25 (0d) 6;.Ce) 2. 

14.8 AG599/ (kJ/mol) Berg) 4-410) + 20- 111,25). — 97609 

meh SeaoeH 2(- 237,129) =. 88.38. 
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f= -aG?’/n® = 

-(88380 J/mol)/2(96485 C/mol) = -0.458 V. 

14.9 (a) The NaCl changes the ionic strength and hence 

changes the activity coefficients and the activities. 

o 

Therefore E changes. (b) By definition, E = -Ac?/n?¥. 
o 

The NaCl doesn't change AG° and so doesn't change E ° 

14,10 (a) Equation (14.49) applies. We plot the left side 

(e,) Of C449) “var (m/m?)®, We have l.s. = & + 

[2(8.314 J/mol-K) (333.15 K)/(96485 C/mol)] In (m/m°) = 

ie + (0.05741 V) 1n (m/m°). The data are 

183 /V O,19 85" 40, b99> 0,2008 0.2104 

GEO 0,03162 0.04472 0507671, 0.34622 

Plotting the three points at high dilution and drawing a 

straight line through them, we find the intercept to be 

&° = 0.1966 v. (b) From Eq. (14.49), (2RT/¥) in v= 

6° - 1.s. and in y, = (17.41, V4 @ 416 on eee ee 

3.424 - 17.415(1.s./V). At 0.005 mol/kg, In a STAI 

- 17.41 5(0.2008) = -0.073 and ae 0.930. At 0.1 mol/kg, 

ln i = -0.240, and vy = 0,786. 

14.11 (a) ln 6 = BtP = BP/RT = (14.0 cm?/mol) x 

(750/760)atm/ (82.06 cm?-atm/mol-K) (298.1 K) = 0.00056, 

and 6 = 1.00056,. f£ = oP = 1.00056, bar. (b) The half- 

reaction is H, + 2H* + 2e and the error in & is 
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(RT/nF) 1n £(H,) “ (RT/n #) 1n P(H,) = (RT/n}¥) ln (£/P) = 
(RT/nF) 1n¢ = ((8.3145 J/mol-K) (298.15 K)/2(96485 C/mol)]} x 

0.00056, = 0.0000073 V. 

14,12 Equation (14.39) shows that € depends only on the 

chemical potentials Uy of the species involved in the 

cell's chemical reaction, so E must be independent of 

what metals are used for the terminals. 

14,13 (a) Doubled; (b) squared; (c) doubled, since ln Q? 

= 2 ln Q; (d) unchanged. 

14.14 (a) Equation (14.21) applied to Cu 2 Cu2*(aq) + 

2e (Cu) gives D + 2 - Substitution ou = Yoy2+(aq) (cu) 
of (14.19) for nw of each species gives Theos WatCEa * 

2F (aq. cus0,) + 2[ue-(q4) F'g(cu)] and g(Cu) - 

re + 216- (qu) /2%- (b) By 

analogy to the result of (a), we have @(Zn) - @(aq. ZnSO, ) 

$(aq. CuSO, ) = CY g,24+( aq) ae 

- LY 742+( aq) ee 2ue- (zn) /27- eS aah = 
e (Zn), Eqs. (14.21) and (14.19) give te=(cu') = Me-(zn)? 

= i) ps a Z, d ' = Be oan) Fer F g(2n), and 6(cu') 

O20) = 1h (a1) - teat oele (d) Substitution in 

(14.25) and use of 5 = ¢(aq. Cuso, ) - (aq. ZnSO, ) 

gives 6 = LY 62+( aq) Eolas + 2u = (ouy /2¥ + oe 

sleet any? Bont 2he-(y ny 25 + ee ancy 

oF = E, *, (8 627 (aq) + Lon 7 Hon? * (aq) - bo /2Fs since 

(See. 14,3). Substitution of p, = ne + 
He-(cu) ~ Ye-(cut) i 
RT ln ay for each species gives la = oe + 
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) STi we tae Ws Cb Oa2+ (aq) sal Be Une * (aq) u2 )/2% + (RT/2#) x 

yi = a = (ln a hates + 1n oh ln arnet any Liisa) Se 

- aG°/2F = (RT/2#) In Cy §24( aq) 2cu! 4cu2+(aq)2znJ> 

which is (14.51), since £° = -aG?/27. 

ii 14.15 (a) AGS ,./ (kJ/mol) (34, Wise OLOY =a (65a 
298 

- 2(0) = «205.9. aG® = 

= -2.06 x 10° J/mol, ge -aG?/nF = (2.06 x 10° J/mol)/ 

6(96485 C/mol) = 0.356 V. (b) The left half-reaction must 

be an oxidation and is Fe — Fe? + 3e 3; the right half- 

reaction is ety + 2e + Cu. Then E° = gE. - & = 

0.34 v - (-0.04 v) = 0.38 V. 

° 

14.16 (a) At 25°c, € °=-1.978 v = ee - Ge = 

eannesran Seen a Guan - 0,268 V and 

Gnonesuch= “1+710 V. (b) Use of &° = GE. - & gives 

at 43°C: -0.80 V= Goes: ~ Scatome and 1-70 v= 

one ¥ cates: Addition of these equations gives 

ea oh Seer eat e Gs cheener For the cell 

nonpareil | nonesuch, &° = Cosa - © Gent = 

-0.90 Vv 

ei eee cas i cx = 10,222 4 = 0 = Os229NVA We dace 
G= G - (rt/n¥) inQ so ing = (n¥/RT)(E° - &). 

We shall write the cell reaction using the smallest inte- 

gers as coefficients, as in Eq. (14.34), (a) InQ = 

2(96485 C/mol)(0.222 v + 1.00 v)/(8.314 J/mol-K)(298.1 kK) 
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4 
= 95.1 and Q Be Zax O Z (b) With E = 1.00 V, we get 

27 
In Q = -60.6 and Q =5x 10 

14.18 The emf is given by Eq. (14.45) and the following 

Paragraph as e = &° + (Rt/297) 1n [P(H,)/P°], where 

a(H*)a(C17) = a(HCl) = 1, We have In [P(H,)/P°] 

Og pety(G - & )'= (77.85 Vv j\(E = 01222 ve (a) 

In [P(H,)/P°] = (77.85 v7')(-0,500 v - 0,222 v) 

4x 10729 atm. (b) In (PCH, )/P?] 

56.2, 

and P(H,) 21)..6 
4 

and PCH, ) = 265 x G2 atm. (This answer is only approxi- 

mate, since at this high pressure we should use the fugac- 

ity, rather’than the pressure, of H,.) 

14.19 (a) The left half-reaction is an oxidation, so the 

half-reactions are re** ~ Fe>* +e and I, + 26> tans? Tea 

Multiplying the left half-reaction by 2 and adding it to 

2+ st 
> the right one, we get as the cell reaction: 2Fe I, 

2res* + 217, (b) & = Eo'- &) = 0.536 v- 0.771 v= 

-0.235 v. & = &° ~ (Rt/nF) ing = -0.235 V 

- [(8.314 J/mol-K) (298.1 K)/2(96485 C/mol)] x 

in [(1.20)7(0,100)7/(2.00)71] = -0.163 v. (¢) & = 

Op - a <a. (8G bp < o, and the left-hand terminal is at 

the higher potential. (d) The negative value of & indi- 

cates that the spontaneous cell reaction is in a direction 

opposite tothat written in (a). Hence the half-reaction 

ad +e o re** occurs spontaneously in the left half- 

cell. Electrons therefore flow into the left terminal from 
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the load, 

14.20 (a) The left half-reaction is an oxidation, so 

Cu = cu’* + ee 

2e7 + Hg,S0, (s) ~ 2He + sO, 

ee 

Cu + peek BPG aes Oe SO, 

(b)eG - 6 «0.613 ¥/- 0,340 ¥= 0.273 Vv. Equation 

(14.46) gives peaMers = (ym, /m?y* e [0.043(1.00)]* 

0.00185. The activities of the solids are 1 and & = 

0.273 Vv - (RT/2#) 1n 0.00185 = 0.354 v. (¢) With y, = 1, 
°) 

we would get G& = & = 0.273 v. 

14,2] The cell reaction is Zn + 2AgCl(c) 2 once + 2Ag + 

cl” and & = 0.222 v - (-0.763 v) = 0.985 V. Using Eq. 

(14.46), we have & = &° - (Rt/2H) 1m [a(zn2*)a(c17)7] 
= €° - (Rt/2%) In [4(0.0100y,)*] = 0,985 v 

- [ (8.314 J/mol-K)(298.15 K)/2(96485 C/mol)] x 

In [4(0.0100)°(0,708)°] = 1.158 v. 

14.22 Addition of (1) Cro’ we > Cr-* and (2) ceo ote 

2e + Cr gives (3) cr3?* 4 3e + Cr. Hence AGS = AG “ AG3, 

which becomes ae te = as cent - no FE 5: so oe = 

(nj G5 + ny &5)/ng = (1(-0.424 v) + 2(-0.90 V)1/3 = -0.74 V. 

14.23 €= € - (rt/nf) ln-fa(zn-*¥/alCa* \ieinemzace 4 
solution has I_/m° = $[27(0.002) + 27(0.002)] = 0.00800 

and the Davies equation gives log y(Zn**) = -0.163, y(Zn**) 
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= 0.68%. Also, I,/m° = 0.00400 for CuS0,(aq); log y(Cu2*) = 
-0.119; y(Cu2*) = 0.76). Use of a, 

2+ ea aCanaae= 0.68,(0.00200) = 0.00138 and a(Cu2*) = 0.00076,. 

So & = 0.340 V - (-0.763 V) - (RT/27) In (0.001 38/0.00076,) 

= 1.095 V. 

= Y;m, /m° gives 

14,24 (a) The half-reactions are Ag Agt(0.01m”) +e and 

Ag*(0.05m°) +e - Ag. The cell reaction is Agt(0.05m°) = 

Ag*(0.01m°). We have E- = ee - ee = 0, Then E = 

0 - (RT/F) in [yy 100-01)/y, (0.05) ] = 

-(0,.02569 V)[-1.6094 + In ye wee 2) = 0,04135 Vv 
> 9 

- (0.02569 v) 1n (vy 1/ V4 R)> We have i = 0.0100 mol/kg 
L 9 

and I, “ee 0.0500 mol/kg. The Davies equation for Ag* 
>] 

gives log Oy Ea tec and YeoL = 0.902: also, log t+ R = 

-0,0855, and y, » = 0.821. Hence & = 0.04135 v 
b 

- (0.02569 Vv) In (0,902/0.821) = 0.0389 v. (b) & = 

be - , > 0, so bp > b- (c) The electrons flow from low 

to high potential and hence flow into the right terminal. 

14.25 (a) Pt | Ag| AgCl(c) | KCl(aq) | Hg,Cl, (ce) | He | Pt'. 

1 (B) Pe] H, | H,SO, (aq) | Hg,S0, (e) | He | Pt' (or we can use 

a Pb | PbSO, half-cell). 

14,26 Equation (14.60) gives & = 

-[ (8.314 J/mol-K)(358.1 K)/2(96485 C/mol)] 1n (2521/666) 

= 0e0205 V. 

1aelee ort! | Hy | HCl( aq) | Cl, | Pe, 
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Pt | H, | HCl1(aq) | AgCl(c) | Ag | Pt', 

Pt | H, | HCL(aq) | Hg,Cl,(¢c) | He | Pt’, 

Pt | Ag | AgCl(c) | HC1(aq) | Hg,Cl,(e) | He | Pt’. 

14.28 (a) [Ag + Cl” + AgCl(s) + e7] x 2 

Hg,Cl,(s) + 2e + 2He + 2Cl~ 

2Ag + Hg,Cl,(s) ~ AgCl(s) + 2Hg 

(ob) & = & - (at/297) 1n [a(agcl)a”(Hg)/a’ (Ag) a(Hg, Cl, )] 
= ee since the activities of the solids can be taken as 

1.80 E= & = €)- & = 0,2680v- 0,2221 v= 0,0459 v, 

(c) & = E = 0.0459 Vv. (d) Since Z = ee we have 

aG/at = a& /at. So as? = n#(a&"/at) , = 

2(96485 C/mol)(0.000338 V/K) = 65.2 J/mol-K. aAG° = 

-nF & = -2(96485 C/mol)(0.0459 v)= -8860 J/mol. AH® = 

AG° + T AS°® = -8860 J/mol + (298.1 K)(65.2 J/mol-K) = 

10.6 kJ/mol. 

14,29 ¢ = Eo : g- = 0--(-0.01 ¥) = “OloT Vo ne 

=n’ 6° = -RT In K® and in K®° = nA 6G /er = 

2(96485 C/mol)(0.01 v)/(8.314 J/mol-K)(298.1 K) = 0.8. 

Roe 2% 

14,30 (a) For the reaction 2Na* + H, + 2Na + 2H", we have 
2 

GrisenGa' ib =--24 71420 = 2 2e7 1h een neo ee 298 R L : “ai 298 
nF 6° = -2(96485 C/mol)(-2.714 V) = 5,.237x 10° J/mol = 

’ ° + ° ab as 2(0) + 2(0) -20Ge 993 (Na ) - 2(0) and AGe 998(Na = 
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5 -2.619 x 10° J/mol = ~261,9 kJ/mol. (b) For the reaction 
- + 2Cl + 2H = Cl, + H,, we have cee = 0 - (1.358 Vv) = 

-1.358 V. Then AG5 99 = -2(96485 C/mol) (-1.358 V) = 

2,621 x 10° J/mol = 0 +0 - 2aG? jo9(cl7) - 2(0) and 
9 3 ee. 5 AGe o98(Cl yee SI SiOx 10 /3/mol = -137.0 ki/mol. (ce) 

For the reaction ere + H, - Cu + 2H”, Corrs = 0.340 y- 0 

= 0,340 V and AG5gg = -2(96485 C/mol)(0.340 v) = -6.56 x 10° 
= B ° 2+ ° 2+, _ J/mol O + 2(0) AGe 993(Cu ) - O and AGe p93(Cu yc 

6.56 x 107 J/mol = 65.6 kJ/mol. 

147317626 =+ PbI,(c) + Pb + 2I (aq) 

Fi Pb > Pb- *(aq) + 2e° 

PbI,(c) + Pb**(aq) + 217 (aq) 
° to] 

© o=)-0.365 V - (-0.125 ¥). = —0.240 V. AG? = -n fis, 7= 

-2(96485 C/mol)(-0.240 V) = 4.63 x 104 g/mol. 1n Ol 

-AG°/RT = ~(46300 J/mol)/(8.314 J/mol-K) (298.1 K) = 

-9 é ° = ’ -18.68- and Kp = 7.4 x 10 ~. 

14,32 (a) The half-reactions are Fe -— Fe*t + 2e” and 

3+ 
Pty) The cell reaction is Fe + 2Fe° = 2(Fe°t +e - Fe 

2+ Gh ree > 
3Fe"'. (b) AG = on = -2(96485 C/mol) x 

[0.771 V= (-0.440 v)] = -2.33, x 10° J/mol. as® = 

nF (a€, /aT), = 2(96485 C/mol)(0.00114 V/K) = 220 J/mol-K. 

AH =/AG?) + T4A5"'= -2.335 x 10° I/mol + 

(298.1 K)(220 J/mol-K) = -1.68 x 10° J/mol. 

° 
Qo 

14,33 (a) & = 1.358 V - 1.065 Vv = 0,293 V. ac? = 

-2(96485 C/mo1)(0.293 Vv) = -56500 J/mol. in K° = -aG°/RT 
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= (56500 J/mol)/(8.314 J/mol-K)(298.1 K) = 22.8 and Ka 

8 x 10°. (b) E&- = 0.293 v, n= 1, and AG° = -28300 

4 

J/mol, In K° = 11.4, and K° = 9.9 x 10. (¢) The half- 
0 

reactions are 2(Ag + Cl” + AgCl +e”) and Cl, + 2a eC lee 

C° = 1.358 v - 0,222 v= 1.136 V. AG® = -2(96485 C/mol) » 

(1.136 Vv) = -2.192%10° J/mol. In K°=88.4, and K° = 2.,% 
: 5 

oa (d) This is the reverse of (c), so AG’ = 2.19,x 10 

ed Lars es fiiplre, J/mol and K® = (2,5 x 10 6 (e) The 

half-reactions are 2(Fe** ~ Fe? +e ) and ret + 2e7 — 

Fe, & = -0.440V - 0.771. V = 21.211 ¥i2%4c* = 2533 Sex 
41 

10° o/mO eine Ke -94,27 and Re = er 10m 

14.34 Equations (14.65) and (14.66) give at 10°C: §° = 

0.23643 v - (4.8621 x 10°* v/K)(10 X&) 

~ (3.4205 x 107° y/x2)(10 x)? + (5.869x107” v/K-)(10 K)> 

= 0.23123 V. Then aG® = -2(96485 C/mol)(0.23123 V) = 

-4,.4621 x 107 J/mol., Equation (14.67) gives at 10°C: as° 

= 2(96485 C/mol)[-4.8621 x 107" V/K + 

2(-3.4205x 107° v/K2)(10 K) + 3(5.869x107” v/K>)(10 K)7] 

= -106.69 J/mol-K, Then AH® = AG® + T AS? = 

EG 4621 <xp10" J/mol 4+1(283405 BOC foRn ed amore ee 

-7.4830 x 10% J3/mol. From (14.64) and (14.65), ace = 

2Ft[2c + 6d(T - T))] = 2(96485 C/mol)(283.15 K) x 

[2(-3.4205 x 107° v/K*) + 6(5.869 x 107? v/K?)(10 K)] 
= -354.55 J/mol-K,. 

14,35 For the cell Ag| Ag? !17| Agi(c)| Ag, we have the half- 
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reactions Ag — Agt +e” and Agi(c) +e” + Ag + I7; the > 

cell reaction is Agl(c) + Ag’ + 17, Equation (14.68) gives 

&° = RT ln Ko, /nF = (8.314 J/mol-K)(298.1 K) x 
In (8.2 x 107!7) /(96485 C/mol) = -0,951 v = 6. - 6 = L 
EG. PEO i998 wo) dence E = -0,152 Vv. 

14.36 The half-reactions are Hy - 2H* + 2e and 

2(AgBr + e© 7 Ag + Br). The cell reaction is H, + 2AgBr 2 

2H* + 2Br” + 2Ag. E° = 0.071 V. Equation (14.46) gives 

& = 6° - (Rt/2H) 1m (a(nt)*a(Be7)?/[P(H, )/P°]) = 
&° - (r/F) 1n [a(H* )a(Br7)] = E- - (RT/F) x 

ln (y,m,/m?)*. Hence 0.200 Vv = 0.071 V - 

[2(8.314 J/mol-K) (298.15 K)/(96485 C/mol)] In (0.100y,). 

We get lin (0.100y, ) = -2.51, and yous Ossi, 
1 

14,37 As in Prob. 14.30b, we find AG-(Cl”) = -131.0 kJ/ 

mol, Since »°(HCL) = n°(H) + u°(Cl”) [see Eq. (10.44) ] 

and ac? (H") = 0, we have AGeLHCL(aq) J = -131.0 kJ/mol. 

14.38 (a) The half-reactions are H, = 2H* + 2e7 and 
2 

2[AgCl(c) + e + Ag + Cl” |, The cell reaction is 

H, + 2AgCl(c) + 2H* + 2cl” + 2Ag. The solids' activities 
2 

can be taken as 1, and E eee Ri oat ax 

In {fa(Ht)]?[a(c17)1°} = &° - (at/#) In [a(H*)a(c17)]. 
Since we are writing H* rather than H, 0", we write the 

water jonization as H,O = H* + OH”. Then Ke = a(H’)a(OH )/ 

a(H,0) and a(H*) = k°a(H,0)/a(OH ). Hence a(H*)a(Cl7) = 
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Ka(H,0)a(Cl”)/a(OH ) = K°a(H,0)y(CL™ )m(C1”)/y(OH )m(OH ). 

Substitution in the above equation for E gives the de- 

sired result. (b) As ieee 0, the y's go to 1 and a(H, 0) 

goes to 1. Hence & - EE - (RT/F) in [Kim(C1~ )/m(OH™ ) J. 

So in K° = (F/rat){G& - E = (Rt/F) in [m(c1~)/m(OH )]}” 

= [(96485 C/mol)/(8.314 J/mol-K)(298.15 K) ](-0.8279 v) = 

~32.22, and K° = 1.01 x 10714, 

— 4,39 (a) The half-reaections are the same as in Prob. 

14.38a and the cell reaction is Ho + 2AeCl(c) > i5e ee 

2Cl + 2Ag. As in Prob. 14,38a, E = &° - (RT/P) x 

in ffaCH)a(Cl7) J. For the ionization HX 2 H* + xX", we have 

K2 = a(H*)a(x")/a(HX) and a(H") = KSa(HX)/a(X"). Hence 

a(H)a(Cl7) = K?a(HX)a(cl”)/a(X7) = 

Ky (HX )m(HX )y(CL™ )m(C1™ )/y(X™ )m(X" )m®. Substitution in the 

above equation for & gives the desired result. (b) As 

I - 0, the y's + 1 and we get ln Ke = 

(F/RT)( E° - & - (R/F) in [m(C1™ )m(HX)/m(X™ )m? J} = 
[ (96485 C/mol)/(8.314 J/mol-K)(298.15 K) ](-0.2814 v) = 

-10,953 and Ki = 1.75 x 10s, 

2+ 2+ Se 
14240. Sn -+-Pb.) Sn. +5 Pb, = -0,125 V + 0.136 V = 

0.011 v. In K° = nWG°/rer = 2(96485 C/mol)(0.011 v)/ 
(8.314 J/mol-K)(298 K) = 0.86 and K° = 2.4. The solids! 

activities can be taken as 1, so 2.4 = a(sn°*)/a(Pb2*) ~ 

m(Sn?*)/m(Pb2*) = 2/(0.1 - z). We find z = 0,070, Hence 
9 

m(Sn**) = 0.07 mol/kg and m(Pb2*) = 0,03 mol/ke. The so- 
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lution is reasonably dilute, so we expect the activity 

coefficients to be determined mainly by the ionic 

strength. Hence y(Pb2*) r~) y(Sn**) and the activity coef- 

ficients cancel in the expression for Kr 

14.41 &, = 612 mv and €. = 741 mV. Equation (14.73) 
gives pH(X) = 6.86 +[(612 - 741)107? v](96485 C/mol)/ 
(8.314 J/mol-K)(298.1 K)2.3026 = 4.68. 

14.42 In Eq. (14.78), we take y* ,w yP | 
Na Na 

ic strengths of the two solutions are equal. Then ge - g@ 

[ (8.314 J/mol-K)(298.1 K)/(96485 C/mol)] 1n 0.100/0.150 

-0.0104 V, where 8 is the NaNO, -KNO, solution, 

» Since the ion- 

Pee ead oend 6 = p/de= (3e572x 107 Cc m)/ 

aera on) = 975-50 107 --C.5 b/e = 

(orgs « 107-- c)/(1.60 x. 107)? c)-= 0.172. 

14.44 (a) l/r, - l/r, = (ry Pe 

(r, - ri )(r, + r,)/r jr (r, + r,) = (x, = Bs )/ 

ryt(ry * ro). 

(b) For r >> d, we have r, * r, ¥ x4, 
2 

and I/r, - l/r, ms oe - AAS The law of cosines for 

2 
triangle PAC gives nae = ae +d - arid cos 9, (Because 

r >> d, angle PAC is very nearly equal to angle PBC.) 

james = Cw 

Then r 2 = 2rd cos 6 - d“~ = d(2r, cos 86 d) x 

(Q/r,, 0) ts oe 

2 3 
Q(2rd cos 0)/22” (4n€,) = (p cos @)/4néor » since p = Qd. 

2 
ena 

2rd cos @, since d <<r,. (c) 9 
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2 D2 ned 
14,45 (a) di a F dr = - (2, 9,/41€ 5) Si r dr = 

=(Q,Q)/4néo)(/x, = I/e5) = 

1g 

s) 

| = 2, OSexe Gs 
(1v602'e 10° - oh 1 1 

1On2 m 1078 m 4n(8.854 x 10714 ¢2/Nem*) 

(b) From Eq. (14.89), we include a factor 1/é > where 

(See, 10.6) € = 78.40; so w = (2,08 x 107!” 53/78. 40'= 

2.65 x 10°77" ale 

14.46 p = 0 for CCl, and Eq. (14.87) gives 
4 

0815308 ey mol 62022 310° mote 

4.24 1.59 s/em>  3(8,854 x 107!2 ¢2/nem2) 

35 2 
om? =C2/Nem = 1,25 x 10 -m/N. 

nae Osan NY 248854 x pee c*/N-m2) 

and a = 1.25 x 10° 7 o? 

a/4r€, = (1525) x10 

= 29 <3 
m 0 Shey Ges 

14,47 (a) p = O for CH). Also, PV = (m/M)RT and M/p = 

RT/P. Equation (14.87) gives 

0.00094 (82.06 x 107° m>-atm/mol-K)(273.1 K) 

3,001 1.00 atm 

bc022¢= 1O- nel 

3(8.854 x 107!2 c2/Nem2) 

eIGhe ie catee ree 

(3,10 x 10779 ¢2 

m. Also, a/4tr€, = 

~m/N)/40(8.854 x 107!2 ¢2/nem?) = 

2.78 x 10729 m> = 2.78 2, (pb) €. +23. M/p = RI/P. 
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p = 0. Equation (14.87) gives es -l= PN ,a/RTE, = 

4nPN Ca/4n€5)/RT = 47(10.0 atm)(6.022 x 1027 mo17!) x 

(2378 x 10779 m°)/ (82,06 x 107° > -atm/mol=K)(373.1 K) = 
0,0068_ and €. = 1,0068,. 

14.48 Equation (14.87) applies. We plot 

Mp (Ee, - 1)/(€, + 2) vs. 1/T. Noting that M/P = RT/P 

for a gas, we have 

Seed | 
10 MP Cee 1)7(6 +2) is Vb aah pn A 9.00, 4,67 ~ 4.37 

5 
10) 7 (T/K) 2rOO2. 32350" 2249-5 22066" 12916 

where the units of the first line are memele The plot is 

reasonably linear with slope 0,0210 ae Riaod = N,p'/9€oK. 

nen) sen er 

So p2 = (0.0210 m°-K/mo1)9(8.854 x 10 

(1.381 x 10722 3/K)/(6.022 x 107° 

ae a and p = 6.19 x 10730 Cm. The intercept is 

59 

3.2 x 1076 m?/mol = N,a/3€,, and 

12 c2/ Nem?) (3.2 x 107° Ea) Be aSee 10) 

6.022 x 10° mol? 

1.4 x 10740 Ct m/n a 

[Using Eqs. (20.2) and (20.3), one finds that the dipole 

moment is 1.86 D. Also, one finds a/An€ = 1.3 x fOr mn 

= cy ea 

14.49 (a) CSe because of a greater @; (b) n-C, )H55; 
26 

(c) o-dichlorobenzene, because of a greater p. 
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14.50 (a) Let f = (e.. = 1) /Cemr2). df/de, = 1/(e, + 2) - 

2 2 
Cereoe LAtce ss 21) = ((e. + 2) = Cerri) B/C FZ) = 

3/(€+2)* > 0. (b) We have 1 ses Since df/de, > 0 

for all a, the minimum value of f is at the minimum val- 

ue of ei at eae ily, Te = 0. As eed, f approaches 

its maximum possible value, which is 1. 

+, _ int > Sa 
14, 51 Let P(K') = Pye Then ¢ - @ 

P10 + 0.04P,,460 + 0.5P,,40 

0.02569 V In 
P410 + 0.04P,.49 + 0. 5P,540 

= (0.02569 V) In (48.4/682) = -0.068 V = -68 mV 

14,52 The half-reactions are Ag + Cl1~(0.0100m°) + AgCl + 

e” and AgCl +e - Ag + Cl” (0.100m°). Equation (14.51) 

gives G = &, +0 - (R1/F) in (0,100y_ ,/0.0100y__). : e 
b 

We have Le eae 0.100 mol/kg and the Davies equation for 
R b 

Cl gives log y = -0.107, and y = 0.781. Similarly, -,R Zz =, 

Y_ = 0.902, Then & = -0.038 v 
“9 

- [(8.314 J/mol-K)(298.15 K)/(96485 C/mol)] 1n 8.66 = 

=Os095° V. 

14,53 I = 0.100 mol/kg. The Davies equation for H* gives 

log y, = -9.107, and ere 0.781. Then a(H*) = 

(0.781 )(0.100) = 0.0781 and -log a(Ht) = 1.10.. 

° o _ 2 pee Kee ULaacags /a(Cu°*))/(ta,(ag*) 17/a, (cx2*) ) 
=0(0997)"/0,997 = 00997 hee Su prarieae -nF€ ° ana 
E = (RT/n¥) in K*, so Cio nee a = (RT ne) (in ks 

m 
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IneKe} 5 = -(RT/n}) In (K°/K* ) = -(RT/2¥) 1n 0.997 = 

0.000039 V = 0.039 mV, which is insignificant. 

14.55 (a) C; (b) m; (c) N/C = V/m; (a) V; (e)aV;, (£). Com; 
(g) dimensionless; (h) J/mol. 

14.56 If the left and right electrodes are at different 

temperatures, the emf is nonzero. 
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CHAPTER 15 

15.1 (a) EL = 3nRT = 1.5(1.00 mol)(8.314 J/mol-K)(298 XK) 

= 3720 J = 889 cal. (b) 3720 J. (ce) (0.470 g)/ 

(16.0 g/mol) = 0.0293 mol and anRT = 109. J; 

15.2 (a) <€, >= 3kT=1.5(1.381 x 1077? 3/K)(571.1 K) = ; | 
[el OrxelOreoug.. (by 1218) x0 105 as 

News) <€,, (1, )e/<€, (1, > = (3kT,/2)/(3kT, /2) = 7 

Gist &)/(273618k) = 1.366. 
Zeek 

15.4 y = C./C, = (5nR/2)/(3nR/2) = 5/3 = 1.6667. 

15.5 een (3RT/M)®, To) Vems (NO)/V_., (He) = (M/My)? 

= (4,0026/20.179)® = 0.4454, 

e 5 ks . 
DS, Oe CORTE anti = Ole) and Ty, = 

(M, /M. )T. = (2.016/32.00)(293.1 K) = 18.5 K. 
"Hy! MOy” "Op 

ibayie, oF snRT : 5 PV = ie 5(1200) at y(o0 10 ag ee 

(8.314 3)/ (82.06 em? atm) = 1.3, x 10” J. The answer is 

the same for 40°C, 

15.8 (a) m/k = Nym/N,k = M/R. The interval is small 

enough to be considered "infinitesimal" and Eq. (15.44) 
2 

gives dN = an N(M/2nRT) 3! Ze" MV /2RT v? dv = 

3/2 0.0320 k ol 
Tho CASS $2 18) g/m 

) 27(8.314 3J/mol-K)( 300 K 
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(0.0320 ke/mol)(500 m/s)2 : 
SSD i se See 000 m/s),(0,001 m/s) 

2(8.314 J/mol-K)(300 K) 

$ tei x 1018 (b) Considering the interval as infinitesi- 

mal and using (15.42) with x replaced by z, we have dN, 

4; 2 y = N(M/2nRT) exp (-Mv_ /2RT) dv, = 

(6.02 x 1027)[0.0320 kg/mol/2n(8.314 J/mol-K) (300 xy? x 

exp[-(0.0320 kg/mol)( 150 m/s)*/2(8.314 J/mol-K)(300 K)] x 

(0.001 m/s) = 7.45510". The fraction of molecules 

with x and z velocity components simultaneously in the 

ranges v, to -v_l + dv, and pe LOuy. st fdy sis g(v )gl(v_) x 
Xx Zz Zz 

dv. dv. = (dN. /N) (aN, /N) and the number of such mole- 
x Zz 

cules is (dN. /N) (aN, /N)N = ye . From parte (by), 

* pe Ye dN, = GN, = 7.45 x 10° and dN, aN, /N = 
23 x Zz “e 47.2 11 pas e108) “/ (65022 * 10°") = 49 222%O10'-2. 

15.9 This probability equals dN,,/N = 4n(M/2nRrT) 3/2 x 
By = ’ 

en MV"/2RT 2 ay = an (0.0160 kg/mol)/2n(8.314 J/mol-K) (300 K)}2/2 x 

exp[-(0.0160 kg/mol) (400 m/s)*/2(8.314 J/mol-K)(300 K)] x 

Pedom(si-(0.001 mfsy =1.24* 10°. 

15.10(a) Equation (15.44) gives CaN UL CaN SAN) = 

9 nmiv/ 27 9 -mv’s /2KT 

WAS vie = (va/vp) exp [Mv - v5 )/2RT] = 

500° (0.0320 kg/mol)(15002 - 500°)m2/s- 
ex = 45000 

15002 2(8.314 J/mol-K)(298.1 K) 
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(b) From (15.44), (m/2nkT)?/? exp (-mv{/2kT) any? = 
1 

(m/2nkT)2/2 exp (-mv5 /2KT) anv, and expLm(vs - vi )/2KT] = 

voli Taking logs, we have m(v5 ~ v2)/2kT = 2 1n (vy/v,) 

enoe tae MWS ~v2)/4R In (v9/v,) = (0.0320 ke/mol) x 

(15007 = 5002)(m/s)2/ 4(8.314 J/mol-K) 1n3.00 = 1750 K. 

eld) <e@e) + tom = La [£,(w) + £,(w)]g(w) dw = : l re a aaa ee ee 
WwW W 
max max ul 

re f, (w)s(w) dw ou ate f, (w)g(w) dw = <f,(w)> + 

<f,(w)>. 

15,12 The fraction of molecules with x and y velocity 

components simultaneously in the ranges Vie to we + dv, 

and to v_ +dv_ is Vv Vv dv dv = v, tov, + dv, is g(v,)a(v,) dv, dv, 
(m/2vkT) exp (-mv2/2kT) dv, dv. where v2 = ve * Se Mol- 

ecules with speeds lying between v and v +# dv have their 

velocity vectors lying within a thin annulus (ring) of 

inner radius v and outer radius v + dv. The area of this 

2 = 2nv dv, where the (dv)? annulus is n(v + dv)? - 1V 

term is negligible. The probability that v lies in this 

annulus is the following sum over the annulus: 

py (n/2mep)enBV /2KT dv. dv, = (af2menyer®™ LZ ons dv) = 

(m/kT)e7™V /2KT y dv, and this is the desired probability. 

15.13 (a) Since the integrand has the same value at -x as 

at +x, the areas on each side of the origin are equal, and 

the integral from -~ to 0 equals the integral from 0 to », 
a 

(b) For very small x, e°“™ # 1 and the graph resembles 

220 



thatiof y = x, For large x, the exponential factor domi- 

nates the factor x and the function goes to 0. The graph 

resembles the v = 1 graph in Fig. 18.12. The area on the 

left side of the origin is negative and exactly cancels 

the area on the right side of the Origin, 

2 
15,14 (a) Let z= ax’, Then dz = 2ax dx and i xe" ax 

= G/2ayf et? az : “(1/2a)e"? _ = “(1/2a)(0 = 1) = 1/2a, 
(b) (3/aa) Jr xe"?® ax = 4 (a/aa)xe ™ dx = 

e dx = (3/d3a)(1/2a) = Py ee and i. xe XK ax 

= Via: Similarly, (a3/aa) hy de dx = a er dx 

= (a/aa)(1/2a2) = = As and J x eT ax = lfa 

boys Ca} Veme = (3RT/M)® = 

[3(8.314 x 107 ergs/mol-K)(500 K)/(44.01 g/mol)]® = 

aoe x 10% cm/s. (b) <v> = (8/30)%v_ = 4,90 x 10° em/s. 

Z % - 4 (c) Batre (2/3) a 4035. x 10 — "cm/s. 

15.16 act) /4y = (m/2nkt) 2/2 x , 
2 

[8rve™™V /2KT | Aw? (mv /kT )e7=¥ (2K | The equation 

3 af A dG(v)/dv = 0 gives see = 4nmv ip / KT and “pegs (2kT/m)“) = 

(2RT/M)*. (v = 0 and v = ~ also satisfy G' = 0 but these 

are minima. ) 

3 2 0 4 omy 

Nya We <v2> = f v-G(v) dv = lar (m/ 2k) 2 h Vv cro /2kT dv 

= bm (m/2nkT)3/2 (240 2/29+2)(2kT/m)2/2 = 3KT/m = 3RT/M, 

where integral 3 (with n = 2) of Table 15.1 was used. 
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32 2 
p18 <v>> = ie weaeo) dv = Aan (m/2nkT)< igh ye mv /2kT dv 

= dm (m/2nkT)2/2(2/2)(2eT/m)> = 27/2 (et/m)3/2/ m2 = 

9712 (pp p32 7%, We have ey><vis = (8RT/ nM) 2(3RT/M) = 

3(29/2) (pp/my3/2/ 2 # eve>, 

15.19 (a) av == fv aly) dv = (mn/ 2nkT)® x 

at -nv2/2K1 7 
Sf ove dv, = 0, where integral 4 of Table 1571 

was used, From Fig. 15.5, ve is as likely to be negative 

as positive, so aed 0. (b) In calculating <v,>, we 

average positive and negative values of ¥e and get zero, 

In calculating Se all the ve values are nonnegative, 

and we must get Soe to be positive. 

Po 20 <vi> = ie Vv eo, ) dv, = 

Oe -mv 2) Der 
2(m/2nkT) Jy Me 46 dv. Integral 3 with n = 2 in 

Table 15.1 gives <v'> = 2 (m/ 2nkT)% (240 2/22°2)(2kT/m)2/2 = 

3(kT/m)* = 3(RT/M)2. 

15,21 Differentiation of the distribution function in Eq. 

(15.52) with poe ca eS a gives 

anes kT & -€,_/KT 
20 (kT) ~ (1/KT)E, e tr] = 0 and 

tr,mp c tr>/ 

15.22 (a) (2m)?1(u) = ie SE ie 

fo [1 - 89/2 + (1/2!)84/4 - (1/31)s6/8 + +++] as = 
we ue/6 4 u"/40 - u//336 4. (neon Toa ee 
0.30 (0730) /6 + (0,30)? /40' = (0.30) eee 

0.2956 and 1(0,30) = 0.118, 
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L) 

15.23 (a) The desired probability is is G(v) dv = 
, 2 

(m/2nkt)>/? iM eas [2KT), 2 dva= (4/n8v> ) x 

2 v' -(v/v 
Jp, e mp) v2 dv = (4/nPv> 2 p)B» where ye = (2kT/m)® and 

fT. vy! -(v/v,, 2 y) 
B= Sy P' v* dv. The integration-by-parts formula 

-(v/v 
is [fx dy = xy - fy tes Let x = v and dy =e ‘ ; mp? v dv. 

-(v/v 2 v! 
Then y = -hv" oe (WIV ap) md p = Says (v/ Vip) sag 

m 
' ae ne 

ave Ie MP dv. .Let s’ = Pegi . Then B = 

2 4s 9 
2 NL SD a 2 ee Bee) -3 : 

ave : + ae 4 e sea dcu= 

-(v'/v__) = 
~bv" vie ( _ mp + veo 3/2 ony ¥1(2%y" Ss ap and 

v! =) 45 : 9 <5 : he (es a5 
5 GCv) ‘dv = 21(2“v i) mere ANY [ieee A 

(b) The fraction with speed in the range from 0 

to 4,243, is 21(2%#4,243) = 2n7¥(4.243 en (4-243) 

21(6.000) - (7.27 x 107°) = 2(0,4999999990) - (7.271078) 

= 0.9999999253, where the table following Eq. (15.51) was 

used, The fraction with speeds exceeding 4. 243V 5 is 

a6. 99999990053. =. 75 107°,” 

15.24 From Eq. (15.58), 0.872 = Mp, /)* J 

[ (32.0 g/mol )/MJ® and M = 42.1 g/mol. The only hydrocarbon 

with this molar mass is C3H,- 

15.25 (a) Equation (15.58) applies. We have dWN/dt = 

N,(dn/dt) = N,(An / dt) and P = (An / at) (2mMRT)2/A 

[27(44.96 g/mol)(8.314 x 107 ergs/mol-K)(1690 K)]2 
Deere ore ee er Sn x 

1(0.1763/2)2 em? 
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ClOD Six [On g)/(44.96 g/mol) 

(49,5 x 60) s 
x 

, 82.06 em? atm 100 corr 
P = (20,29 dyn/cem*) —————__—_————_-_ ———_ = 0.0152 

8.314 x 107 ergs 1 atm torr 

(b) Equation (15.67) applies. The order of magnitude of d 

is a couple of angstroms, The order of magnitude of i is 

(82 kom: aatm/mol-%)(1690, &) 
hl act ORI A A <a d R  E PAL  O0 

2%n(2 x 1072 em)2(0.015/760) atm(6 x 1022/mo1) 

Since drole = 0.2 em, the condition ) >> drole is met. 

126... Lhe co, partial pressure is 0,00033 atm and Eq. 

(15.56) gives dN /dt = 

(1.0 em2)(0.00033 atm)(6.02 x 10°°/mol) 

4(82.06 em?-atm/mol-K)(298 K) 

8(8.314 x 107 erg/mol-K)(298 K) * 
x 

1(44.0 g/mol) 

=7./ x 1019 g7!, The mass striking the leaf in 1 sec is 

G7 ox 10!7)/(6.0 x 102 moi!) ](44 g/mol) = 5.6 meg. 

15.27 P = (0.010/760) atm (101325 Pa/atm) = 

2.133 N/m. As discussed in the text, we can take the 

evaporation rate as essentially equal to the rate at 

which molecules of vapor in equilibrium with the liquid 

strike the liquid. Equation (15.58) gives 
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dN 
———=a5 oe 

dt [2 (0.3906 ke/mol) ( 8.3145 5 /mol-K)(393 K) TE 

(1.33 N/m) (6.02 x 1023/mo1)(107* m2) 

= 8.9 x 10!7 ao 

| 1 mol 
(8.9 x 1027 ROreonieny the POE no ge oR OES : 

0.58 mg 6.02 x 1027 molecules ! mole 

n5.268 fa) Z(b)b = (2 + 2) Collis ./se-s4 cr 4th). 2 

° cm) = 6% 10° ae) em: 

° cm = 12x 10° =a cme # 

| a e es 
Beigel aati21o S one? =-6x10° s \ cm 3 = Z 

bb ~ 

egrets?) 41/(4.% 107 

— aL aan Np2(b)b/Y call CN be ee ee 8 Wa eR Ig) 

1 
Zups 3N 

HO, 20 "(Aapyiz = 22nd? (eRT/™M, )2PLN,/RT = 225 x 
(b)b 

(3.7107 '° m)*18(8.3145 J/mol-K) (298 K)/m(0.0280 Rormotr le x 

(1.00 atm) (6.02 x 1072/mol) /(82.06 x 107° m?-atm/mol-K) (298 K) = 
9 -1 Re 46% 107 8a" 1B) 0S, 5 = 2NV2 (5) p/V = 22 (ph) pl PNa/RT) = 

2 s~')(1.00 atm) (6.02 x 1077/mol)/ 

(82.06 .cm>-atm/mol-K)(298.K)"= 8.7 * 10°°'s)' cm. (6) 

4(7.1 x10 

1.0 x 107° torr = 1.3 x 107°? atm. Z(b)b is proportional 

is proportional to ee so Zb)b = 

9 # = i 
atm/1 atm) = 9.3 sand Z, = 

to P and Z 

9 

bb 

CTO xX 10 s7!)(1.3°* 5B 9 le 

a oa _a 

pepee 04 fee om) (1 3x 10 2 15x 10" By cm 

ieeo. Letp.= CO- and ¢c = No- Py = 0.97(4.7 torr) x 
2 

(1 atm/760 torr) = 0.0060 atm and P, = 0.00019 atm. (a) 
1 1 1 

From (15.61), Zip) = ana? (RT/M,)2P,N,/RT = 4m? x 
1 

(4.61079 my2[ (8.3145 J/mol-K) (220 K)/(0.044 kg/mol)]? x 
6 

(0.0060 atm) (6.02 x 1022/mol) /(82.06 x 10~° m>-atm/mol-K) (220 K) = 

ila) 



1 ae" 
1 

Ge 1 er ahO VS t pew OD )az 
+ 2 a maw 

(eae = (87) (rp +74,) [RT(M, ails ) Hil awit 

10 2 3 
m)“(RT)* x 

, 

1 
4 . PLN,/RT = (87) (4.1, * 10 

[ (0.044 kg/mol)~! + (0.028 kg/mol) 

7 Tee _ , 4 By ep 546. X 10's. (¢) 2/0), = 479(3.7%10 m)“ x 

1 

}7(0.0060 atm)N,/RT 

1 

[RT/ (0.028 kg/mol)]?(0.00019 atm)N,/RT = 1.6 x 10° s_! 
6 _-1 Tso ee Ziyi Ze\pin aso AO Sh) APSeOe BETA Css arse Soe as 

7 _-1 4 a 2 
LOe sce 231d) Zoo = Nn (pb) c/V = Naz (c)b/Y = Z (c)pPcNa/RT = 

(3.6. * 10’ s~')(0.00019 atm)N,/RT = 3.6 x 4042 5" eae 

pare | ot es 
(e) Zbb Es 2NVZ (pb) p/V = 22 (by pPpNa/RT =°5(6,1* TO2¥a 8 ox 

(0.0060 atm)N,/RT = 6.1 x ae mak meas 
Dies eee 

P N,/RT Se 5 uns xX HO s Ci men z 
1 bb i Zac 4 ate 

24 21 (6.1% 104" + 5x 107! + 3.6% 107°) -s.| cm> = 6.5-% 105 

15.31 (a) A = RT/2?7d*PN, = (82.06 cm?-atm/mol-K) (300 K)/ 

ox any (750/760 Vatm( @2025010-7/aGl Fe eae ae 
6 

Dem (S57 x 100 

ine erie (ip et lace 

(G)s six Hoe cm. 

em) (750/17) Su 402" ems 

15.32 2141 008ft-=0 (14100 £ER(12 inssl eft) ( 2054 -em/nee 

(0.01 m/1 cm) = 4298 m. P = Bren aan =. (760 tern). 

exp[-(0.029 kg/mol)(9.81 m/s*) (4298 m)/(8.3145 J/mol-K) x 

(CZ90RK) aie tre 458etorr. 

15.33 The last equation in the Sec. 15.8 example gives 

12 E 
bot “tops « Prot 

(9.81 m/s7y(30 x 12°x%.2 54 x 1077 m)/(8.314 J/mol-K) (298 K) 

oo) One 10s ati = 0.601 Cares 

Mgz/RT = (1 atm)(0.029 kg/mol) x 
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15.34 P/P) = Bee ero sends A= (etn) aos 

-{ (8.3145 J/mol-K) (250 K)/(0.029 kg/mol)(9.81 m/s*)] 1n0.5 

= 5060 m. 

Net as MA Seco (44) Sy 003 C20 )us 43.5 «P= Pacis cme ‘ 

(4.7 torr) exp [-(0.0435 kg/mol) (3.7 m/s) (40000 m)/ 

(8.314 J/mol-K)(180 K)] = 0.064 torr. 

15,36 (a) For ee 

the rotational contribution fs 3R/2, and the vibrational 

the translational contribution is 3R/2, 

contribution is 2[3(5) - 6]R/2 = 9R, so Ge is predicted 

coa.be:,. 128. C, = C., + R and Ch is predicted to be 13R. 

(b) No; the actual ae is less than 13R at 400 K. (ce) Co 

will reach 13R at high temperatures. 

P37 <p-/2m> = km<v_> = 4m fveetv,) dv, = 

dm (m/2nkT) ® set exp(-mv2/2kT) ve dye= Im (m/2nkT)® x 

2(2'0 2/271!) (2eT/m)>/? 
(with n = 1) of Table 15.1 were used. 

= 4kT,: where integrals 1 and 3 

2 
15.3.0; (a) J" gw) dw =1 = ifs hen /&T dw = 2A(W?/2) x 

(kt/e)* and A = (e/nkT)®, where integrals 1 and 2 in 

Table 15.1 pete used. (b) aE >= a g(w) dw = 

eget ee? er ET a, eats? 1!) (Kt/e)>/? = kT, 

where A = (c/mkT)® and integrals 1 and 3 of Table 15.1 

were used. 

fogs. deer = a ANG yi ee (3kT/m)% = 

r3(1.38 x 10716 oo: R)/(1s0x 107)° g)]2 = 

227 



07035 -em/s: 

2 2 2 2 
15,40 <v°> = 3RT/M and <v>" = 8RT/1™M, so <v > # <v>. 

The possible values of s are l, 2, 3, 4, 5, 6 and 15,41 

the probability of each value is 1/6. Hence <s> = a sp(s) 

= 1(1/6) + 2(1/6) + 3(1/6) + 4(1/6) + 5(1/6) + 6(1/6) = 

21/6 = 3.5, Also, <s"> = 5 pCadoet 1-4/6) 4x2, eis 

37(1/6) + 42(1/6) + 52(1/6) + 62(1/6) = 91/6 = 15.17. 

Lee Et eaye ne ee 

15,42 (a) oe = Bae - <v >? = kT/m - O and o = (xt /m)® 
CR Bailes Sas ve x x vo - e 

(b) <v.> = 0 and od = (eT /m)®, The distribution function 
a 2/2 Z 

| $5 1 WV! 9 
G5 742), ta (20), 0 .€ 

Z 2 

(20) 8g"! fie e Yxliee 

and the desired fraction is 

2 - 
a ot -vi/2¢ 

GVe rae 2(2n) ae 1 pe % dv_ = 
x 

Shee le eens 2 
2(217) *o b e dds = 21(1) = 0.68, where we made 

the substitution s = v/¢ and used Eq. (15.51) and the 

table following it. 

15.43 h(xy) = f(x) + gly). We take CUE e of this equa- 

tion, Let z = xy. The partial derivative of the left side 

is ah(xy)/ax = (dh/dz)(az/ax) = h'(z)y. The partial deriv- 

ative of the right side is df(x)/dx = h'(z)y; we have 

h'(z) = y7af(x)/dx. Similarly, taking (a/ay), of h(xy) = 
f(x) + g(y) gives h'(z) = x7 ag (y)/ay. Hence x7! dgely)/dy 

= y7! df(x)/dx and y[dg(y)/dy] = x[df(x)/dx] =k. By the 

argument that follows Eq. (15.33), k must be a constant, 
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Hence df(x) = (k/x) dx and f(x) = k ln x + a, where a is 

an integration constant. 

15.44 Molecules with v, = b have the tips of their vel- 

ocity vectors lying in the plane AG b. (This plane is 

parallel to the plane formed by the v_ and Ve axes and is 

a distance b from it.) The region corresponding to b s 

vy, = ¢ is the region between the parallel planes at 

v =b andv =e. 
x x 

15.45 (a) 1, since the probability density G(v) satisfies 

ie G(v) dv = 1, Eq. (15.25). (b) A crude approximation 

to the area under the 300 K curve is found by taking the 

area of a triangle with height 2 x 107° s/em (the peak 

of the curve) and base 10° em/s (the width of the region 

for which G(v) has a substantial value). The area of 

this triangle is (10° em/s)(2 x 107° s/em) = 1. 

15.46 (a) H,- The lighter H, molecules move faster, so 

that their average kinetic energy equals that of 0,» 

(b) <€,.7 is the same for both. (c) P = PM/RT is 

greater for O05 because of the greater mass of the 0, mol- 

ecules. (d) From (15.67), \} decreases as the molecular 

diameter increases. 0, {s larger than Ho» sO Ho > Te 

(e) The H, molecules are moving faster and so collide 

more often with the wall. 

T5e 47) ouDpSsta tution Of i= us (T) + RT ln (P,/P°) into 

a a B B 4 ° 10 ° 
= oa GA RT 1 P./P u, + M gz a + M. gz gives Hs ( ) + n ( A jae 

rw 

nee 



B or RT 1n (Po/PE) = 
i 

- 2°) /RT and pe = 

aes 6 B ° M.gz = Ws (T) + RT 1n (P;/P ) + M,Z 

Mig(z" - ZN ir ln (PE 7%) = “Mig (2? 

B O 1 
P, exp [-M.g(z = 32) ) / RE lig 

15.48 (a) False. See Sec. 15.5. (b) True. See Fig. 15.5. 

(c) True. (d) False. See Eq. (15.60). (a) True. (£) True. 

see Eq. (15713). (9) false. 
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CHAPTER 16 

16,1 (a) Equation (16.1) gives |q] = [kA (at/ax)at| = 

(0.80 JI/K-eem-s )(24 ea s)650 K)/(200 em) = 288° 3: 

(b) AS od = O since the rod's state is not changed. The 

temperature of each end of the rod differs only slightly 

from the temperature of the reservoir it is in contact 

with, so we can use dS = dq ey/T = dq/T for each reser- 

S = 

= hot res. + oe olarea™ 

€-268 3)/(925. K)i+ (288. J)/(275. K), = 0.161. 3/K. 

LO.2 Cy = 3rR/2 for this monatomic gas, and Eq. (16.12) 

voir. Therefore AS = 

(8.314 J/mol-K)(273 kK) 

| (0.00400 kg/mol) 

1 

Spa. (9 
— |— + —|(8.314 J/mol-K) 

2 hy 

Ce ee ee ee 
(602 0 Jmol ( 2adi, LOR eC 

0.166 J/K-mes, = 0.00142 J/K-cm-s. At 100°C, k 

1S) Cy + 9R/4 = i - R + 9R/4 = oe + 5R/4 = 

(35.309 J/mol-K) + (5/4)( 8.3145 J/mol-K) = 

45.7 J/mol-K. Then k = (5/16)(45.7 J/mol-K) x 

[(8.314 J/mo1-K)(298 K)/1(0.0160 kg/mol)]® x 

1/(6.02 x 1022 mo17!)¢4.1 x 10719 m)* = 0,031 3/x-s-m = 
25 Bela wake: em7!, where (16.12) was used. 

= 3 
16.4 p= M/V = (18.015 g/mol)/(18.1 em /mol) = 0.995 
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sfem> =°995 ke/m> and k = 2.808.014 0/mol-ky 

[17.99/(17.72)(995 ke/m?)(4.46 x 10719 m2/ny]?/ 

(6 [022% YOo> mole. )- eC apy ems/mol yo ae 
2 1 1 -1  -l 

6.05x 10° JK" antes West se 6.05 mJ K~ cm reas 

16.5 The maximum se for laminar flow is the value that 

k = = ae makes Re = 2000, so pve nee 20007) /pd = 

2000(0.0089 dyn s em72)/(1.00 g/em 41.00 em) = 18 cm/s. 

16.6 (a) (32/760) atm (8.314 x 10’ ergs)/(82.06 em? atm) 

4,26 6 * 10° dyn/eme. Equation (16.17) gives 7) = 

(we */8V)(|aP|/lay] )t = [1(0.100 em) */8(148 com?) ] x 

[(4. 26, x 10° dyn/em2)/(24.0 em) ](120 s) = 

0.0566 dyn em72 s = 5.66 cP. (b) In time t, a volume V 

nr2<d> flows through the pipe of cross-sectional area nr 

where <d> is the average distance travelled by the fluid, 

We have <d> = Svea and ee sets ey pe Cieayie = Vineet 

= (27/87) )|aPl/layl, where Eq. (16.17) was used. So <v > = 

[(0.100 em)*/8(0.0566 dyn cm72 s)](4.26, x 10% dyn/em?)/ 
6 

24.0 ¢ = 39,3 . Then Re = <v_ >d = ( m) : em/s n p “e /7) ; 

(1.35 g/em )(39.3 em/s)(0.200 em)/(0.0566 dyn em ~ s) = 

187 < 2000, so the flow is laminar. 

16.7 (a) From (16.17), cc P,/(¥5 > ¥y) = -(87)/nr*) x 

(v/t) = -8[(0.04 dyn s em”) /n(1.2¢ em)” ](5000 em? )/(60 s) 

= -3.. dyn/em> = -35 Pa/m. (b) Sieh wiht = 

(5000 em?)/n(1.2, em)?(60 s) = 17 cm/s. (c) Re = 
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P<vy>d/7) = (1.0 g/em?)(17 em/s)(2.5 cm)/(0.04 dyn s/em?) 
= 1100 < 2000, so the flow is laminar and use of Eq. 

(16.17) is justified. For a flow rate of 30 L/min, sue" 

and Re are 6 times as large and Re = 6400 > 2000, so the 

aortic flow is turbulent during vigorous activity. 

16.8 PS ; PS {4.00 261.00) atm> = (2.00 atmcjex 

(8.314) 3)*/(82.06x10°° m atm)? = 3.08 x 102° n2/m*, 

Equation (16.18) gives dn/dt = 1(0.000210 m)* x 

(3.08x 10! y2/m+)/[16(0.0000192 Ns/m2)(8.314 J/mol-K) x 

(273 K)(2.20 m) ] = 0.000123mol/s, which is 0.00392 g/s. 

2 

16.9 Ne . ) = (1.002 cP) x =n (p Ee /p 
6414 H20 C6Hy 4 CgHy4 ~H29 H2° 

(0.659 g/cm?)(67.3 s)/(0.998 g/cm?)(136.5 s) = 0.326 cP. 

16.10 (a) The pressures at the left and right ends of C 

2 
exert forces Pts“ and -(P+dP)1s“, respectively, on C. 

The viscous force on C is given by (16.13) as nb(av, /as) 

= (27s dy ) (dv. /ds)- So -(P + aP) 1s + Ps? + n(21s dy) x 

(dv./ds) = 0 and dv /ds = (s/2n)(dP/dy). Integration 

gives ‘y = (s*/4n) (a4P/dy) + c, where c is a constant. Use 

of Vy = 0 at s = r gives c = -(r*/4n) (aP/dy). Therefore 

v= (1/4n) (x2 - s2)(-aP/dy). (b) The volume of fluid in 

the shell that passes a given location in time dt equals 

the volume of a cylindrical shell with length vy(s) dt and 

inner and outer radii s and s+ds; this volume is 

n(s+ds)? -vy(s) dt - ms“v.(s) dt = 2nsv,(s) ds dt, since 
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(as)? is negligible compared with ds. Integration over all 

shells from s = 0 to r gives dV = (5 2usv. (5) ds) dt. 

Substitution of dV = dm/p and Nome (1/4n) (r2 - s*) (-aP/dy) 

23-87) ds = gives dm/dt = (mp/2n)(-dP/dy) ie ¢r 

(tr4/8n)(-dP/dy). Separating P and y and integrating from 

one end to the other, we have “fp! dP = (dm/dt)(8n/mr4p) x 

i) dy, which becomes dm/dt = (mr49/8n)(P, -P,)/(y2-¥,)- 

We have dm/dt = d(pv)/dt = p dv/dt = pV/t, since the flow 

rate is constant with time. Hence (16.17) follows. (c) 

Substitution of 9 = PM/RT into (16.92), separation of P 

and y and integration gives (RT/M) (dm/dt)(8n/mr4 ) yy an = 

Sp. P dP = 4(p% ae ); use of (RT/M)(dm/dt) = eae 

= RT dn/dt gives (16.18). 

Teel] sEquaclion) (16021 aeivesly =) 207281 1EO) te ome ae 

(980.7 em/s2)(0.050 em)7/9(0.0089 dyn s cm72) = 420 cm/s. 

=e kg (1072 shee x 

(9.807 m/e2)(0.00050 m)*/9(0.954 Ns m72) = 0.0037 m/s = 

0.37 em/s. 

For glycerol, v = 2(7.8 - 1.25) 10 

16,12 From (16.25), ae = 5 (MRT) */1612N47) =O. 1763ex 

(0.04401 ke/mol)#(8.314 3/mo1-K)*T*/ (6.022 x 1023/mo) 7 s 

1.77 x 10°25 m? (1/K)2/[-77/ (cg m7! s7!)] = 
1.77 x 10724 m2 (1/K)7/(7/P), where P stands for poise. 

at 0°c, d* = 1.77 x 10724 m2 (273)%/(139 x 1075) and a = 
4.59 x 10719 m = 4.59 2. at 490°C, 

= 3.85 R; at 850°c, d = 3.69 BR. 
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16,13 The diameters of H, and D, are the same and 

(16.25) shows that T) 4s proportional to M®, So "p,/ 7H, 

2 (Mp, /M * and Tp, = (4,.03/2.02)% x (8.53 x 107° p) = 
1.20 x 107% p, 

16.14 (a) M, = 2, % 4M, = 0.5(200,000 g/mol) + 

0.5(600,000 g/mol) = 400,000 g/mol. M_ = (z, x,M)/ 
(Z, x,M,) = [0.5(200,000 g/mo1)* + 0.5(600,000 g/mo1)2]/ 
(400,000 g/mol) = 500,000 g/mol. (b) Let us take 

600,000 g of each species. We then have 3.0 moles of the 

molecular-weight 200,000 species and 1.0 mole of the 

molecular-weight 600,000 species. Hence ae zr, XM, = 

0.75(200,000 g/mol) + 0.25(600,000 g/mol) = 300,000 g/mol. 

M_ = [0.75(200,000 g/mol)* + 0.25(600,000 g/mol)? ]/ 

(300,000 g/mol) = 400,000 g/mol. 

16.15 We plot C7); ~ Le. Vs. Pps The points fit a 

straight line well, and extrapolation to Ps = 0 gives 

ate fe S) vw 3 
A) = arte Bee) = 0.147 odo /z = 147 em’ /g. 

Then 147 em?/g = (0.034 em?/g)(M,/m°)°*°° and M, = 

390000 g/mol. M. ae 390000. 

2 
16,16 (a) (4X) os = (20t)?, sot = (0x) ng! 2? = 

(1 em2)/2(1072! CAC TaD = 5x 107° s=2x 1013 VE. CD) 

29 22 
c= G1 em2)/2(10729 m/e = 5x 10 s=2x* 10° yr. 

£6 i) PCa) (Ax) ns = (20)? = [2(0.52x 107> om*/s).(60 s)]? 

= 0.025 em. (b) t = 3600 s and (Ox) ns = 0.19 cm. 
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(c) t = 86400 s and (Ax) ns = 0.95 cm. 

16.18 Let the origin be at the t = 0 location of the par- 

ticle and let the particle be at point (x, y, z) at time 

teen <r*> = <x? + y? + 27> = <x?> + <y?> + <22>, By 

symmetry, <x2> = <y*> = <z*>, so <r2> = 3<x2> n SCZ DE os 

6Dt and Pine Di = (60t)*. 

16,13. rromriqguGlG.3.0) ,kie 3x0 ow x/tT. For t = 30s, 

ke =O Gila 1074 em)*1(0.011 dyn-3/em~)(2.1 x 107> cm) / 

(30 8)(290 K) = 1.26 x 107! 

(873 1aex 107 ergs/mol-K)/(1.26 x 10. 

erg/K. Then Ny, = R/k = 

16 erg/K) = 

Geox sO /molstronati= G0uaheweerernk aaa i4 leona 

erg/K and Ny = 5.9 x 1023 mo17!, For 90 sik = 

1.07 x 10726 erp/K and Ng = 7.8 x 107° mo1~!, 

16,20 <ax> = (1/12)(-5.3 + 3.4 - 1.9 - 0.4 + 0.5 + 3.1 

- 0.2 - 3.5 +1.4 + 0.3 - 1.0 + 2.6) pm = -0.08 um. 

(1/12) [(-5.3)2 + CESS + cee] we = 6.28 pe <(ax)*> 

(Ax) / age AS 
rms 

16.21 (a) Equation (16.39) and N/V = PN,/RT give D,, = 

(3/8?) [ (8.314 x 107 ergs/mol-K)(273 K)/(32.0 g/mol) ]2 x 

(3.6 x 107° om)~2(82.06 em?-atm/mol-K)(273 K)/ 
a6 -1 

(TY ,00atm) (6.02 x 102- mol’ >) = Oxt6 eneiee (b) Since 

Dy; is proportional to 1/P, we have Dy = 0,016 once 

16,22 Equation (16.40) and (N, + N/V (P. + PL N,/RT 
j j 

= PN ,/RT give D 5x = 
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2 Gnold 2.0 32.0 

3 (8.314 x 10’ eres/mol-K)(273 K)/ 1 ue 
Pe: DeLee 3270 

(82.06 em? -atm/mol-K)(273 K) 
x 

(3.15 x 1078 em)*(1 atm)(6.02 x 1023/mo1) 

D sie = 0.62 eye 

16.23 Dy, » [(6.02 x 10*°/moL)/(18.1 em?/mol)]!/? x 
(1.38 x 107!® ergs/K)(298 K)/2m(0.00890 dyn-s/cm) 

eo2.4 x 107> ont fe. 

16,24 The N, and H,0 molecules are not greatly different 

in size, so Eq. (16.43) is appropriate. We have Dn x 

(1.38 x 107!© erg/K)(298 K)/ 

41(0,0089 dyn-s/cm?)(1.8, x 107° em) = 2.0 x 107? em’/s. 

16.25 (a) Equations (16.25) and (16.39) give 67) /5P = 

(61/32)<v>rx = (30/16)<v>r’ = D 34 (b) Dyj = 6 7) RT/ 5PM = 

6(0,000297 dyn-s/em2)(82.06 cm?-atm/mol-K)(273.1 K)/ 

BEIeUUNatm) (20. 18 e/ mol) = 0240. em-/az 

16.26 Since a hemoglobin molecule is much larger than a 

water molecule, we use Eq. (16.42). We have V/Ny = ane ,/3 

and r, = (3/4n,n)l/? = 

[3(48000 cm?/mol)/4(6,02 x 107°/mol)r] 
a erg/K)(298 K)/ 

s -7 2 
6717(0.0089 Meta cay C2 67 S210 7 em) = 9.2 x 10 em’ /s, 

1/3 vi 
2267 x 10% 

em. Then OTB ~ (1.38 x 10. 

16.27 (a) Let z = x7. Then d(x2)/dt = dz/dt = 

(dz/dx)(dx/dt) = 2x(dx/dt), Also, d2(x2)/at2 = 
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(a/dt)[d(x2)/at] = (d/dt)[2x(dx/dt)] = 2 (ae/ar)* + 

2x(d2x/dt2). Substitution of these two equations into the 

equation in the problem transforms it to Eq. (16.33). 

(b) Averaging, we get 0 - BecAGeh/ dt = kncd- (2) fae 

“ an ax /de yoo. We have ey = tmv = rey PY ot ran be so 2<€,> = 

emCa#/ denon Also, c= cs ey +E wed e7) =e ey eer 

+ ao57 By symmetry, Sh = acre = <> thus ——— = 

<€>/3 = (3/2)kT/3 = ¥kT. So <m(dx/dt)7> = 2<6 >= Te 

(c) Substitution of <m(ak/de)o> = kT into twice the first 

equation in part (b) gives ~f<d(x~)/at> = m<d-(x2)/dt2> 

- 2kT. Let s= aexaoycre Since the derivative of a sum is 

the sum of the derivatives, we have s = tex \/des and 

ds/dt = <d?(x7)/at2>. Thus -fs = m ds/dt - 2kT and 

m ds/dt + fs = 2kT. (d) ds/dt = (2kT - fs)/m and 

m(2kT - fey ds = dt. Integration gives 

-(m/f) ln (2kT - fs) = t + ¢ and 2kT - fs = e7ft/m.-fe/m 

From part (e), e7ft/m = 0, sos = d<x?>/at = 2kT/f. 

Integration gives x = 2kTt/f + b. The integration con- 

stant b is 0 if we take x = 0 at t = 0 for each particle, 

Hence, <x?> = (2kT/f)t. 

(e) m= (3 g/om>)[4n(107> em)?/3] = 107+ * g and f = 

én7x = 617(0.01 dyn-s/em)(107> em) = 2x 107° dyn-s/em, 
8d AAW Fale. ts dyn-s/em)(1 s)/(107!4 ON 

= 107 20000000 | 

Then e 

@7 290000000 

16.28 (a) Substitution of dn. and dn_ from (16.30) into A B 

0=dv= V, dn, + V, dng sives 0 = VsC-4D, (de ,/dx) dt ] 
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+ VaC-cf Dy, (de, /dx) dt] and D, we 

= 0. (b) Division of (9.16) by V gives 1 = Syl + cave 

Since there is no volume change on mixing, MS and es are 

Va (de,/dx) + D THGG. /dax) 

independent of the concentrations and hence are indepen- 

dent of the x coordinate. Differentiation of the last 

equation with respect to x gives 0 = V (de ,/dx) + 

V,(de,/dx). Substitution of V (de ,/dx) = -V,, (de, /dx) into 

the result of (a) gives Dap = Daa 

16.29 The number of moles of the diffusing species that 

lie between L and M equals crVh = cp (Ax) es where VE 

is the volume.between L and M. The number of moles moving 

left to right through plane M in time t is therefore 

$e, H(Ax) Similarly, do, SP ( Ax) 

left through M in time t. The net rate of flow of the 

diffusing species through M is thus dn/dt = An/At = 

(cy - cp)B(Ax)_./t. Since dc/dx is constant, the aver- 

age concentration c 

moles move right to 

L equals the concentration midway be- 

tween planes L and M. Likewise, the average concentration 

Cp between M and R equals the concentration midway be- 

tween M and R. The distance from the plane midway between 

L and M to the plane midway between M and R is 4(Ax) 

3(Ax) = (Ax) 
rms 

so the concentration gradient is sare 
rms rms! 

= ney Ax = (Cc, - Cy )/ (Ox). ns Substitution into (16.30) 

gives 2(c, = cp Pace = -DA(c, - c,)/ (Ax) and 

(Ax) a (20t)3 

16.30 M, = RTs /D,,(1 - p V4) zs 

Crome 0. ete mol) 29301) K)(4547. x 1071-5) 

(6.9 x 1077 em*/s)[1 - (0,998 g/em>)(0, 749 em?/g)] 

= 63000 g/mol 

239 



16,31 I= dQ/dt = Q/t since I is constant. Q = It = 

(1.0 A)(1.0 s) = 1.0 C. The number of electrons is 

(1-0 €)(6.02 x 1022 electrons)/(96485.c) = 6.2 x 10/9. 

16.32 R= ps/H = (1.67 x 107° em) (250 “em)/€0s 040% em-) 

= 0.0104 a. 

16,33 [ad] = IR and 1 = |ad|/R = (25 V)/(100 a) = 0.25 A. 

Longa anes) Geter ieee 

= 1.0 V/cm. 

(0.10 A)/(10 cm*) (0.010 oo cm7') 

16,35 Q= It = (2.00 A)(30.0 x 60 s) = 3600 C. 

1 mole ec 1 mole Cu 63.55 g Cu 
(3600 c) ——_———_-_ ———_ ——__ = 1.19 g of Cu 

96485 C 2 moles e 1 mole Cu 

16,36 (a) K_o4, =KR = [(0.012856/1.000495) a7) em7!] x 

, ay 2 (411.82 9) = 5.2917 em7!, OG Kie1i/® 

(5.2917 em7!)/(368000 a) = 0.00001438 a7! emt. Kk = 

Keopi/B = (S.2917 em7!)/(10875 a) = 0.00048659 a7! em! = 
7" Spee Kyo * Kx, ad Kn = (0,00048659 - 0,00001438) a7! em 

= 0,00047221 av! em-!, (ce) A = K/e 

(0.00047221 a> cm7!)/Cl0=° mol/em-) = 472.21 om-Josmele 

(d) Nee = A 424 = Dep 2 = 236.10 a7! cm equiv! e 

16.37 (a) A. =K/e = (1.242 x 107° a7! em=!)/ 

[(5.000 x 107? mo1)/(1000 om?) ] = 248.4 a7! em? mo17!, 

(b) Neg = Ag/v424 = Ag/1(2) = 124.2 a7? em? equiv"), 

16.38 Equation (16.67) gives u(Nat) = 
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(10.00 cm)(0.002313/a-em) (0.1115 em%)/(0.00160 A)(3453 s) 
= 4,668 x Vor" em? vl s7l, Equation (16.72) gives t(Na‘*) 

= 1(96485 C/mo1)[(0.02000 mo1)/(1000 em?)] x 
(0.0004668 em? v7! s~!)/(0,002313 a7! em!) = 0.3894, 

16,39 (a) Substitution of Eq. (16.67) (which applies to 

any ion) into (16.72) gives t. |z,| Fre, (xKA/It)/kK = 

|z,,1Fe,x4/Q, where Q= It. (b) As in Fie. 16.515, the 

method gives the transport number of the cation, The equa- 

tion in (a) with xA = V gives t(Gd?*) = 3(96485 c/mol) x 

[0.03327 mol)/(1000 em?) ](1.111 em?)/(0.005594 a)(4406 s) 
= 0,434, Then t(cl7) = 1 - 0.434 = 0,566. 

16,40 The coulometer reaction is Ag’ + e~ = Ag. The 

0.16024 g of Ag is 0.0014855 moles of Ag, so Q = 

(0.0014855 mol)(96485 C/mol) = 143.33 C. Let n = 

0.0014855 mol. Then n moles of Cl” enter the cathode com- 

partment due to the reduction reaction AgCl +e = Ag + 

Cl”. The total number of moles of charge on the ions that 

cross the plane between the middle and cathode compart- 

ments is n; this charge is composed of t_n moles of Cl” 

leaving and tyn moles of K* entering the cathode compart- 

ment. The net change in number of moles of Cl in the 

cathode compartment is thus n - t_n = (1 - t_)n = tin, 

which is also the change in number of moles of K* in this 

compartment. The final composition of the cathode compart- 

ment is (0.0019404)(120.99 g) = 0.23477 g of KCl and 
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120299.¢ «0,235 2°= 120.75. g of H,0. The initial compo- 

sition of this compartment is 120.75. g of water plus 

x grams of KCl, where x/ (120.75. + x) = 0.0014941. We get 

x = 0.18069, The change iA KCl mass in the cathode com- 

partment is 0.05408 g, which is 0.0007254 moles. Thus, 

tyns t ,(0.0014855 mol) = 0,0007254 mol and t, = 0.4883. 

16.41 (a) Using Eq. (16.84), we have A*(LiNO; ) 

ACL") a h”(.NO3 ) and the following three equations: 

Se ee COrmr—\, foe) kA 
G15) A CLicl) =) (14 ) + A (CL Yel G2) J\ (KNO, ) = 

Reka) + 4°(NOZ)3 (3) AM (KCL) = A(R") + A7(C17). We 

take (1) + (2) - (3) to ger A" (LiN03 ) = A*(Lict) ve 

A®(KNO,) - A(KC1) = (90.9 + 114.5 - 105.0) em2/Q-mol = 

100.4 a7! em? mo17!. = (b) (4) A*(HCL) = ACH") + °(C17)s 
5 [o-<) = nat C8 Ad". 038 = 

(5) A 6 Nact) do Na ) + CCl }:) €6) J, (NaCyH3 0, ) 

+ = 
d7(Na ) + rn6 CoH, 0; )« Taking (4) + (6) - (5), we get 

+ x 

rH ) + ATC CoH3 05) = A (HCL) + A (Nac, H, 0, ) - A*(Nacl) 

= (426 + 91 - 126) em demat =739) Soe aoe 

16.42 From (16.85) for NaCl, oe = 0.463 = 

2 -1 fo) = co 7 
Or ty aoe cm~ 2 mol ) and (Na jee 44-9 

el enotk Then An (cl”) = (96.9 - 44,9) woe vemcl = 52.0 

em?/O-mol. We now use (16.84) for the other electrolytes. 

For NaNO, , 106.4 cnc oeacl = 44,9 em2/A-mol + d7 (NOS ) and 

dC NO3 ) = RRS nay Gemole For LiNO,, 100.2 em*/Q-mol = 

1 (uty) + 61.5 om*/Q-mol and An(Li) = 38.7 em?/A-mol, For 
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NaCNS, 107.0 om?/Q-mol = 44,9 em*/9-mol + A CCNS ) and 

d (CNS) = 62,1 em?/Q-mol, For Hel, 1:92 Ane ocrtett = (H") 

+ 52.0 em@/q-mol and x%(H*) = 140 om2/a-mol. For ca(CNS),, 

244 SG Sa = tae) 246 2.1) ene/oene? and Cae) 

airat 20) Sa iaeme L 

16.43 (a) uP = hn p/ LAR le = (67.4 a7) em? mo17!y/ 

1(96485 C/mol) = 6.99 x 107" em? v7! s"!, (b) ve = ute = 

=! om”/V-s) (24 V/em) = 0.017 cm/s. (c) oe 

|z,le/6nnue = 1(1.6022 x 107)? c)/ 
61(0.008904 x 107! Ns m~2)[6.99 x 10 

Be yeGs wm Y537 2. 

(6.99 x 10° 

ae (072 m)-/ Vesa 

16.44 We use /\® = Dyer eevee ci” CANE I 

(73.6 + 71.4) em2/qQ-mol = 145.0 em2/n-mol. (b) A®@ = 

[2(73.6) + 160] om?/Q-mol = 307 em?/a-mol. cc) {oe = 

(106.1 + 160) cm2/q-mol = 266 em2/n-mol. (4d) A® = 

[118.9 + 2(198)] em?/q-mol =" 515 em/o-mol. 

16.45 From-(16.85), t°(Mg?*) = 1(106.1)/[1(106.1) + 2(71.4)] 

= 0.426 and t"(NO3) eT O¥4I 6 = 0U5 746 

foe) 

Sv a Neca Ame 16.46 From (16.85), ba 
+ m,+ om m,+ 

Pode tot) ionaomal es) 202266 <and d”(Na*) S500 ea ene 

mol', From (16.84), A. = 259.6 oe eenite mole ee 
Bag 3 -1 a a EY nae 

Z(5050 4 cm” mol ) + dn (59% ) and d 6504 ) = 159.4 

Ge Sema oles 

16.47 We assume the electrodes are inert, so only Ag* 
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and NO, carry the current in the solution. t_ = t_= 

co co fo @] VAP ACV Ae + VAT) = 71.4/(61.9 + 71.4) = 0,536. 

If 107° mol of Ag’ is deposited according to Ag’ +e + 

Ag, then 1072 Faradays of charge must have flowed through 

the circuit. The nitrate ions carry a fraction t_ of the 

current in the solution, so the nitrate ions carried 

t_ (107° Faradays) of charge through the solution. Hence 

Bey moles of NO, 

this is (1.00 x 1077) (0.536) mol = 0.536 mmol. 

105 crossed a plane in the solution, and 

16.48 Because of its higher charge, Mg** is hydrated to 

a much greater extent than Na* and so its radius is much 

greater than that of Na’. Therefore u in (16.70) has 

Similar values for these two ions. 

16.49 (a) A*(Cl”), uw (Cl); (b) no (interionic forces 

differ in the two solutions). 

16.50 kK. 

16.51 (a) Use of (16.70) in (16.80) gives es B 
’ 

Gost. 2 co 
Iz,(Fu, Iz, eF/émr,. Sorin = an (220 F/6nr,) = 

fee) 

lnn and din) /datT = -(1/n) dn/datT. (b) dn/dT = An/AT = 

(0.8705 - 0.9111)cP/(2 K) = -0.0203 cP/K and (1/n)(dn/aT) 

R (1/0.8904 cP)(-0.0203 cP/K) = -0.023 K~', so dln A°/ar 
m 

1 

co 

m,1) 
NR 0.023 K . (c) Integration gives ln Qe of 

? 

= 0 0 4 (0.023 K™)(T,-T,) and A, 4 = AL jexpl (0.023 K'')(T,-7,)] 

= (71.4 qr om@ mol~')e?*23 EE CRCY Oy. om* mol |. 
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16,52 (a) A™ = (73.5 + 71.4) em?/o-mol = 144.9 em2/n-mol. 
From (16.87), A = 144.9 cm*/a-mol 
- [60.6 + 0.230(144.9) ](em*/a-mol)(0.00200)® = 140.7 
ene /p-mol. K = ie = (140.7 om”/Q-mo1) x 

(0.00200 mol)/(1000 em?) = 0.000281 a7! cm=!, (b) Ne- 
glecting the conductivity of the water, we have R = pals 

= 2/KA = (10.0 em)/(0.000281 Q7! em7!)(1.00 em2) = 
35,500 a, 

Lire) Kis [H* ][OH” ], since Yon 1 at the extremely low 

1 value in this solution. Equation (16.90) with C48 O in 

the denominator gives the initial estimate Cc, 8 

(5.47 x 1078 at! em-1)/[(350 + 198) em2/n-mol ] 

19711 mol/em> = 9,98 x ie mol/dm?. We have S = 

9.98 x 

60.6 pai oma + 0.230(548 em? /Q-mol) = 186.6 om-/O-mol. 

Using the initilal estimate of on in the denominator of Eq. 

(16.90), we have ec, #8 (5,547 “yohies qv} em7!)/ 

[548 Ci iid: - (186.6 om”/a-mol) (9.98 x 1078)?] = 

ee 3 = 9,98 x 107° 
8 32 

9.98 x 10 mol/cm mol/dm>, as before. 

=9,9_ x 1971 mola Vann Hence, K_ = (9.98 x 10.” mol/dm 95 
Cc 

16.54 (a) Since 2 = [z_l, Eq. (16.90) applies. We have 

A? + A7 = (118.9 + 160) Ene cahoinao279%ene/oemol and 
9 $e: 

S = 8[a + DOT * beable = 998 om*/Q-mol. Therefore 

2 LEX 107° qv} anne 

oh he 
279 em2/Q-mol - (998 em?/a-mol)[e,/(107> mol/em?) | 
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With ois O in the denominator, we get the initial esti- 

6 
mate c, % 7.92 x 10° mOlrancn With che 7.92 x 107° mol/ 

5 
one. we get the improved estimate oF a Leteee 10" mol/em> i 

Further repetitions yield the successive estimates 

Tepg0eearOR 5 nGl/omae 153 x07 me om eee as noe 

3 MOL fans) Hence ¢, = 1.35 x 1072 mol/ 

mol/ 

ee and bi, Joe) x0 10 
5 

an: The solution is dilute, so we can take the molality 

as 0.0135 mol/kg. The Davies equation with Bae 0.0540 

mol/kg then gives log ¥, = 07952 andy 0.445, We can 

neglect the difference between molality-scale and concen- 

tration-scale activity coefficients in this dilute solu- 

tion, so the concentration-scale K. is Kp = 

(0.445)2(0.0135 mol/dm?)2 = 3.6 x 107> mol“/dm®. (b) No. 

aS = y2[ca**][s0, J. We found the ionic concentrations 

and Yye The existence of the additional equilibrium 

7 
Gat + SO), = CaSO, (aq) does not invalidate our work, 

16.55 We have + he =.1(3.50 «440, 8) euaicees = 391 
ioe 

m,+ A 

em-/Q=mol and § = [60.6 + 0.230(391)]-em-/@-mol = 15005 

ene oemol Therefore 

OLS ne ant em! 
Ro > te ee ered 

391 em“/Q-mol - (150% em*/a-mol)[e,/(1079 mol/em>) ]2 

With nan O in the denominator, we get the initial esti- 

-7 
mate ¢, * Le PATA IND) mol/em>. Recalculation with this ec 

value in the denominator gives Cm eal 1077 mol/em> = 

rare 107* mol/dm?, which is the H,0” concentration, For 
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this dilute solution, we can take the ionic molalities as 

2 2x 107* mol/kg. The Davies equation then gives Vice 

0.987, Neglecting the slight difference between concentra- 

tion-scale and molality-scale y's, we have Ke a 

(0.987)7(0,000127 mol/dm?)?/[(0,001028 - 0.000127) mol/dm?] 
= 1.74 x 107? mol/dm>, 

16,56 We have X” | +27 _ = (106 + 160) em*/a-mol = 266 
9 9 

em*/Q-mol and S = 8[60.6 + 0.23(266)] cm2/a-mol = 974 

cm?/Q-mol. Then 

; Sal Sen F102 ose erie 
c = —S— 

266 cm?/Q-mol - (974 om?/Q-mol)[e,/(107> molfem?) ]# 

With las O in the denominator, we get the initial esti- 

7 
mate Cia Pea ee 10 iyo With this value of ec we 

+? 

get the improved estimate c,* Zcho xX toa, mol/em>. An- 

i 
other repetition yields the final result c, = 2.45 x10” 

5 

mol/om™ = 2.46 x tou mol/dm>. For this dilute solution, 

4 
we can take the ion molalities as 2.46x10 ° mol/kg, so 

neo Sy ean yaa mol/kg. The Davies equation gives log y, 
m Si 

= -0.061 and 7, * 0.87. We can assume the molality-scale 

and concentration-scale activity coefficients to be equal 

2= 

in this dilute solution. We have [Me**] aonb 

2.46 x Teray mote and [MeSo, (aq) ] a2 50. & 1074 mol/ dm? 

© mol/dm. Hence, K, = 
ait 32 

= 2.45,x 10° moli/dor cS 4.5 x 10° 

(4.5 x 107° mol/dm~)/(0.87)7(2.46 x 10 

100 dm-/mol. 

mol/dm 

247 



16,57 Omitting the S term and using Eq. (16.59), we have 

° = eo 0 ae oo oo For, (16500)i onc. ak ae een a) Pe CLO cy aL 

Then q = e/ec = \ wells 
b ) 

* 
16.58 The Onsager equation predicts ac” dependence of 

iS in dilute solutions, so we plot (be VS. oe The 

points give a rather good straight-line fit; the inter- 

cept at c = 0 is No =42707,3 en“/O-mod . 

16,59 RT/F = (8.314 J/mol-K)(298.1 K)/(96485 C/mol) = 

0.02569 V=b. (a) eae = 

350(1)(0.01 - 0.10) + 76.3(-1)(0.01 - 0.10) 

350(0.01 - 0.10) + 76.3(0.01 - 0.10) 

350(0.10) + 76.3(0.10) 
x In ————————_ = 1.478 and oe = 0.038 Vv 

350(0.01) + 76.3(0.01) 

(b) This interchanges the solutions in (a), so €, = 

gp ) = =02035.VeCC) G fb = soln,R  ‘soln,L 

350(0 - 0.1) = 78.4(0 - 0.1) + 73.5(0.2-0) - 76.3(0.2 - 0) 

350(0 = 0.1) + 78.4(0 -0.1) + 73.5(0.2 -0) + 76.3(0.2 - 0) 

350(0.1) + 78.4(0.1) 
ln —————- = 0.770 __ and ce = 0,020 Vv 

135(0.2) + 16, 3010.2) 

(d) Replacing all the 0.2's in (c) by 4, we get oy = 

0.004, V. [Note the greatly reduced & , compared to. Cc). 

16,60 From (16.32), (4x) ns = (2pt)!/2, Substitution of 

the Stokes-Einstein equation (16.42) for D gives (ax) ns 

x (KTE/3 47H, OF yds) Use of (16.70) for Tg2+ gives 
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(ax) ns * (Qe 24t/l2, 410)!” In 1 s, (ax), * 

[2(1.38 x 1072? 5/x)(298 K)(55 x 107” m@/v-s)(1 8)/ 
21.60 x 10719 cy}! /? = 3.8 x 107> m = 380000 & = 0.0038 

cm, where u- was taken from p. 496 of the text. In 10 S, 

(ax) ns & (10/1) 1/238 um) = 120 um. 

16.6] (a) Increases; (b) increases; (c) increases; 

(d) increases; (e) increases; (f) increases. 
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CHAPTER 17 

Bad Ca) DV SB LRT 

(0.10 atm)/ (82.06 om? = atm/moLe-K)(298 K) = 4.09 eee 

3 
One yen: = 4.09 x LOe moka sda r= k[N, 0. | = 

(1.73 x 1079 s7!)(4.0, x 107°: mole/lano tet oe at ees 

nole/da nen Jee eves). 1078 moLe/fdae ancl 220 ones = 

8,5 x 10°’ mole/s. (b) r = [1/(-2)] d(N,0, ]/dt cad fed We: 

tee oe ote) aaa 

(eyeCese10"’ mole/dm?-s)(6.02 x 10—/mole)( 1 s)Chonanen 

mole/dm>-s and a{N,0, |/dt = -1.4 x 10 

se 18 Se = . zeeOaxwlO2 a Utd) N50, + 2NO, + %0p- Here, J = qa onuae 

as compared to J = Beit eget for 2N, 0. ~ 4NO, + O,- So 

J-=-2(8.5°x Vos! mole/s) = 17x 1077 mole/s. r= J/V = 

14 x 107° Role ance et r= k[N,0. | and k = r/(N,0, |; since 

r is doubled, so is k, and k = 3.46 x egica| 

tt Pi2i( a) Bien, RT and ie = [A]RT. The equation 
A 

KPA becomes -(RT/a)d[A]/dt = kK Cay*(rt)” 

and r = -(1/a)d[A]/dt = (at)? k fay? Comparison with 

-(1/a)dP /dt 

n = 
r=kf{A] gives k, = k(RT)! ee (b) Yes. (c) k has units (y 

(ane /moteynTs a7! = am mole”! got. so n = 2 and k, = 

K(RT)7! = (2,00 x 1074 ane mole sen 

(0.08206 dm? - atm/mole-K) (400 K) = 6.09 x 107° atnit ace 

es k, [A] and ry = k,([B]. Since [B] might be much 

greater than [A], it is possible for r4 to exceed r, even 
1 

though k, exceeds Ky. 
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17.4 (a) Since the first step produces one C molecule 

while the second step consumes two C's, the first step 

must occur twice for each occurrence of the second step. 

The second step produces one F and the third step consumes 

one F, so the second and third steps have the same stoich- 

iometric number. The stoichiometric numbers are thus 2 for 

the first step, 1 for the second step, and 1 for the third 

step. Adding twice the first step to the second and third 

steps, we get 2A + 2B +2C+F+B-+2C+2D+F+2A+G 

and the overall reaction is 3B + 2D + G. (b) Species A is 

consumed in the first step, regenerated in the last step, 

and does not appear in the overall reaction; hence A is a 

catalyst. B is a reactant. C and F are reaction intermed- 

fates. D and G are products. 

3 a ee: 
17,5 From Eq. (17.5), the units of k are (dm /mol)” 1 gl, 

Comparison with the value of k shows that n-1l = 1, n=2. 

-k.t - S¥4 
17.6 (a) [a]/Ca], =e 4 500.652 e SANeaae and 

In 0.65 = -k (325 s). We get k, = 0.0013, Pgh From Eq. A 
(17.11), k = k,/a = k,/2 = 0,00066 s', (b) t = -(1/k,) x 
In ([A]/[A],) = -[1/(0.0013, s7!)] in (0.30 or 0.10) = 

SVs. fon 17a) te, 

he Ca) k ty Sav s095, .7rom (1/,11)., k, = ak = 

RGUATS OT? ao Y= 346x107 a7). so ty = 0.693/k, = 

anos, cece 10.” s9-) = 2,00 x 10° S.'“(s) (A) = 
ave UG mole/dm3)e7 (3-46 x 107? s7!)(24 x 3600 s) 

251 



=. 50: tx NOs noua ane 

2 . 2 
17,8 a[a]/dt = -k (al, f [A] d[A] = “S k, dt, 

skage?. (20 = ote, (eS e5  1/ Pale SPATS 2 Gee 1 FA Ra 2 1 Ant Omweay 
or 1/[a]? - 1/[Ale = 2k,t, where we took t, = 0 and t, = 

t. 

17.9 (a) Eqs. (17.22) and (17.19) with A = NO,, B= Fy, 

a= 2, and b = 1 apply. [A], = (2.00 mol)/(400 dm) 

0.00500 moi/dm? and [B], = 0.00750 mol/dm”. 

(al B] - b(A]y)kt = [2(0.00750) - 0.00500 ](mo1/ dm? ) 

(38 dm?/mol-s)(10.0 s) = 3.80. Using [BI/(BI, = 

1 - ba'[A],/[B], + ba [a]/[B]p we have for Eq. (17.22): 

3,80 = In ((0.667 + [66.7 dm?/mol][A])/(200 dm?/mol)[A]} 

and e°*89 = 0,00333/(dm>/mol)[A] + 0.333. We find [A] = 
Pein OF. 

x 

Saline = [NO, ]. Then n, = (400 aa x 

-5 
C7i,5= x01.0 meade = 0.0300 mol NO, . Let 2z moles of 

NO, react in 10»s, Then 2 - 2z = 0,0300 and z = 0.985. 

Then SE cae yg Ae 2.01. moles and "NO, F = 2z = 1.97 mol. 

(b) r = KINOJ][F,] = (38 dm°?/mol-s)(0.00500 mol/am?) x 

(0.00750 mol/dm? ) = 0.00142 mol/dm>-s initially. After 

5 
10 s, part (a) gives [NO] = 7.5 x 10- mol/dam> and [F,] 

= 2.01, mol/(400 d=)" 218 404-108 uel tdi eae 

(38 dm?/mol-s)(7.5 x 107° mol/dm-) (5.04 x 10°> mol/ame} 

= 1.44 x 107> mol /aneoee 

17,10 (a) As noted in Section 1.8, (d/dx) f f(x) dx = 
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f(x). Using this identity, we have dy/dx = 

a) (aa /ax) (S en W(X) £0) dx +c) + et) "4 (2) 6 (7, 

Since w(x) = [ g(x) dx, we have dw/dx = g(x) and dy/dx = 

eve(f ev VF ax + ec) + f. The right side of the differential 

equation is f + gy = f + ge" (Sf eV dx + c), which is the 

same as dy/dx. Hence, y is the correct solution. (b) In 

(12.39), we take-y = [Bb], x = t, f(x) = K, [Ale g(x) 

= -ky. Then w = -f k, dt = -k,t and y = Bes 

aac eK CA]ge dt +c) = 

ator )t “kot 
€ {k, [Alpe /(k, - k,) +c} = 

m= eal “Kot 
k [Aloe l / (ky ~ k,) +ce *%., To evaluate ¢c, we use the 

fact that [B] = 0 at t = 0; so 0 = k [A]o/(ky - k)) + 

and ¢ = -k,[A]p/(k, at ue par [B] = 

Portal (e, = Kite. --e * ). 

17.11 No. A kinetically reversible reaction is one where 

a sienificant amount of back reaction occurs. A thermody- 

namically reversible process must go through equilibrium 

states only, so a kinetically reversible reaction is a 

thermodynamically irreversible process, 

17,12 From the equation following (17.16), r = Lay 

integrates to Ee = [A], /(1 + posto and r = KA} be- 

comes r = KLA], G4 * ait A], ee 
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-d[A]/dt, which integrates [A] 

to [A] = -kt +c. At t = 0, Al, 

[A], = 0 +c. So [A] = CA], 

- kt. The graph is linear. 0 + 

17,14 For n= 1, the integrated rate law is (17.30), for 

which [A] reaches 0 only at t = ~ For n # 1, the inte- 

grated rate law is (17.28). Setting [A] = 0 in (17.28), 

we see there are two cases to consider. If n <1, then 

the left side of (17.28) is zero when [A] = 0, and the 

time t# required for [A] to reach 0 satisfies 0 = 1 + 

[a}p”*(n - 1)k tf and tf = i/[ale* a. =n), which is pos- 

itive, since n < 1. Hence [A] reaches 0 in a finite time 

when n < 1. For n>1l, the left side of (17.28) becomes 

{nfinite when [A] equals O and an infinite amount of time 

is required for [A] to reach 0. 

17,15 art a[A]/dt = -k[A]“[B]. Use of (17.19) gives 

ip (a}-?((B], s ba”'[A], + ba 'fa])7! apa] = “J ak dt. 
A table of integrals gives f [1/x7(p + sx)] dx = -1/px + 

(s/p*) 1n [(p + sx)/x]. We have x = [A], p = [B], - 

ba"'[A],, and s = ba"!, so 

eel [Bly - pa tialg + ba LAL 
Je Re ee eo ee in a 

([B]g = ba} La]g)? CA] : 
l 2 

= (BI, 5 ba"!fa],)[a] = ~ak(t, =) t,) 
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1 | 1 1 b [BI/[B] 

alBlp - C4] \TAly (Al afB]g- Lal,  CAI/TAl, 
= -kt 

where we used (17.19) and took ty = 0 and t, =t. 

17.16 For t, = 0.5 s and t, = 1.0 s, we have Cal, x 

[A], - kgCA]ot, = (1 - (0.15 s71)(0.5 s)] mot/am> = 0.925 

mol/dm> and Ca], = CA], - [A], (t2 - t,) = 0.925 mol/am? 

= (0.15 87')(0.925 mol/dm?)(0.5 s) = 0.856 mol/dm’. For 

at = 0.2 s, we get 0.97, 0.9409, 0.9127, 0.8853, 0.8587 

mol/dm> for Ae oo Z% CAl., respectively. The values be 

0.856 and 0.8587 mol/dm- may be compared with the exact 
-k.t -1 

value [Ale A’ = (i mol/dm- )e~ (0-15 s )(l s) 0.8607 

mol/dm>. (For at = 0.1 s, the estimate found is 0.8597 

Botan.) A BASIC program is 

19 K= 9.15 69 FOR IT=1TON 
_ 76 A= A - K*A*DT 

ane “DELTA T="-. DT A NEXT I 
49 INPUT "TFINAL="; TF 99 PRINT "AFINAL="sA 
5$ N=TF/DT 95 GOTO 3¢ 

99 END 

Pe ioaeinecauction, (17,28 ),; let [a]/CA4], =a. Then a!7" = 

ee - n-1 
1 + [A]5 lin - 1)k,t, and t, = (Caer e 1)/[A]y (npr) 

Taking the log of each side, we get the desired result for 

n # 1. For n= 1, we set [aJ/LA], = a in (17.30) to get 

BA a=e and ln a = hoy | 

17,18 For n #1, the equation following (17.50) gives 

log ¢ = log [(ai-" - 1)/(n - 1)]. For a = 0.05 and n= 0, 
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log 4 = log [(0.05 - 1)/(-1)] = -0.0223; for n = 1/2, 

3/2, 2, and 3, one finds log ¢ = 0.1911, 0.8416, 1.2788, 

and 2.2999, respectively. For n = 1, we have log ¢ = 

log (-ln a) = log (-1n 0.05) = 0.4765. 

17.19 (a) We use the fractional-life method, plotting 

log t, vs. log [A]p- The data are 

log iF pare a a (sega PN 2d954; T3209) 

log [Aly -2.090 -2.191 -2.509 +-2.726 

The slope of the straight line through these points is 

=0,44.= 1 - n, son = 1.44 ~ 1.5. The order As 3/2, 

(b) Putting [A]/[A],) =a = 0.69 and n = 1.5 in Eq. (17.28), 

we get ky = 0.408/t,[A]2- Substitution of the four pairs 

of th and [Alo values gives 107k ,/ (dm! ?/mor!/?-s ) as 

7.67, 7.64, 8.14, and 8.25. Averaging, we get k, = 
A 

7 x 107 am?/2/mo1l/2es. 
“9 

17,20 (a) Both plots give pretty good fits to a straight 

line, The log [A] vs. t plot (corresponding to n = 1) 

gives a somewhat better fit, but considering the inaccur- 

acy of kinetics data, one could not absolutely rule out 

n= 2 from the plot. (b) A good fit is obtained for n = 1 

and for n = 3/2; the fit for n = 2 is not good. To decide 

between n = 1 and n = 3/2, one would need data at later 

times. 

17,21 Equation (17.22) with a = 1 and b= 1 applies. Let 
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Be=7S, Os" and A C,H>Br. Then a[B], - bLA]y = 57.1 mmol/ 

dm. We use [A] - [A], = [B] - [B]) to calculate the [a] 

concentrations, A plot of ln ((£B]/(B],)/[4]/[4],)} =1nz 

vs, t is linear with slope (a[B], ~ bLA]_)k. The data are 

tm 2. O  OL104' OCIS? 0.474 1-035 

ris oO 1110 2010 D0 Dee T2372 

S The slope is 9,2) x 1Or g7l, so k = (9.2, x 107° s~!y/ 

Perez testa )re 161 a LO da mole) ‘acl. 

17.22 The reaction has the form 2A ~ B. We have P = P + 

+ c,)RT. Let 2z mol sans of A react to form z Pa = fe, 
nob] dar of B. Then oa 5 oF - 2z and Ca 

(ey 9 - c,)s Hence P (Gy, + Cp 9 ~ %C ,)RT 

4(c, + Cao RT. Also, Pp = ¢c, oRT, 80 c, = (2P - Po )/RT 
A,0O 

and a = e,/ey 9 = 2P/Py = i, Bie Py = 632 torr. We cal- 

culate the q values and plot a vs. log t; comparison with 

the Powell-plot master curves shows the order is 2. Alter- 

natively, we can use the fractional-life method: The cal- 

culated values of 100c,/(mol/dm®) are 1.692, 1.556, 1.436, 

ion 14 74. 1035, 058929, -0.7349, 0.6252, and 0.4780. 

We plot c, vs. t and take a = 0.75. From the graph, we 
A 

find the times needed for 100c,/(mo1/dm? ) to undergo the 

following changes: 1.6 to 1.2, 1.4 to 1.05, 1.2 to 0.90, 

L.0 to 0.75, 0.8 to 0.6. Values of log to.75 are 

log to 75 Be Shes 20498 3.797 Sco ro) 3 oOs, 

log [100c,/(mol/dm?)] 0.204 0,146 0,079 0  -0.097 
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where Cy is the initial A concentration. The plot has 

slope -l.l1 = 1-n, son = 2, (b) Equation (17.16) 

applies. We plot l/c, = 1/fA)-ve. t., The data are 

(mol/dm?)/e, 59.11 64.29 69.66 74.34 85.15 
A 

etc: 
t/s 0 367 73} 1038 1/51 

The slope is 0.0141, dm” mole™! oe = ky = ak = 2k, and 

k= 00071 Ae mole | 37, 

17,23 (a) The first two columns of data show that tripl- 

ing C4], at constant (BJ, and [C],, triples r,, soa = 1, 

The first and third columns show that tripling (BJ, at 

cons tant [A] and [c], multiplies the rate by 9, so 8 = 

2. The second and fourth columns show that y = 0. (b) 

Ens K[A],CB]5» and use of the first column of data gives 

k = (0.0060 c° #7!)/(0.20 ©7)(0.30 c°)” = 0.33 dm° mo17? 
“pe, (c) For the rate law (1) in Eq. (17.6), [HBr] is 

initially zero and initial-rate data would yield the 

erroneous result r = K(H, }[Br,]}/?. 

17.24 In the first run, we have [Aly >> [BJy> so [A], is 

essentially constant. The B concentrations are 0.400, 

0.200, 0,100, and 0,050 mmole/dm> at 0, 120, 240, and 360 
sec. The half-life is thus constant at 120 s; hence the 

order with respect to B is 1. In the second run (Bly is 

constant and the A concentrations are 0,400, 0.200, 0.100 

and 0.050 mmole/dm> at 0, 69, 208, and 485 ksec. The 
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half-lives are 69, 139, and 277 ksec. The half-life is 

doubled when the A concentration is cut in half, so th is 

proportional to 1/[A] and [see Eq. (17.29)] the order 

wen respect to A is 2, Hence r = K(A]“[B]. On the first 

run, r = -d[B]/dt = KCA](B] = k,[B]. The reaction is 

pseudo first order and Eq. (17.14) gives [B] = [Ble F's 

we have k, = eerie ([BI/(B Jp) = =(120 sms ins = 

0.00578 s7! = K(0.400 mole/dm?)* and k = 0.036 dm°/mole’-s. 

17,25 (a) We plot a = [A]/[A], vs. log t; comparison with 

the Powell-plot master curves shows the order is 3/2. (Al- 

ternatively, the fractional-life method can be used. ) 

(b) From (17.28) with n = 1.5, a plot of ([a]y/Ca])? vs. 

t is linear with slope SLATAK,. The data are 

([a]y/ Cal) Ps Oye 1 e206 7 17296" 1.599 W612 2,01 

t/sec Gnf 100 200 300 400 600 1000 

The slope is 0.00100 s~! = 0.5(0.600 mole/ dm?) and ky 

= 0,0025, s7! am?/? mote@!/? = ak = k, 

17.26 For the first run, [Aly >> [B]p, so [A] is essen- 

tially constant. A Powell plot of q = [BI/[B], vs. logt 

shows the order with respect to B is 2. (Alternatively, 

the fractional-life method can be used.) For the second 

run, [A] is also essentially constant. For runs 1 and 2, 

we have r, = ae = «Cale CB)” = gy Ba and ry 

Kl A] s(B] = 5,(B] wutiencess4/J5-— KA], 1/€L4]5, 9 

(LA], (LAI wih The pseudo order is 2; a plot of 1/[B] 
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vs. t is linear with slope j. For run 1, such a plot has 

3 A 
slope 0,0120 dm mole s 3; for run 2, the slope is 

0.0068, dm? mole7! s7~!, then (0.800/0.600)% = 0.0120/ 
1 

0.0068, = 1.76, 

2, Also, j, = KATO, and k = (0,0120 din? mole! 8 +)/ 

and a = (log 1.76, )/(log 19353)c=5h,97 88 

(0. 800 Mole/ dns) = 0.0188 ae molers athe (Data from the 

second run give 0.0189 din” mole7> s7!.) 

PALS For an elementary reaction, k -/ky = K,. We have 

9° -RT In Ky = AG° = [2(51.31) - 97.89] kJ/mol = 4730 J/ 

mol. Then ln Kp = -1.908 and Ks = 0.148, From Eq. (6.25), 

Kp = K°RT/ (bar-dm” /mol ) and Ke = 0. 148(bar-dn>/mol)/ 

(0.08314 dm?-bar/mol-K)(298.1 K) = 0.00597; so K, = 

0.00597 mol/dm”. Then k, = Kk /K, = (4.8 x 10+ s7!)/ 

(0.00597 mol/dm>) = 8.0 x 10° dm? mo17! gu}, 

17.28 From (17.4), vr = -d[A]/dt = 4+d[(C]/dt, so d[A]/dt-= 

-r and a[C]/dt = 2r. From (17.5) for this elementary re- 

action, r = k{AJ[{B]. Hence d[A]/dt = -k{A]({B] and 

a(C]/dt = 2k[A)[(B]. 

17.29 (a) For runs 1 and 3, the ClO” initial concentration 

is cut in half while the other initial concentrations are 

kept constant; since the rate is cut in half, we conclude 

that the order with respect to ClO” is 1. Similarly, runs 

2 and 3 tell us that the order with respect to I7 is 1. 

For runs 3 and 4, the OH initial concentration is multi- 

plied by % and the rate is quadrupled; so the order with 
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respect to OH is -1l. Thus r = k[ I~ J[c1o7 ]/[OH” ]. For run 

1; 0,00048 ¢°/s = k(0.00200 ¢°)(0.00400 ¢°)/(1.000 c°) 

and) k 1-60 oe (b) We assume a mechanism with a rate- 

determining step (rds). From rules 1b and 2 in Sec. 17.6, 

the total composition of the rds reactants is 

I” + ClO - OH + xH,0 = CLIO H and the species OH 
2 x 2x-1 

is a product in an equilibrium step that precedes the 

rds and OH does not appear in the rds. To keep 2x - 1 

nonnegative, x must be 1 or greater. The simplest assump- 

tion is x = 1. This gives the rds composition as C1IOH’. 

A plausible mechanism that meets the preceding two re- 

quirements and that gives the proper stoichiometry is 

OCl” + H,O 2 OH + HOC] (rapid equilib.), HOCL + 1° + 2 

HOI + Cl” (rds), HOI + OH ~ OL + H, 0 (rapid). 

17.30 The rate-determining-step reactants composition is 

NO,Cl. One plausible mechanism is NO, C1 ~ NO, + Cl (slow), 
2 

cl + NO, C1 = NO, 

NO,Cl > NO, +l. Siow), iClie+ -Cl Cl, (rapid), with 

+ Cl, (rapid). Another possibility is 

stoichiometric numbers 2 and 1, respectively, for steps 

evan: -2 « 

17.31 The rate-determining-step reactants’ composition is 

NO, F, A plausible mechanism is NO, + F, + NO)F + F (slow), 

F + NO, ~ NO,F (rapid). 

fe 32 XeF), + NO - XeF, + NOF. 
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17,33 The rate-determining-step reactants have composi- 

tion Ny Os. A likely mechanism is the slow step Ny Oc ad 

NO, + NO, followed by a series of rapid steps that yield 

the correct stoichiometry. One of the many possibilities 

for this series of rapid steps is NO, + c1,0 - NO, C1 + 

OC1, OC1l + NO, ~ NO,C1 + 0, O + O- Op. (The stoichiomet- 
6 

ric number of all steps but the last is 2.) 

17.34 The rate-determining-step reactants have overall com- 

POsplOnsveGinn seandaleas is a product in an equilibrium 

that precedes the rate-determining step. Two other mecha- 

nisms besides (17.64) are: He,* + t1°* Ged HeTi°t + Het 

(rapid equilib. ), HeT1>* - He-t rare es (slow); and 

Hes” + tm? 2 mS He? + 712+ + He2t (rapid equilib.), 

2+ Hee Tic ates dhl iCalow ye 

17.35 The reverse reaction would then proceed by the one- 

step mechanism N, + 3H, ~ 2 NH. But a tetramolecular ele- 

mentary step is far too unlikely to occur, 

17.36 (a) a0, /de = 2k5[0][0,] + k,[03 JCM] - 
k_,C0,]ICO][M]. 4[0,]/ae = -k, [05 ][M] + &_,[o,]fo][M] - 
k,[OJ[O,]. (b) dLo]/dt = 0 = k)[0, ][M] - k_,[0, ][o][m] - 

Ka O10, ], so k,[0,][m) - X_L0, ItollM] = KL010 05]. Sub- 
stitution into the expressions for d[0, ]/dt and d[0, J/dt 

in (a) gives d[0, J/dt = 3k,[0][0,] and d[0, ]/dt = 

-2k,[0][0,]. (¢) From (b) we get [0] =k £03 JM]/ 

k_, (0, ][M] + k,[0,]). We have r = -3d[0, ee = k,[0][0, ] 
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S 2 = kjk [03 ]°CM/(k_, C0, ][M] + &,[0,]) = k)k,[0,]7/ 
(k_ £0, ] + k,[03 ]/[M]). Also, r = (1/3)d[0, J/dt = 

k,[O][0, | = ete. (d) If step 1 is in equilibrium, then 

k,/k_, = [0, ]LO][M]/[03][M] and [o] = k, [03 ]/k_,[0,]. 

As noted in the problem statement, r = 

1 -. 2 3dL0, J/dt = k, [0 ][0, ] = kk, [03 ] /«_,[0,]- (e) If 

k,[0, |/[M] << k_ [0% | (ite.> if k_, C0, Jim] >> k,[0, ]), the 

second term in the denominator of the steady-state expres- 

sion can be neglected, thereby giving the rate-determi- 

ning-step expression, 

17.37 (a) d[No|/de = 0'= k [NO, [NO ] - k [NOJLNO, | and 

k [No ][NO, ] = k (NO, J[NO,]. d[NO, ]/dt = 0 = 

k [NA 0, | - k_,[No, J[No,] - k (NO, J[NO,] - k [NO][NO,] = 

k CN, 0. | - k_ aL NO, JL NO, | - k [NO, |[NO, | - k, [NO J[NO, | 

and [NO, J = k [N, 0. I/(k_ + 2k, )[ NO, ]. Then r = 

-%a(N,O, |/dt = -%(-k [Ny Ox | + ‘k_ [NO J[NO, }) = 

4k [NN O- | ~ #k_ KIN, 05 J/(k_ + 2k.) = 

lek / Cc 4 2k, ) J[N,0¢ J = k[N, Or | and k = kk) /(k_, + 2k,). 

(b) If step b is the rate-determining step and step a is 

in equilibrium, then k_/k__ = [NO, J[ NO, ]/[N, 0. ]. The rate 

of the reaction equals the rate of the rate-determining 

step b, so r = k, (NO, J[NO, | = (kk /k_ LN, 0. ]. CoB R 

ee 2k then the steady-state rate law of part (a) re- 

duces to the rate-determining-step rate law of (b). (Of 

course, this is a necessary condition for the validity of 

the rate-determining-step approximation.) (d) From this 
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problem, we see that k of the N,O- decomposition is a 

function of ko Koes and ke Hence, it is clear that the 

mechanism of the reaction in Prob. 17.33 starts off with 

steps a and b of the aderaneee in Eq. (17.8). After step 

b, we need steps that give the correct stoichiometry. A 

possible mechanism is N,O5 2 NO, + NO, (rapid equilib.), 

NO, + NO, ~ NO + 04 + NO, (slow, rate determining), 

Cl +O, - 
2 2 

(The stoichiometric number of all 

NO, + C1,0 + NO,Cl + OCl, OCl + NO + NO,Cl, NO 
Z 7 

NO,C1 + 0, 0+ 0-0. 

steps but the last is 2.) 

17,38 For (17.60), r = %d[NO, ]/dt = ko[N,0, ][0,]3 the 

initial equilibrium gives [w,0,]/[No]}? = K = k,/k 
ee -1 

and [N,0, ] = (k,/«_, Lno}’, sor = (kk, /k_, )[NO]*[0,]. 

For (17.61), r = 4d (NO, ]/dt = k, (NO, J[NO] and k/K_y = 

[No, ]/[No]}[o,], so r = (5k, /k_, )LNO} [0,]. For (17.62), 

r = k[No]?(o,]. 

-E_/RT 
le39 ek =she . k(T,)/K(T, ) = exp [(E,/R) (ty - tae 

Koo = (0.0012 dm? /mol-s) exp 
177000 J/mol l 

8.314 J/mol-K 660 K 

3 } 
720cK 

="0,018 dm” mole! ect 

a Baf RT 
17.40 kK=A and sink ="InlAT E/RT. We plot lnk 

vs. 1/T. The data are 
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ln(kic® =) (27.52) -5.99 24.27 369° 22°75 

10°/T 1.669 1.590 1.502 1.464 1.429 x7! 

The slope ts -19500 K"! = -£ /(8.314 J/mol-K) and E, = 
162 kJ/mol. The intercept at 1/T = 0 is 25-5 = In(Ac’s); 

A=7x 1010 ane mol! s7). (The intercept is calculated 

from the slope and one point on the graph.) 

-E_/RT 
14261 4c = Ae: + » Ky / Ky, = exp ((E,/R) C/T, = 1/75), 

ya 
In oie = (E,/R)(1/T, - 1/T,) = 1n (0,000030/0.0012) 

= [E_/(1.987 cal/mol-k) ][1/(700 kK) - 1/(629 K)] and E, 
E_/RT 

45.6 keal/mole, A = ke # = (0.0012 am? mole! sly x 

exp [ (45,500 cal/moie)/(1.987 cal/mole-K)(700 K)] and 

As leg x 10/1 aay mole! oo 

-E_/RT 
beae ok = Ae . As T ~ ©, E /RT goes to O and k goes 

to A. As T ~ ~, the collision rate goes to infinity and 

the fraction of collisions having at least the activation 

energy goes to 1, so the collision-theory picture leads 

one to expect the rate to increase without limit as T - ~, 

rather than approaching an upper limit as predicted by 

the Arrhenius equation, 

17,43 (a) Ink = 1lnA- E /RT. A plot of ln N vs. 1/T 

(where N is the chirping rate) has slope -E/R. We have 

In N 5.18, 4.83 4,60 
Z 6 2 

10°/T 3,354 3,408 3.443 x7! 
aed: 

The plot is linear with slope -6.5, x 10° K Ls 
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~E/ (1.987 cal/mole-K) and E. = 12.9 keal/mole. (b) At 

14,0"0n 10°/T = 3.482, re and we read the value ln N = 

4.346 from the graph, Thus N = 77 per minute. The rule 

eives the Fahrenheit temperature as 40 + %(77) = 59°F, 

Actually, 14.0°C is 57°F, so the crickets are in error by 

Dake 

13 37! 

TS 

17.44 (a) A = 2.05 x 10 

(b) k(0°c) = (2.05 x 10!> s7!) x 

exp [(-24,650 cal/mole)/(1.987 cal/mole-K)(273.15 K) | 

eo G7 7% 107! sae (c) The units of k and the rate law in 

and E. = 24,65 keal/mole, 

Eq. (17.6) show that the order is 1. Equations (17.15) and 

Is i = e 8) = <= k = 0, e (17.11) give K yt 0.69 akty Z ty and ty 693/2k 

From the given k(T) expression, we find k(-50°C) = 

A JEL 0 tee wend ke (505C) =a one TOe ae 
10 

- We find 

t,(-50°C) = 2 936 xO S3 t3(0°C) = 9.95. x 10° s3; and 

ty(50°C) = 795s, 

17.45 From (17.43), the observed rate constant is k = 
~E, y/ RT a -E 9/RT 

k, +k, = Aje Aje “9 - From Eq. (17.68), 1 1 

Rees RT? d ln k/dT = RT?(d/aT) In (k, + ky) = 

RTL 1/ (ik, + Ky) ](dk, /aT + dk,/dT) = par’ /(k, +k,)] x 

9. -E, ,/RT -E, 2/RT Rey Reape ott a (Eg 9/RT)A,e a2 

= OSL Price LG Sian 22 

17.46 AH} 98 = (-393,509 + 90.25 + 110.525 = 33.18) kJ/mol 

= -225.91 kJ/mol. Since ane = 0, we have AH® = av? 9 
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and use of Bat - Ba,b = AU” gives 116 kJ/mol - E 
aeD 

= -226 kJ/mol. SOE 342 kJ/mol. 
b 

17,47 The equilibrium condition for step 1 gives k,/k io 

(c]{p]/(al[B]. We have r = d[G]/dt = Kea = 

Kk, (k, CAILBI/&_ , [D])* “ (x5 k5/k2, Cal(B/(p), so k = 

kik, /k, aguas 

Reig ol Reayep 252. 2 2k yf Bt 
/a_,e ’ then, hee 2E oy + 

E42 veg = (60 + 49 - 48) keal/mol = 61 keal/mol . 

17.48 (a) k,/k, = ae Pa/RT2;,.-Fa/RT _ (Ea/R) (1/7) - 1/72) 

ln (k,/k, ) e (E,/R)(1/T, - 1/T.) and ln 6.50 = [E_/(8.314 J/mol-K)] x 

[(300.0 K)~' - (310.0 K)~"] ana BE, = 145 kJ/mol = 34.6 kcal/mol. 

(b) k,/k, = exp [(19000 J)/(8.314 J/mol-K)]{(300 K)~' - (310 K)7"] 
= 1,28. 

° ee —= 17.49 (a) For H, + 15 > 2H1, SGoo9 = -23.6 kJ/mol = r 

-RT In K, and K, = 57.7 = K,' since an = 0, Then K. Ss 

k,./k, = 0.064/0,0012 = 53 = ier desl sos =l, 

(b) K «ils = K, = k,/ky = 0,0025/0,.000030 = 83. 

l/s 
7 OU k -/ ky, = Ke kia) k/k, = Kee Let r = k,Z be the 

b 

rate law of the reverse reaction. At equilibrium, the for- 

ward and reverse rates are equal, so k,Z = 
b eq 

k,[Br03 ], {805 aa ceH ee and Z, q/ EBr03 ip 9£55 Jeg Tec = 

A ee Bess aie [802 = q/ | BrO3 is 96803 ae me Therefore 

Zak ce ][sof- Poy tse Tito ms kk Ke, From 

part (a), k,/k, = Z, as BrO3 |, gfS037 Ae Cig. a K? = 
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(ae JE, (s0f713/2/[Be03 12,[805” 1247 and k,Z = 

k,[Be” JéCs027 12/2CH*]EBr 03 12/8037 12. 

ere = | Trst k ./k, Gene and In k, - Ink, = (Ths) tn K.. Dif 

ferentiation of this equation with respect to T and use of 

Eq. (17.68) and the result of Prob. 6.13 gives E. _/RT ~ 
bd 

Lite ° 2 = ° Ea p/RT = (1/s)aU /RT“ and E, =inUrss 
a Fab 

17.52 We reverse the designations of forward and back re- 

actions and use primes to denote the newly designated con- 

Stants; i.e., ke Be kh and kh = Ke 

Since the mechanism of the reverse reaction consists of 

a also, Kt 1/K.. 

the reverse of the mechanism of the forward reaction and 

[as noted after Eq. (17.58)] the reverse-reaction's rate- 

determining step is the reverse of that for the forward 

reaction, we have s!' = s, Substitution into k /K, = a 

; b Pst i 1/s' 
gives ki /kt = (1/Kt) and kp /ke = (Ki) a) Wakrees 

17.53 Consider two chemical reactions 

aA + bB &% cC + dD (I), pP + qQ S$ rR +wwW (II) 

Let us form a third reaction that is the sum of m times 

the first reaction and n times the second reaction: 

mah + mbB + npP + nqQ 2 mcC + mdD + nrR + nwW (III) 

The concentration-scale equilibrium constants of these 

reactions are 

K SeLOlngDy /TAITET | ake wie betel PEP Jel alg 
Ker = Coco y cad iw Cal ca) Le PQ] 

(where all concentrations are equilibrium concentrations) 
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n and we see that Kiar = eg cape A similar result holds for 

a reaction formed by multiplying more than two reactions 

by integers and adding them. Since the elementary reac- 

tions of a mechanism multiplied by their stoichiometric 

numbers and then added yield the overall reaction, we have 
Ss, s 
Leese Sin oY Ke = Ky Ky ele Se = La (K,) » where K. is the equilib- 

rium constant of the overall reaction and Ki; Kos wievels Ko 

are the equilibrium constants of the elementary reactions, 

But we know that for an elementary reaction, Kee k, /k Fi 
s 

= 2k [Eq. (17.53)], sok, = II, (k,/k_,) ©. 

17.54 Step (b) has stoichiometric number s = 1, so k/k, 

vi/s 2 

c 
= 
— Kae Let lh = k, Z be the rate law of the reverse 

b 

reaction. We know that the forward reaction has rate law 

Be F k-[N,O, ]. At equilibrium, Ke[N505 Jeg = Kn Z6q and 

‘ “ é 4 2 Zeg! (8595 ]e4 = Sie ake [NO Ja gl 2 Jeq/ E82 %S Jeg: sO 

See k, (NO, J “LO, J/[N, 02], 

Log Li Pika, 

we have [M] = P)/RT and 1/k, 4, = k_,/k)ko + RT/Pok,. A 

i = Ky fey + 1/[M]k,. Since P)V = n 

plot of 1/k, vs. 1/Py is linear with slope RT/k, and 
ni 

intercept key kos The data are 

1/k 10440 9620 9260 9010 gs 
uni 

HOe/P a 196097 45746 2,584 112316 core ie 

The slope is 1.81 x 10° s torr = 238 s atm = 

3 
(0.08206 dm?-atm/mole-K)(743.1 K)/k, and k, = 0.256 dm 

mole™! s7!. The intercept is 8780 s = k_ 1/1, = 
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Ss =); Wot ee ELK ni pest So Enis bees = 11.39 x 10 s and k_ j/k, 

(8780 s)(0,.256 dm> mole”! 374) = 2250 dm?/mole. 

17.56 The B and C molecules are smaller than the A mole- 

cules and so undergo collisions with A less often than 

A molecules do. 

17.57 (a) Step (1) is the initiation step, (2) and (3) are 

the propagation steps, and (4) is the termination step. 

(b) The chain-propagating steps (2) and (3) occur many 

times for each occurrence of step (1) or step (4). The 

overall reaction is therefore the sum of steps (2) and (337 

namely, CH, CHO = CH, + CO. (ce) We use the steady-state 

approximation for the intermediates CH, and CH, CO: 

GUCHS |/dty= 0 = k, [CH CO] - k[ CH, ][CH, CHO ] + k,[CH,CO] 

2 
- 2k [CH | : d[ CH, cO]/dt = QO = k,[CH3 ][CH,CHO] - k,[CH,CO]. 

Addition of these two equations gives 0 = k , [CH CHO ] - 

2k, CH, J and [ CH, ] = (k, /2k,,)*[CH, CHO]? Then r = 

— la) ay te af2 d{ cH, |/dt = k, (CH, ][CH, CHO] = k,(k,/2k,)*[CH,CHO}’”. 

(Alternatively, we can find [CH,CO] and use r = d[co]/dt.) 

17.58 The reverse of step I has a near-zero BE so E. of 

step I equals AU°. From the Appendix, AH; = 104 kcal/mole 9 

5 

and AUY = 103% keal/mole at 300 K. This 103% keal/mole E. 

is far higher than the 45 keal/mole E, of Br, +M- 2Br + 
2 

M [see the discussion after Eq. (17.95)], so the dissoci- 

ation of Hy by M can be neglected. Step II is the reverse 

of step 3 in (17.88). Appendix data give AH, = AU, = -4]1% 
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keal/mole = E3 - E, -3 and E. 23 =a) = 42% keal/mole 
a, il 

(since Dae = 1 keal/mole). ES It is far higher than the 

18 keal/mole E of Br + H, + HBr + H, so Br reacts pref- 

erentially with Hy rather than with HBr, and reaction II 

can be neglected, The atom combination reaction H + Br + 

M ~ HBr + M has E111 x 0. Reaction 3 in (17.88), namely, 

et.5r, + HBr 4+ Br. has E.3%1 keal/mole, not much diff- 
> 

erent from apiihe thus the rate constants k, and Kin are 

of the same order of magnitude. We have SS k,[HI[Br, | 

LBC k >, CHICBr Jim]. The concentration of the re- 

actant Br, is high and is of the same order of magnitude 

as the M concentration. The very low concentration of the 

reactive intermediate Br makes r << 7 ll 3» 80 we can 

neglect reaction III. 

17.59 (a) Initiation is step 1; propagation is steps 2 and 

3; termination is step -l. (b) femiggicn. | = k /K and 

[cocl ]/[c1]fco] = k,/k_5+ So nel = (x, /«_,)*Le1, 7 and 

[coc1] = (ko /k_y)(k, /k_,)*Lco]fc1,T*. For the forward re- 

action, r_ = a[cocl, ]/dt = k,[cocl J[c1, ]. (Since we want 

the rate law for the forward reaction, we assume negligi- 

ble amount of product has formed and we do not consider 

the reverse of step 3.) Substitution for [COC1] from (b) 

gives r, = (gk k#/k_gk?, £61, P°/ [co]. (c) ie 

-d[{cocl, J/dt = k_,[Cocl, ][c1 ] = (k_,k#/k?, )fc1, J*Lcoc1,]. 

[As a check, putting r, = r,, we get 
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[coci, ],,/[co],,[ct, J, = (k,/k_,)(k3/k_3) = K_, where 

the result of Prob. 17.53 was used, | 

17.60 (a) k = k., (k, aw, |)? and Ae ges = Aj Atay x 

Es 2reE, oki Sapa r 
eshte Wa Py. ii 7E 1 3 3B, i 

(b) As noted after Eq. (17.95), E, _, ~ 0 and Bo au, . 

Data in the Appendix give aH) = 46.1 kcal/mole; then AU} = 

aH, ~ RT = 45.5 kcal/mole at 298 K. SOE Wo se 2B.) 

(40.6 - 22.7) kcal/mole = 18 kcal/mole. The ratio k/k_, 

is K, for the reaction Br.(g) 2 2Br(g); data in the Appen- 

dix give AG 598 = 38.64 keal/mole; (6.14) and (6.25) give 

° xs =-29 ° 

= 1.9 x 10720 molesan at 298 K, Substitution in 
-E_/RT _ Nett? 

= 1.9 x 10729, so ay he 

(x, /k_, 7 at 298 K gives A, = 
2 

ae motel ae x 

Ae 

CLs 6 2x 101! dm?! 7 /molet-2)-4 .9 x 10 

exp {[(18000 - 40600) cal/mol ]/(1.987 seamen att K)} 

= = RT 
= 10” ane mole 1 s 1. Then Ko = A, a oe = 

(3 x 10” dm>/mole-s )e7 ‘18000 cal/mole)/RT 

a1) = 3% 
17.61 (a) [Ryogt) = (£ky/k,)71T)* = (0.008 mol/dm”)* x 

7 due /meleaie = hex 107? 

E 

(OREEx SUK 10>) 6 / (20010 mol/ 

am? , <DP> = k y(MI/ (fk, ky FU]? =. C3 210 dm? /mol-s) x 

(2 mol/am?)/(0.5 * 1000 dm2/mol-s2)2(0.008 mol/am?)% = 

é 4 none 3000. -d(M]/dt = k (£k,/k,)7(MJ(1]? = k [MICR 
-7 

tot |] = 
mol/dm?) = 0.0006 

4 2 U(olea0) dm jmaleeie 

(3000 dm>/mol-s)(2 mol/dm-) (1.0 x10 

mol dmacae a[P 

-7 

for aCe gee Ree au 
mol/am? )? = 2x 107 ’mol/dm>-s. (b) When term- 

272 

(1.0x 10 



ination is by disproportionation, two polymer molecules 

(instead of one) are formed whenever two radicals combine. 

This doubles atP, op ]/dt and hence cuts <DP> in half. Thus 

a[P, .,1/at suba-x 105" mol/dm>-s and <DP> = 1500. The 

other quantities are unchanged. 

17.62 The initiation reaction 2M + 2R+- contributes a 

term 2k, [M]* to -d[M]/dt and (17.97) is modified to 

2 
-d({M]/dt = 2k, ([M]“ + kK (MIR Gp). To apply the steady- 

state condition GIR, O° 1/at = 0, we note that the initia- 

2 
tion step has (d{R, oy ]/dt), = 2fk,[M] Beadtcte 

-_ e e = £ 2 - Ye (G{R, Oy ]/dt), + (GER, oy ae = 2£k,(M] 

2 ; : ; 
2k (Rio; }“ and CRs ot J] = (fk, /k,) (M]. Substitution in 

the above -d[{M]/dt equation gives -d[M]/dt = 

1 

3 2 4 x (2k, + k (fk, /ky) J{M]“. Use of the above [Riot ] ex 

2 
pression in (17.105) gives d[P,,,]/dt = k,[RiQp°] = 

£k,[MI*. Equation (17.104) becomes <DP> = -(d{M]/dt)/ 

d(P,.4]/dt = Peachy ees yey, 

2 
17.63 d[A]/dt = -k, [A] +k [c]". Let [Al og and aay be 

the equilibrium concentrations under the new conditions, 

and let x = [A], - [A]. Then dx/dt = -d[A]/dt. Since 2 

moles of C are formed when 1 mole of A reacts, we have 

[Clog - [c] = -2x. Then -dx/dt = -k-(LA] 4 - x) + 

2 eae eect k(CC] og + 4x(C]o4 + 4x”) ke [A],q + kL ies 

4x). At equilibrium, d[A]/dt = 0 and 
xk, (k,/k, + AGS + 4x) q , 

the first equation in this paragraph gives -K-[Aleg + 

ZAIN: 



cle = 0. Since the perturbation is small, [C] is close 

to eal ae and we can neglect 4x in comparison with at Cee 

a ia oa where 

-t/T 

We then have dx/dt = -xk, (k ./k, + afc) ee? 

. Ps | ; Pe gs 4K(C],) ; Sibi cs gives x = xe or 

. : -t/T 
[a] - [A] (LA]o [4].,,¢ . 

17,64 (a) CH,CH,CH,, CH,CH,, CH,CH,CH,CH,, and N,. 

(b) CH3 CH, CE and N, (cage effect). 

17.65 Equation (17.112) gives k 

(4 x 1078 

» = 2m(6.02 x 107° /moyex 

em)(8.4 x 107> em2/s) = 1.3 x 1013 em>/mole-s = 

bese. 101° ane moles. ai 

17.66 (a) From Eqs. (17.114) and (17.115), In ky = 

In T - in 7) + In (const.). Then Eq. (17.68) gives E. 

RT? d In k,/dT = RT“f1/T - (1/7))d7)/aT] = RT - 

(at?/n )an/ar. (b) E, = (1.987 cal/mol-K)(298 K) - 

(1.987 cal/mol-K)(298 K)*(-0.023 kvl) = 4,7 kcal/mole 

19 kJ/mol. 

17.67 The data give 

3 
l/ro 35.5 20. 12.5 6.45 dm -s/mmole 

1/[S]g 0.800 0,400 0,200 0,050 dm? /mmole 

The slope is 39 s = K,/k, LE] and the intercept is 

4, dm>-s/mmole = 1/k,[E])- So k, = 
2 

7 mote/dmy7-(a700 dnees/moteje: ee 

/ 

(2.8 x 10° | 6 x POeAs 

and Ku = (39 s)/(4., Gnas moles = 8.4 x 107° mover anen 
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17.68 Since [P] * 0 and since [ES] is assumed small, it 

follows that [S] x [S]p- From (17,122) with [s] * [s], = 

Ko (k_, +k, )/k, and [P] = 0, we have CES }/(E], = 

(ky + ko )/(k_) + ky + K_) + ky) = %. From (17.125), xp = 

kA CEI gK,/ 2K, = ky [E],/2 = FQ max! 2» since ro ay = ko [E],- 
9 

17.69 We plot log ty vs. log Pos The data are 

log ty 0.88, 0.56 G,.23 
8 

2.42, 2.11, 1.76 

0 

log P 
0 5 

The slope is 0.98 = 1 -n andn= 0, 

17.70 The overall reaction is N, + 3H, - 2NH,. To produce 

this overall reaction from the steps listed, we must mul- 

Pepeeeetoes a, -b. Cc. d ve, and f by 1, 3,.2,.2,72, andi2. 

respectively, and then add them. These are the stoichio- 

metric numbers of steps ato f. The fact that the rate- 

determining step probably has stoichiometric number s = 1 

indicates that the rate-determining step is probably step 

(a), Ny + 2* + 2N*, 

17.71 The rate of the bimolecular desorption reaction 

2A(ads) + A,(g) is proportional to (n, /M) (n,/H) and so 

Z 
is proportional to ee; Dg = k39,- The rate Teas of the 

adsorption reaction A,(g) + 2A(ads) is proportional to 

the A,—surface collision rate, which is proportional to 

P. Since two adjacent vacant sites are required for A, 

to be adsorbed dissociatively, the adsorption rate is 
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also proportional to (1 SOR TNS ce the square of the 

2 ° eae 

fraction of vacant sites. Hence, lds aes Ee i So 

. 2 uses Ge 37,2 . wag 7 awe and ki ges) P = k 583 or k3(1 - 6,)P /k3 = Ons 

Solving for 6,, we get 8. (x, /k 3) 2P2/ (1 + (k,/kq)2P21, 

which is (13.38) with b = k,/k3- 

17.72 (a) We assume that each CO molecule occupies one 

adsorption site. (This isn't always true.) The number of 

sites per cm2 9 m01)(6.02 *10°2/mol) = 1.3, x 
2 1019 

is5( 253 108 

».(b) The total number of sites is (1.38 * 10 

(5.00 cm“) = 6.9 x 10!° 
-10 

- The number of occupied sites is 

MOL) (6. 02°S10--/molyoe S25 10 2 So oe (9.210 
14 LS . 

(5.5x 10° *)/(6.9x10 ~) = 0.080. The adsorption rate per 

unit area is r, = (5.5%*10'%)/t(5.00 cm*) = 

(1et10) cm - yee and the equation in Sec. 17.17 that 

defines s becomes s = (1.1 x 1014 /cm?) (2mMRT)?/tPN,. We 

have tP = (0.43 x 107° torr - s)(1 atm/760 torr) x 

Ci0iszsaba/ atm) 2 527% 1007 (Pat aeandea = 
re 1 

(1.1 10'4 404 m72)[27(0.028 kg/mol) (8.314 J/mol-K) (300 K)}2/ 

(5.7°x10-> s N/m)(6.02*%10°7) = 0.67. Since @ is close to 0, 

this is approximately So: 

A z E a /RT 7 17.73 (a) ty = 0.693/kg,, = 0-693e7ardes/Plyqa, = 
0.693e( 121000 J/mol)/(8.314 J/mol-K) (300 K)7(2.4x10'4/s) 

m5e6ex 10) ss) (b) 5.3 et0 Se 

17.74 (In the first printing of the text, this problem 

is defective, since T is not specified.) For T = 300 Ky 
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we have d = (2Dt)? = (2D e Fa mig/RT, )4 = 
[2(0.014 cm2/s) @7 (88000 J/mol)/(8.314 J/mol-K) (300 K) (4 a )2 : 

=9 u Sex 74.0 cm. At 100 s, d is 1007 = 10 times d at 1s, 

which is 3.7 x 1078 om 

17.75 (a) With E = 0, Eq. (17.71) gives E 
a,ads a,des 7 

=AU° =) 0 ASO a = /RT See | Made ty = 0.693/k3,, = 0.693e a/des/MI/a, | | 
= AHags|/RT = 0.693e [Ra a = 03693 x 
@(50000 J/mol)/(8.314 J/mol-K)(300 K);(4915 o-1) _ 3.5 x 

Wn Seth 160,s. (c) 4.6 x 10'? s. 

LJ 

17,76 Let the half-reaction be M~ +ne7~ = M or its re- 

verse (where z and z' are the charges on the species M). 

Let B in Eq. (17.128) be the species e. Then lvl =n 

and r = Av ly Im Van /at| = (/An)ldn _/dt], where n | 
s B B e e 

(not to be confused with n, the number of electrons in 

the half-reaction) is the number of moles of electrons. 

Since the Faraday constant is the absolute value of the 

charge per mole of electrons, we have |Q| = Fin J SO 
e 

[dn _/dt]| = Fl) ae/at| = I/F and BAG (1/A nF) = 5/nF. 
e 

17.77 N= (0.000420 g)(1 mole/347 2)(6.022 x tO= /mouey 

z 7,29 x 1017 atoms of 2331). Then } = A/N-= 

Coe aeee eta 3/17. 29 2102") = 1.35 
-13 

Bee TOs. oe 

ee) = 5.11 x i0!4 sa 

"s 
0,693/ = 0.693/(1.35, x 10 

te is WO ey 

17.78 (a) (20.0 g)(1mol/63.0 g)0.00200(6.022 x 107?/mol) = 

20 3.82 x 107° atoms of °H. Then A = AN = 0.693N/t, = 
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0.693(3.82 x 1079) /(12.4 x 365.25 x 24 x 60 x 60 s) = 6.77-% 

_ : -0.693t/t VO eV wtp yates ave eae SE ha Le 
-0.693(6.20/12.4) _ 4.79 x 10!' -1 

COaT Taio fave ei, a 

23 
17.79 (a) (1.00 2)(1 mole/12.01 ¢)(6.022 x 10° /mole) 

22 
5.01 x 10°* atoms in one gram of carbon, Then N = A/) 

at,/0.693 = (12.5 min7!)(5730 x 365 x 24 x 60 min)/0.693 = 

140. so, % Mc = 100(5.43 x 10'°)/ 
-10 %,, (b) A = Aye. = 

l @ cy7} Je7 0-693 (50000/5730) 
Ane 
0 

“a - -0,693t/(5730 yr 
= 0.0296 min 1 (gz C) 1. (6 V7, O12. 0e i f ) 

5.43 x 101° atoms of 

(5,01 x 1022) 
-0,693t/ty 

H) gO poner 1 a6, 

= 2eo) miko 

In (7.0/12.5) = -0.693t/(5730 yr) and t = 4800 yr. 

-r,¢t 
Le. 80. Set A = 238), and B = 2354, We have Na N, o® A 

> 
t 

= B —_ b— and N, NBO° » We want N 0 NB, 0 at t 0. So 

N,/N, = exp [(A, - 1,)t] = exp (0.693t(1/ty - ey I. 

So In (99.28/0.72) = 0.693t[1/(7.0x 108 yr) - 

1/ (4.51 x 10? yr)] and t = 5.9 x 10° vo. 

17,8] A= Aner and 4 = 0.693/ty = (1n 2)/t,, so A = 
Aje(in 2)(-1)t/ty _ ADoser ar _ ay (a! *&, 

17,82 (a) Let the steps be called I, II, I11, IV. Step Ii] 

requires two Te nuclei, but only one He is produced in 

step II. Hence the stoichiometric number of step II is 

2; this requires that the stoichiometric number of step I 

be 2, The stoichiometric number of step IV is also 2, so 

as to get rid of the two positrons formed when step I is 
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multiplied by 2, Multiplication of steps Dy tit eand 

Iv by 2, 2, 1, and 2 givesas the overall reaction 
0 4 ie 44H + 2 -1© * 9He + 2y + “ (b) The AU is -2, Bove J/ 

Bole. There are (3.9 x 1076 I) /G2 = 6x10! J/mole) = 
14 4 eoee, 10 moles of He produced each second, (¢) The 

number of neutrinos produced each second is 

Zeb eS ix 10/4 moles )(6.02 x Teenie) =1.8 x 10°°, The 

area of a sphere of radius 1.5 x 10° km is 

9 

4n(1.5 x 1011 m)2 = (27 Sux 102° mo. One em? = 1050 m2 and 

the number of neutrinos hitting a square Sor ea of the 

earth in 1 see is (1.8 x 10°8)((107* m2)/(2.8 x 10°° m*)] 
910 

role. | (which is a lot of neutrinos). 

17.83 For this elementary reaction, r = K ax BIC] = 

-d(B]/dt = -(d/dt) (n,/V) = -(d/dt) (N,/N,V) = 

-(1/V) (dN, /dt)/N, = Zn0/Ny and ee = Zn¢/N,(B][C]. At 

each collision, one B molecule disappears, and Zac is the 

collision rate per unit volume, so 2, = -(1/V) (dN,/dt). 

(b) We have [B] = N,/VN, and [C] = NQ/VN, so (15.62) 

. f 2 tie ee 
gives Soe = Znc/N,(BIIC] = N,(r, + FQ) (8RT T) (M, +Ma ) 

= (6.02 x 1073/mol) (4x 107 '? m)7[8(8.314 J/mol-K) (300 o8 . 
as -1,4 ~1 [(0.030 kg/mol)~! + (0.050 kg/mol)~']? = 1.8 x 10° ms"! mol”! = 

(ee ec 
ite Om oce AO dm~ mol Say 

ip aB4e(a)yore (5b) t. (c)T. (dye) Te From (Gl. 2 and 

(4.97), J = (1/v,) dnj/at = a€/dt. (£) F. See Eq. 

(17.77). (z) T. (bh) Fs e«g., see (17260). CL) abe) a. 

(k) F. 
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CHAPTER 18 

18.1 (a) dR/dy = 0 = 

2h aye sha i 

ae Sapa! Gene Rina? 

So 3.2 (ay fenye mee Ty (gh max! - 1) = xe /(e. = fy 

where x = hv vax! KT Then 3e* - 3 = xe* and multiplication 

by e°* gives x-$ 36°" = 9, - (by For*x*= 03°15 "29 Bo the 

function x + 3e* equals 3, 2.104, 2.406, and 3.149. So 

the nonzero root lies between 2 and 3. We have 

(3 - 2.406)/(3.149 - 2.406) = 0.80, so interpolation gives 

x 8 2,80. For x = 2.80, 2.81, 2.82, 2.83, we find x + 3e* 

= 2.98243, 2.99061, 2.99882, 3.00704. The root lies be- 

tween 2,82 and 2.83, and interpolation gives x = 2,821,. 

(¢) At 300 K, v1) = kIx/h = 

ale ere/K) (360 We) 2 821 Cee 10 oceeee 

= 1.76 x 10'> s"!, at 3000 K, vis 10 times as large, 

namely, 1.76 x fone Ee From Fig. 21.2, these frequencies 

(1.3807 x 10 

lie in the infrared. (d) T = hy ax! xk = 

-34 14 (6.626 11027 3 s)(3,5-%. 10) * ts" ")/2.821(1. 38% 10ce aa 

= 6000 K. (e) v= kTx/h = (1.38 x L077? "a/K) (0GnKN ee 

0.80 1/ (6626) 107 Je) = 1480 cea 0 ee ence eee 

18,2 (a) The total emission per unit time and per unit 
Z foe) 

(2nhyo=) J, Cv3/(ebv/ kT = 2) [due Her 
oo 

z = hv/kT; then dz = (h/kT) dv. We have Jy R(v) dy = 

(oe) 

area is J R(v) dv 
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(2nh/e?)(kT/h)* J [z2/(e2 - 1)] dz = (2nh/e2)(er/h)ont/15 
5 

= 27 «tpt /15¢2n3, (b) The emission rate is 

(20k Tn 4/15¢2h?) (Gne2) = 

8n°(1.381 x 10723 3/x)*(5800 K)*(0.7 x 102 m)2 

15(2.998 x 10° m/s)“(6.626 x 107°" 3 s)° 

3.9¢ x ine” J/s (similar to the value given in Prob. 

it, oe). (Cc) tn | year, AE = (3.9, x 10°° Jia) x 

(365 x 24 x 60 x 60 s) = 1.2.x10°% 
5 

(1.2,%10°* 3)/(2.998 x 10° m/s)? = 1.4 x 10!7 xg, 
J. So am = NO eS = 

= = W. For K we have ve 

S/ev)/(6.626 x 107°* 3 gs) 
a C35 One 1019 em/s)/ 

18.3 (a) hy = W + nv? and hy, 

Btwn = (2.2 6v)(1.60 x 107)" 
= 14 _-1 ee a a s and va c/vn 

(535° % 10! s~!) ae Py hes 107> em. For Ni we find ane 

=i 5 
12x 10!° s and A.) 2.5 x 10 ~ em. (b) K-yes; Ni-no. 

(ec) my? = hv - W = (6.63 x 10734 J s)(3.00 x 108 m/s)/ 

Peed 100 m)o- (2.2 eV)(1.60x%10° 2° 

107)? GimO 29% ey ; 

J/eV) = 1.4 x 

18,4 E = hv = he/a = (6.626 x 10°24 ys) x 

(2.998 x 108 m/s)/(700 x rae m) = 

Seas eae 

= = h = 18.5 Ea tor hy c/i 

(6.626 x 1072* 3 s)(2.998 x 10° m/s)/(590 x 1079 m) = 

3.37 x 10719 3. Then 100 3/s = N(3.37 x 107)? 3) and N = 

2597 x one photons/second. 
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18,6 hy = W+4mv? =W4+K and K = hv - W. 
ax 

12 10l@K /ergs 3.41 2.56 1.95 0.75 

fo ayant 9,593 8.213 7.408 5.490 

ai : 
where we used y = c/\. The slope is 6.53 x 10 eres) = 

h. W can be found from the graph as the value of hv at 

K = 0 or as the negative of the intercept at y = 0. We 

find W = 2.8. x 10°'° erg = 1.8 eV. 
5 

18.7 (a) \\= h/mv = (6.626 x ORS! erg-s)/ 

Ci267) x 10724 2)(6.0 x 10° om/s) = 656. = 10719 cm. (b) 

REG 5626u ats 2 6) /COLOSO ket 1 Oe enee 

Telex 10722 Meals lex 10720 em, 

isco. ko mor = hy. so m = hv/e* =h/rac. (a) m= 

34 : (6.626% 10 ye a)/G0 10-7 nC 00m Tone 

2.2 x 10°7° kes (by m = (6,626 x 10° 3 8)/ 
2 9 8 z -35 

HOs x2. 10 my(3300 x 107 m/s) = 2.22% 10 keg. 

18.9 (a) sin @ = )\/w and \ = h/mv, so sin 6 = h/mww = 

9727 
64626 x st ergs 

(9.11 x 10728 5)(6.0 x 108 em/s)(2400 x 107® em) 

= 5,05 x 107% and 6 = 0.0289° = 5.05 x 107+ rad. (b) Let 
z be the width of the central maximum. Figure 18.4 gives 

tan 9 = PE/DE = 42z/(40 cm) and z = 2(40 em) tan 0.0289° = 

0.040 cm. (¢) ap, = 2h/w = 2(6.63 x 107°’ erg s)/ 

(2400 x tone em) = 5.5 x Taree g em/s, 

zh and Ap, 2 h/ax = (6.6 x 10734 Js a/, 

282 

x 



(lx 10719 m) = 666 x 10724 ke m a7), We have ap = x 
A(mv_) =m av, and AV, = ap /m 2 (64, x 10724 ke m s7t)/ 

-31 
C921 xesl O kg) = 7x 10° m/s, which is very large. 

18.11 |2)* = zz* and [2] = (2z*)%, (a) 1-2] = 23. (b) 
Pea 2h) = (40-2103 421) )@ = (9 aa)? 19% Ge) 
Jcos 6 + 1 sin 6] = [Cecos 6 + L sin @)(cos 6 - L sin 0]? 

= (cos26 + ince)” = 1% = i (d) lyetay s 

(yet yke-La%x*)% = (yy*) ¥[et (ax - a®x*) 72 and if x 

and a are real numbers, lyetaxy = lyl. 

EB 222". Let lsig 9 and TSi9 9 denote the left side and 

right side of (18.9), respectively. We have Isig.9 = 

¥S)g 9° To see if cV is a solution of (18.9), we replace 

YW in (18.9) by cV and see if (18.9) is satisfied. With 

cV as the proposed solution, the left side of (18.9) be- 

comes (-fi/i)(a/at)(eW) = c(-h/i)(aV/at) = c1sig o- 

The eiahe side becomes ~h?/2m, )[a2(eW)/ax’ + cee] = ose 

~(h2/2m_)[a° (eV )/ ax? + eee] + VeV =ecrs 

is a solution of (18.9), we have ls 

. 
18.9° Since UY 

18.9 = TSig 9° Then 

clsig g = C©8ig 9 and so cWV satisfies (18.9). 

18.13 Se fe [re f(r)e(@)h(¢) dr] do do = 

p> yo e(oyn(a)[st f(x) de] ae da = Sf f(r) ar x 

p> [so g(oyh(o) 4a] ao = SE f(r) ar JS g(o) a0 S2 n(o) as 

18,14 The time-dependent Schr&édinger equation is more 

general, since the time-independent equation applies only 
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to stationary states, 

18.15 Let f = fi + if, and g = 8, + ig,, where fy is the 

real part of f, and fo is, the coefficient of the imaginary 

part of f. Then (fe) = [(f, + if,)(s, > igy)]” = 

* 

(£8, - fo8) + i(fos, + £18))] = £18, - £8) - i(foa; + 
ree, Hee * Mire f 8>)- Alec, £°2° = (f, + if.) (3, di ig5 0. = (f, = hts 

= zs * 
(g, - 48.) = f,8, - f£,8 - i(fo8, + £,8)) = (fg). 

18,16 E = n*h?/8ma‘, aE = hy = he/a, 4 = he/AE = 

he[ 8ma*/h?(n5 - ni) = gma’e/h(n, - ni) 

S110 10> OL. 10°” emanate 10°" enfe) 

Wea 10a ere says a) 

1.4, x 107> ecm. 

18,17 (a) re Iwi? axe= "(2 fa) pan sin? (nrx/a) dx = 

(2/a)[%x - %(a/nt) sin (2nnx/ a) }| 2 = } = (1/2nnr) sin 4nr 

where we used f Bias ex dx = %x - ee ein Zex. Up. Syaern 

the text). (b) For n= 1, 2, 3, we get 0.091, 0.250, and 

0.303, respectively. 

18,18 The interval 0.0001 & is much, much smaller than 

the box length, so we can consider this to be an "infin- 

itesimal" interval. The probability is then hab dx = 

(2/a) st (nyx/a) dx. (a) For n = l, we get 

(2/208) ein’ [n(1.6 2/ (2.008) |COe00On 8) =) aaron 
(b) For n = 2, we get 9.05 x 107>, 
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| | | 

Note that Ww? has zero slope at the nodes, 

Pe 20. a? W/ax? = 0. Integration with respeet to x gives 

aW/dx = c and a second integration gives W = ex +d, 

where c and d are integration constants. The continuity 

condition at x = 0 requires that W = 0 at x = 0, so 0 = 

c(0) +d and d = 0. Then y = ex. The continuity condition 

at x = a requires that y = 0 at x = a, and O = ca, so 

c = 0. Then W = 0. 

The lowest frequency transition corresponds to n = 

2 

PS221 

1 = 2. Use of AE = hv gives 22h2/8ma% - 17h7/8ma 

and a = (3h/8mv)% = [3(6.63 x 10724 cy a) ]7/ 

[89.11 x 1072! xgy(2.0 x 10!4 s71y]% = 1.2 x 1079 m 

= hv 

285 



ai k ee 8 ar 18.22 f wil; dx = 2a” fh sin(n, 1x/a) sin(n ,wx/a) dx, 

n, # n,- A table of integrals gives [ sin cx sin bx dx = 

[1/2(e - b)] sin [(e - b)x] - [1/2(c¢ + b)] sin [(c + b)x], 

7 2 a ie 
provided ce # b*. So fr Wi, dx = 

9 [sin [(n,; - n;)vx/a] sin [(n, + n;)rx/a] e 
rn ul see a a On eT = 0 

a 2(n, - n,)/a 2(n, + n;)n/a 0 

since sin[(n, -n,)rJ=0, sin[(n, +n,;)n]=0, and sinO= 0, 

(The sum and difference of two integers is an integer.) 

18,23 The left side of (18.22) becomes a? W/ax? = 

(2/a)%(-1) (n2n2/ a2) sin(nrx/a). With use of (18.27), the 

right side of (18.22) becomes ~ (2m/h2)(n2h2/8ma2) (2/a)® x 

sin(nrx/a) = ~(n2n2/a2)(2/a)® sin (nrx/a), which equals 

the left side, 

18.24 (a) E = (h2/8ma*)(n2 ” ne + aE There are 17 states ( 

with n2 + n? + n? < 16, namely: no non: ="l1!l; 2122, 
x y Zz eyes 

5 a Rees Wt Ve Sine Ree sie id Ray hea 0 Ne Ns IS hoe Ae 

19210" 13°25, 2°) By 23 A res ieee aD) nese om tacee 

give a total of 6 different values for nz + ne + ee 

namely, ne + ne + ne = 3, 6,°9,. Tl, 12, 24, sO theremare 

6 energy levels in the given range. 

18.25 ABE(x) - BAf(x) = (d°/dx?)[xe(x)] = x[{(47/ax7)e(x)] 

= (d/dx)[xf"(x) + f£(x)] - x£"(x) = xf£"(x) + £'(x) + 

£'(x) = xf"(x) = 2f" (x). 
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18.26 (a) When B Operates on g(x), it turns g into an- 

other function, which we shall call f(x). When A operates 

on £(x), we get another function, so ABg(x) is a function. 

(b) Operator. (c) Function. (d) Operator. (e) Function. 

— 8.27 (a) B = [(h/1)(a/ax)P = -(h/1)(3°/ax?). 
(b) BS = [CH/1)(a/az)]* = aX (a4/az4y. 

18.28 eae Nisin 3x) = (d/dx)(3 cos 3x) = -9(sin 3x), 

so sin 3x is an eigenfunction of d2/ ax with eigenvalue -9, 

(a2/ax7) (6 cos 4x) = -96 cos 4x = -16(6 cos 4x), so 

6 cos 4x is an eigenfunction of a2 /ax2 with eigenvalue -16. 

(a2 / ax) (5x?) = 30 x, which does not equal a constant 

¢ is not an eigenfunction of d2/ax2, 

(a2 /ax2)x7! = In°° # (conet x7!) (d2/ax2)(3e7>*) = 

times 5x°: so 5x 

75e7>% = P5(g60 7) and the eigenvalue is 25. 

(a2 /ax2) in’ 2x = Ve # (const. )1ln 2x. 

ro *B dx = oy" i/ 4) (a/axdp ase 

See 2 W@W /ax) dx + (h/t) ie W* (ay /ax) dx + 

18.29 (a) <p,> 

(B/4) SJ P* (alex) dx = (H/i) Sp *Caplax) ax = 
(f/i)(2/a)(nn/a) Ps sin (nnx/a) cos (nnx/a) dx = 

(2nnfi/ ia) (a/nr)® sin’ (anx/a) | * = 0, since sin ny = 0 

fore tel 5, vor. oe KWenised the fact that y* = 0 out- 

side the box.) (b) <x>= ie Wey dx = 

ie (2/a)® sin (ntx/a) x (2/a)2 sin (nrx/a) dx = 
0 

(2/a) i 4 ans (nrx/a) dx. A table of integrals gives 
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2 cx dx = $7 - (x/4c) sin 2cx - (1/8c2) cos 2cx, foxteiin 

SO <x> = (2/ a) [3x? - (ax/4nr) sin (2nrx/a) - 

(a2/8n2n2) cos (2nmx/a)] | 5 a (3) year - a? /8n2n2 + 

a? /8n7n*) = a/2, since sin 2nn = O and cos 2nn = 1 for n= 

Hel sega Ce) ae ee i Wx ax = 

oy i x2 in? i ae A table of integrals gives 

if EX a: cx dx = x 316 - (x Ly foe - 1/8c° ) sin 2cx - 

(x/4e2 ) cos 2ex, so Se 

(2/a)[x?/6 - Car cian - a’ /8n-w) sin (2n1rx/a) - 

(atx /4n-n) cos (2nm/a)] {6 = Ofaia 16 - a /4eee} = 

a2/3 -a/2nn., 

18.30 The time-independent Schrédinger equation Ay = 

EW for (18.54) is (A, +A, + +++ + AL) = EW and 

AW - AW Et SS % on = EW (1). Taking Wy = 

a ye we have AW = A Ce, (a, )£,€a,) +: 

f AGE )] = OIC des since A, involves only q)° Equa- 

bel 

tion (1) becomes fate wif) + fifgcc°f Hof Maes: 

eat aH 2 i = Ef ,f°-°f, - Division by f,f Pha gives 

(1/£,)H,f, + (1/f Hof) + <*+ + (1/f£ ALE. 
the same kind of argument used after Eq. (18.32), each 

E (2). By 

term on the left side of equation (2) must be a constant. 

Calling these constants By Eo» eco, E_, we have 
re 

(1/£,)H,£, =)Ey or Hye = Ef,» ete., and equation (2) 

gives EB + E, ee EY = E. 

18.31 Vishes a AE/h = [(v, + ahve. - (v, + *)hv d/h = 
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= = a =e Re 1Sgist (v, oN es (8 Dee ene 6.0. x510 Bie, 

18.32 Squaring the curves in Fig, 18.12, we get the fol- 

lowing curves (note the unequal peak heights): 

18,33 (a) From Fig. 18.12, Wo is a maximum at x = 0; 

likewise, We is a maximum at x = 0 and this is the most 
2 2 

probable value of x. (b) a, /ax =0O= (4023/1) 2(2x07O* . 
ey 4 

ax ¥ 
2ax e so x =] tl/aq~ =.2(fi/2rvm). (xs Ole a minimum. ) 

18,34 “a Wo/ax® = (al) *(a2/ax? ame 

Peay (d/ de ~0xe 7 us = (o/ 1) *(- ier 1 + aexze7 OX */2, 

= (2x2 - a) Wo = Glén vomes (he - 4 2 ym/h) Yo. Equat Lon 

(18.63) gives k = bn? ym, so bx Wo = 21 2 vem Wye Then 

‘yg ham + bux” Wi = (-27 ag ~ shy) Wo + 

on" mx Wy = hy Wo = Eg Wo: 

Z 

PWT axe (aint x20 ax = =00 i) aye 

YU i xe O% dx = 2(4a>/) 2202/2 ) = 1, where 

we used integrals 1 and 3 (with n = 1) in Table 15.1. 

2 

less6-(a) <x> = foxy dx = (as)? fees dx = 0, 
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where integral 4 (with n = 0) in Table 15.1 was used, This 

result is obvious from oy 18.022)" €D) ee = 
Zz #y | 

re ues x dx = (Cleo are en t* ax = 2 (al)? x2e7OX ax 

= Aka es 3/2) 1/24 = h/8n-vm, where we used in- 

tegrals 1 and 3 ie TeabLes Lael (¢) gli FW BW dx 

= (afm)? f ene pia eae i Payee 

IAI J” xe" ee Sat ancl eoeR faker aeaNs 

18.37 E=K+Ve= km (ax/ dt )° + ex” = 

kf Ge/m) 2A cos [ (e/m) 8 + b]}2 + kia? ene [ (c/m)*t +b] = 

LiA-(cos? [(k/m)%t +b] s°in? [(k/m)“c + b]} = SkA- 

(b) om dex/at? = m(a*/at2){A sin [(k/m)#e + b]} = 

-mA(k/m) sin ficeym) ze +b] = -k{A sin  (e/m) 2x + b]} = -kx 

18,38 (a) v = (1/20) (e/m)® and k = bt Om = 

2 = 
Gr (2.4 s 1)2 (45 ee alan O2 se 10% dyn/em. (b) E = bie a2 = 

OF Gi 022s 104 dyn/em)(4.0 Se = 182 = 10° ergs = 

(v + s)hv, so v + 5 = (8.2 x 10° eres)/ 

-27 30 
(6.626 x 10 ere -s)(2.4 g7ly = ook bw =e 

18.39 (a) The Hamiltonian is the sum of three one-dimen- 

sional harmonic-oscillator Hamiltonians, one for each co- 

ordinate; the separation-of-variables theorem [Eqs. 

(18.55) and (18.56)] gives the energy as the sum of three 

one-dimens ional-harmonic-oscillator energies: E = E.. + 

Ey cae ie *)hv + (ve + ‘s)hv,, +(e *)hv_, where 

Vy = 0, 1; Ly oea9 Vy = OF; lis ae eoeg Ve = Oe 1, vas eee, 
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and v, = (1/2n)(k,/m)%, ac (1/2n)(k,/m)?, = 
(1/2) (ke, /m), where m is the particle's mass. (b) The 

CHER level has Sean EY as Ni 0 and E = sh(v_ + Neg + Ves 

18.40 H = (1/2) (u2v2 + nove + uve) +V + 

(1/2m) (neve o Movs, + M’vs) = V + bu (ve + v + ve) + 

z Z 2 
AM( vy ee Vz). Using Eq. (18.67), we have Vous dx/dt = 

dx,/dt - dx,/dt = =o, - Beit Similarly, oe = Vv - Vv 
MA y5l 

d = ba! e “ = = and v, Ee: wl Since X (mx, + mx, )/M, we have 

yaa dax/dt = [m, (dx, /dt) + m,(dx,/dt ) ]/M = 

(mV 3 + Vg 2)/ (my + m5 similar equations hold for 

i 2 
a and v,. SoH = V + s[m,m,/(m, + my) }(vy = ova en + 

2 meee it HAs? Veo + ) + a(m, + m5 )(m, + m, ) my vy + 

2M M5 Vie 1 Vx 2 + Ye 9 t+ eee) = Vet 

4(m, + m,)7*[(m, + m,)m, ve + (m, + m,)m v2 + eee] Ngearaaes yale 2 2 
V + (mv, 1 + mov 2 + ae + eT, + Tee + ey 

; 75 eae 2m 2 222 2 = 1 = = V + sm V4 + 4M5V>5 Vv + mov) /2m, + m5V5/ 2m, py/2m, + 

p5/2m, + V. (The dots indicate similar terms in y and Zz.) 

18.41 (a) yw = mymo/(m, +m) = [(12.0 g/mol)/N,] x 

[(16.0 g/mol)/N,]/{(28.0 g/mol) /N,] = (6.86 g/mol)/N, A 

etn 2° G. (by iivs ua"= 4.141077" kg) * 
10 2 46 = ~ 2 

Claro x00 Myo tet 345. KO kgm. (c) i es 

345 s)7/ 

Bec rmeae 4 076° kg me) =93.83°%) 100-90. For’J"= "0, 4,2, 
3(3 +1)h2/21. h2/21 = (6.626 10° 

3, we have E, = 0, 7.66 * Neto 3 23407% 108-80; 

46.0 * ‘ieee J, respectively. The levels are (23 + 1)-fold 

291 



degenerate, so the degeneracies are 1, 3, 5, 7. (da) For 

J =0.to 1, AE = 7,66:% 10 +> 9) 0 a0 66a Fee 
-34 LP =) 1 

(6.626 x 10 J.-S Vand = NO a 0 S97 POT ee 

2, UAE =. (23.0'-.766)10 °" 0 = hv andy «2232 040" wage 

18,42 <x?> PS i i) *x os dx/ J i) *o dx, where the ne ea 

ws required because ¢ is not ieee sete im o*x ae dx = 

i x(a - x)x ae - x) dx = i. (acer - 2ax? + x 65 dx = 

215 -a 713 +a a. | WS Also, ie : *4 dx = 

is x ae - *)° ap ( Med - Cae + x 4) dx = a?/3 - 
0 

oe +a 502 a 730, Hence pre ny Cao /105) + Cac /30) = 

2a%/7 = Onts57a- The true value is found by setting n = 1 

in Prob. 18.29c to give a = a“(1/3 - 1/217) = 0.2827a". 

The error is 1.1%. 

18.43 (a) f° 36 ax = ie x*(a - x)°x“(a - x)* & = 

ies (atx4 - bax + 6 atx Qe hax! + x8) dx = Ae - 25/8 * 

6a7/7 - a?/2 + a’/9 = a7 7630) We have H¢ = 

Bo fom) (a7 dx) cca’ 22a ee eo 

12ax + 12x27). So b o*fie dx = 

Sacin) hake <eG@aa5 x)2 (a2 - 6ax + 6x") ax = 

S(eaim) be (atx? ~ eRe + Tons - tee + Bx) dx = 

BChaimyC als 3 - 2at + 19a.75 - aa 

2 41 /4200-m. Then f o*He dx / f o*o dx = 

(h2a//420nem)(630/a') = (3/207) (ho/me-) =hOet Soho (mace 
2 

+ 6a. /7) = hoes oes 

Es° The true See is h2/8ma = 0.125h2/ma’. The error is 
Oo 

227s Gb eite ts en eens at x = a, since ¢ = O out- 
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side the box, 

18.44 f Veaaet Hee 

(a/n) if ip arax?/2 4 axe /2 

=O 

- 172 re) xt s 2 2 Rue merece = 2e(asn) it? fax eax 
1/2 572 2c(a/w) (4! rB/2? 2! / ) = apa hnke s ane we used inte- 

grals 1 and 3 (with n = 2) in Table 15.1. We then 

(0) 2 have sp RS Eos + 3c/4a° = Shy + dey eat once 

18.45 (a) If Nx(a-x) is normalized, then 

2 
dx = 1 = In|? ifs (nea axe ede 

-5/2 
’ 

ve In| 2x2 (a - x) 
5 | 

| N| (a°/3 -a°/2+a°/5) = \N| 27a°/30 = 1 and |N| = 30a 

4-5/2 
SO a normalized form is 30 Xa = XxX) 

Bassin) G1 n/a (b) For the ground state, w = 

(2/a)2 SAvtixal. Ae xa =.0, 0.7.7.0 .2;, 0.35 024) 0257026 

we get y = 0, (2/a)2(0.309) = 0.437/a2, 0.831/a%, Wanex yee 

1 -345/az, 1.414/a2, 1.345/a2. The corresponding values of 

the function in (a) are 0, 0.493/a2, 0.876/a2, 1.150/a2, 
1 

1.315/az, 1.369/az, 1.315/a*. 

18.46 Since lw|? dx is a probability and probabilities 

are dimensionless, lt? has units of length”! and yp has 

-3 
units of ieneche.. The SI units of wy arem %*. 

18.47 The blackbody function (18.1) depends on the com- 

binations of constants h/e? and h/k. In 1900, c was known 

reasonably accurately, so by fitting the observed black- 

body curves Planck obtained values for both h and k. Use 
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of R = Nk then gave N Use of a7 = N,e then gave e. 
Ne 

18.48 (a) E= n2h2/8ma2 and doubling a multiplies E by %. 

(b) E= J(J + 182/21 = 3( + 1)K2/2na2 and doubling 4 

multiplies E by % (¢) E = hv = h(1/20)(k/m)® and doub- 

ling m multiplies E by 1//2. 

18,49 (a) T. (b) T. The future state is predicted by 

integrating the time-dependent Schrédinger equation. 

(c) T. (d) T. (e) T. This is the definition of operator 

addition. (f£) F. (g) F. "Sum must be replaced by "prod- 

uct" to make the statement true. (h) T. (4) F. (j) F. 

[Reminder : Don't use the solutions manual to avoid 

| working problems. 
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CHAPTER 19 

9. = or = a Oe ee Q1Q5/r Q,Q/4n€ , 

(@o0 2 10°" etatc)*/(3.0 x 10°° om) = 7:7 x 107° eres 

G. Aa) Vs 

G7 eeiGe ere) (1 ev/1/602-x 107'- ere) © OR eV. In ST 
units, V = (-1.602 x 107! c)?/ 

-12 2 
Cc Ant S056 = 10 Pion tS 0G 10 ms 77 ea On 

(b) Let the electrons be numbered 1 and 2 and let the pro- 

ton be p. Then V = V9 + Mae + Yop = 

(-4.80 x 107! statc)?/(3.0 x 1078 em) 
- (4.80 x 107! seatc)2/(4.0 x 1078 em) 

-8 
(4,80 x 10719 statc)2/(5.0 x 10°” em) 

SOT x 10712 erg = -1.7 eV. 

me y/ Cltev) ee 1602 nl Cue 19.2 E = (100 ev)(1.602 x 10 

J= p*/2m, so p = [2(9.11 x 1073! ke)(1.602 x 10717 ny? = 

24 ke m/s. A = h/p.= (6.626 x ie Is)/ 

-10 
(5.40 x 10724 kg m/s) = 1.23 x 10 m= 1.23 A. 

5.40 x-10 

19.3 m= Q+ (Q/m) = (4.5 x 107!” cy/(6.0 x 108 C/g) = 
er 10 7" ° ok 

19,4 Q/m decreases at high v due to the relativistic 

increase of mass with speed, 

3 sans a 
sa 9) BO MLS om peecuuaron 

Gow Be aGLOie mye = 1x 10712, 

sie ERS, 

V=MPp = (197 g/mole)/(19.3 en) = 10.2 one aoe 
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V = (10, 2°émt/mole)/ (6202 #) 10-7 /motey alas seen 

ome eg? aid f SOIR BT sO ere ee 

BE AWL (a) 0; Uy hg 2 4. (b) aD, -4, -3, “2, ass 0, is a5 

Beets 5. 

19,8 (a) The only n = 1 state is 180, so the degeneracy Is 

1 (i.e., nondegenerate), if spin is not considered. 

(b) The states 2s, 2P)> 2Po» 2P_y have the same energy, so 

the degeneracy is 4, (c) The states 3s, 3P i> 3P9> 3P_y> 

3d,, 3dy5 3do, 3d. 3d_5 have the same energy and the 

degeneracy is 9, (The general formula is n*.) 

19,9 These are hydrogenlike species, so E = -(z2/n?) x 

(13.60 eV). The ionization energy IE is -E for the ground 

state, n= 1. (a) IE = 22(13.60 ev) = 54.4 eV and the Lon- 

ization potential IP is 54.4 Vv. (b) IE = 32(13.60 ev) = 

122.4 eV and IP = 122.4 Vv. 

19,10 AE = -(13.60 ev)(1.602 x 1072 erg/1 ev) x 

G32 = 1/27). =-3.026 x10 * erg = hy and y = 

(3.026 x 107! ~27 erg s) = 4.567 x 10! 4/5, 

Ov om/S)/ (ANSTO lo fe ene Seen 

erg)/(6.626 x 10 

Mt 09 70a 102 

19,11 For a hydrogen atom, pp = m m/ (m, + m.,) = 
e 

2 24 
(9.1095 x 10° : 2)(1.67265 x 10° 

-28 

8) 
= 9.1045 x 10728 

g + 1.67265°% 1072 ¢) 

2 

(971095 x 10 

We have a erie: = (6.6262 x 10727 erg ey) 
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4n7(9.1045 x 10728 gy(4,8032 x 107!° statcy2 = 
5.295 x 107” em = 0.5295 8. 

19,12 This is a hydrozenlike species, so its energy lev- 

els are given by Eq. (19.16) as E = -(z7/n2) (e'2/2a) = 

-(Z ing Gath ior*).. Let m be the electron mass; the pos- 

2 tron h Ss = = itron has mass m On m /(m +m_) =m /2, 
positronium 

as compared to yn ~ mM, for an H atom. Since E is propor- 

tional to up, each positronium energy level is half the 

corresponding H-atom energy. The positronium ionization 

potential is thus 4(13.6 V) = 6.8 Vv. 

19.13 Using ee 19.1 and Eq. (19.25), <> = fr WaT 

nT E(Z/a)> in oh cs e 2rla,.-2r/a »2 in 9 ar ao dé = 

(Zina) eae 5 _erla dr f” sin @ de ne dg. A table of 

integrals ome fi Bo eoe dz = e223 /p - 322/b2 + Safe - 

ian so Fc re carla dr = CAR Eee since 

e72Zr/a vanishes at r = © (This result also follows from 

n+] ee) a : ; 

the definite integral / ze bz dz = n!/b found in most 

tables.) Then <r> = (z° Jna \(3a D872) nye 3a/ 22. 

19.14 Let @ be the angle between the positive z axis and 

an angular-momentum vector. For m = +1 in Fig. 19.5, 

cos 6 = mare = fi//2h = 1/Y2 = 0.7071 and @ = 45°. For 

150 8 =Y 46% => 13520 
m= Oy 6 = 90°. For m= -1, s] 

9.15 (a) L = rp sin g, where g is the angle between r and 
pt 

oe For circular motion, the velocity vector v is perpendi- 
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cular to the radius, and so is p = mv; thus 8 = 90° and 

sin B = 1. Since p = mv, we get L=mvr. (b) The L vec- 

tor is perpendicular to both Y and p and r and p Lie in 

the plane of the circular motion, Hence 5 is perpendicu- 

lar to the plane of the circular orbit. 

19.166 CA eFromesec.s)9.,5, IL = [2(2 + yen = 0, since 

2 = 0 for the ls state. (b) From Sec. 18.3, Bohr had IL 

= mvr = nh/2n = h/2n for the ground state. The Bohr theory 

had the wrong value of IL]. 

19.17 IL] = [e(e + 1) Jn = ri(2y yen = (2H = 

KD (G06 260xe 1Cee + Miw)/- 29 meal Od Ri Oe ante 

10,18 MelO Pigs (iai-/ot + Cis) os eee 

Caye/si se hs ig 247/e Dig a Palace 

+ °**, Also, cos 6 +i sin ¢@ = (1 - a2/2! + ot/as Pte 5 

+ i(¢ - o°/3! = g°/5! - see) = 1] + ig - o7/2! - ig?/3! + 

OTN ee SEW ay hr area ur aces 

19,19 2p = 274(2p, + 2p_,) = 27 8(1/8n%)(Z/ayr”? x 
e2t/2a, sin ¢ (et? . e718). We have e!® + e71% = 

cos ¢ + i sin ¢ + cos (-¢) + i sin (-¢) = cos 6 + i sin g 

+ cos ¢ - i sin 6 = 2 cos ¢, so 2D, = 

(22/23 v2) (z/ ayo! 2@72t/ 28 r sin 6 cos ¢ = 

7 8(Z/2a)ol ege72t/ 2a where Eq. (19.9) was used. Also, 

2p, = (2p, - 2p_y )/iv® = (27/4) (1/88) (2/a)>/? x 
PCA SK Mes PTR (e792: a EO) We havea eee oe d+ 

i sin ¢ - (cos ¢ - i sin ¢) = 2i sin ¢, so 2p, = 
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(22/23 72) (Z/a)>/ 297 2t/2a 

nr 8(Z/ 2a)?! eye" 2/28 

r sin 0 sin ¢ = 

19720 Ca) a, + ib, = a, + ib. We must have a) = a, and 

b, =b 
1 2: 

(20) 7%eimd,21mL 

(b) (21) 7%et™ = (29) %eim( +27) _ 

, sol = e2™™L = cog (2mm) + 4 sin (27m) , 

where (19.23) was used, Equating the real parts and the 

imaginary parts of this last equation [as shown in part 

(a) ], we have cos (2mm) = 1 and sin (2mm) = 0. The cosine 

function equals 1 only for angles of 0, +2n, +47, +67, 

eee and the sine vanishes at these angles. Therefore 21m 

Sete meet. econ NG m= O, +) 2 6... 6 

-dr. 4 and d are constants. eral Yop. has the form bze 

ays Along the z axis, x = 0 = y and r = (x2 + y2 +z 

-afz| along the z axis. Near oy? © (et thus Yo. = bze 

z= 0, e742! ~ 1 and Yop, = bz (a straight line through 

the eeciye For large Gelues of {z], the aaeee 

12 = Ib] “2 2,724] 2] causes W to fall to zero. Also, Ip, | 
z 

along the z axis. rw? is parabolic near the origin and 

is positive for negative values of z. The graphs are: 

Y hap 
Zz Zz 

Tis ,w 20 ; ALES ER A en IW, .le sin @ dr d@ dg = 
c 

(lina) ae en 2r/a,2 dr 7 sin 9 dé - an dg, where we set 
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2 
Z equal to 1. A table of integrals gives Jf e@bt ge dt = 

br */b - py ite + 2/b°), sO ao en 2r/a,2 dr = 

ert F (ant /? 202/426 /8) | at a= 
-2r eu 

fen ae ae ee + kar 
ls wis 

-cos 0 He = 2 and J dg = 2n. So 0,9 = 

-2r, 2 Dupe ie 
(2r,,/a + ar, ./a +1) +1... Let w= r1,/a. We want 

to solve 7 2" OW" + 2w + 1) = 0,1. for w= 0, 1, 25-352 

+ ae ) + ey Also, iM sin 9 dd = 

-e 

left side of this equation equals 1, 0.6767, 0,2381, 

0.0620, The root thus lies between 2 and 3, Further trial 

and error gives w = 2.66. So Se 2,66a = (2.66060 25295 A) 

= 1.4A.. (b) 0,9 = (1/320a> ) $528 (2 - fay ees dr x 

20 -r5,/a_ 2 4 1 oe 2s a) Aare 4 fo sin 6 dé Lo dg =e [-r, ,/2a ry fat r,,/8a ] 

+ 1, where a table of integrals was used. Let v = ry ,/a- 

We must solve e""(4y" + 8v +8 + v) = 0.8. Trial and er- 

ror gives v = 9.125 and r,, = 9.1254 = 4.83 A. 

19.23 (a) We have: <rou= if, Wop apg! = 

CRIB Dn a! Dal =e engin ae cos 6 r Stee cos 6 X 

x? sin @ dr n dé = (2°/32va?) is pe t/a dr fod dd xX 

i cos? 6 sin 6 dé. A table of re integrals gives 

ie ads dr = ay ste for b > O and n a positive integer. 

So ie roe arla dr = 53a0/2°, Let t = cos 93 then dt = 
0 

-1 
-sin @ dé and (pe eoere sin 6 d6 = aie 12 ata 67 3s 

<r> = (2?/32wa>)(120a°/2° ) (2/3) (2m) = 5a/Z. (b) The 

2p, and 2p... orbitals have the same shape and the same 

size and differ only in spatial orientation. Since r does 
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not depend on spatial orientation, <r> must be the same 

for the 2p, and 2p, states. (c) he =f Wp rWo, dT 
x x x 

(2°/32na>) {7 re" 2t/a ay as cos’¢ d¢ iy. sin’e dé. The 

r integral was found in (a). A table of integrals gives 

29 dd = 46 + & sin 26 and f sin? 
: cos 86 sin2e and we find <r> 

(1)(4/3) = 5a/Z. 

f cos 6 dé = “5 cos 06 - 

ie (29/32wa>)(120a°/2°) x 
x 

19,24 Equations (19.26) and (19.21) give the ground- 

state H-atom radial distribution function as oa = 

4(z/ayr-e72Zt/ a, The maximum is found by setting the de- 

rivative equal to zero: 0 = 4(Z/a)*[2re”22e/a ~ 

(22r2/a)e7224/ 4] and r = a/Z. (The root r=0 is aminimun. ) 

19,25 Let c = 2.00 A. To find the desired probability, w: 

integrate Ww dT over the volume of a sphere of radius 

ec. The angles go over their full ranges and r goes from 0 

to c. Table 19.1 and Eq. (19.25) give the probability as 

(1/wa>) i un a en 2r/a r* sin @ dr dé dg = 

Geet) foie 7*!* 
tegral has the same form as the radial integral in Prob, 

2 
dr uN sin 6 dé st dé. The radial in- 

19,22 except that lis is replaced by c. Therefore, 

fe Bis dr = ~e7 20/8 02 + kave + ee + Ne The 0 

and g integrals are given in Prob. 19,22, and the desired 

probability is ~e7 201 89627 4? + 2c/a +1) +1. We have 

c/a = (2,00 &)/(0.5295 A) = 3.77, 

ee 11093 577 a) tes 2 (G77) 1s] = OY98L 

and the probability is 
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21 27 
19.26 J, ID]? do =f O*h dg = 

< 21 
ee imp AMS Ga = (1/2m) J dé = 1. 

-Zr/a -Zr/a oe 19.27... 3e Jax (se /ar)(ar/ax). We have r = 

(x? + i + 22% and dr/ax = k(x? + y? + 27)~% (2x) Eo dhe e, 

-Zr/a -2r/a 327 tl ay 5,2 of 
/ax = -(Zx/ra)e 

-Zr/a 

So 3e 

(3/ax) (-Zxe Poel Bs 

x{(a/ar)(ze <! °/ra) |(ar/ax) = age Th Of ea + 

(x227/r2 a" en ar/a + (2x2/ ar )e72t/ 4, Similar equations 

-Zr/a 

/va) = -Ze 

hold for Be) oy and af az” of e . Then 

(a7/ax? A Seyperos i 32/az2)e7 ot! i. ~3ze7 2t/ a/y5 2 

Mee + a + PNT fees leases + (z(x2 +y* +27)/ar> Je" 22/4 

= eer ea + (27/a2)e72r/a + (Z/ra)e"2t/ 2 = 

~2ze722/ Arey + (27/a2)e72t/a = ~2uet*ze7 Zt! Ay pn? + 

(27/a2)e72t/ 8, where (19.16) was used. The Hamiltonian op- 

erator is (19.8); we have HW = 

= /2u)(o"/ax? ae aloy 37 /az2) [1 2(2/a)3/ 267 28/8] - 

(Ze 2/2) Cn 8(2/a)3/ 297 28/8] = Ste Je) 46 8 (e/ay oe ee 

=n *(2/ay??e?/2urf-2uet*zen2"/ Aen? + (27/a2yen2t/2q = 
~ (6 2" /2uaz)n 2(Z/ a)! 297 e/a = 

~ (2717 /2a) En 8(z/ a)?! te" Zt! 87 = ELsWie- 

e 2 a 2 * 1 Ua AZ Bey sV> =) c= 26 (r= = iZel) ane a 
4 co *) 2 bane! = = 

-(Z ate /faen) if mes % mee ar/a r } e Zr/a a sin 6 dr d@ dé 

us b Ng 1g 

es Sa ae 
= eZee! /aw) - re 2Zr/a dr ie Sin 6 dé es dd. Using 

either the definite integral 5 r = dr ise or the 
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indefinite integral ff re" PF dr = ae Levey is + Wis oe we get 
Ss -2Z 

io are r/a dr = a?/4z-. Then <V> = 

beet ene | 2 2 “(2 e'“/a m1) (a /42°)2(2n) = ae hayes for the ground state, 

19,29 Let 9 be the angle between the z axis and a spin 

vector. For m= +5, we have cos @ = 5H//3/4H = 1//3 = 

0.57735 and @ = 54.7°, For m_ = -k, 9 = 180° - 54.7° = s 
eo 

se as Nat 

19.30 (a) Electronic orbital angular momentum; |L| = 

[2(2 + 1)J*4. (b) z component of electronic orbital ang- 

ular momentum; L. =mfi. (c) Electronie spin angular mo- 

mentum; Isl = [s(s + 1)J*%. (d) z component of electron- 

ic spin angular momentum; S. 3 mot. 

19,31 (a) Neither, since f(2)g(1) # +£(1)g(2). (b) Sym- 

metric, since g(2)g(1) = g(1)g(2). (¢) Antisymmetric, 

since -£(2)g(1) - g(2)£(1) = -[£(1)g(2) - g(1)£(2)]. 

(d) Symmetric. (e) Antisymmetric. 

19,32 The true ground-state energy of He is -79.0 eV (see 

p. 634 in the text). The variational value -86.7 eV is 

less than the true E ce this violates the variation theo- 

rem (18.76), so there must be an error in the calculation, 

Woes o0(a) Fores==~9/2, Eq.) (19.27). gives Was Boe Whee 

-1/2, and -3/2, The possible z components of the spin are 

mf. The leneth of the spin vector is jaar Wh = 

15H. The possible orientations are 
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(b) cos @ = 

1.5%/%/15f = 

0.7746 and 

9 = 39,2°, 

19,34 There is one electron, so S = s = 4 and 2S +1 = 2; 

also, L= 2. (a) — (b) 2. (ec) 2. 

19.35 2S +1 = 4, so S = 3/2. The code letter F means 

Le xas., 

19,36 (a) Total electronic orbital angular momentum; ILI 

= [L(L + 1)]2A. (b) Total electronic spin angular momen- 

tum3 Is] = [Ss(S + 1) J*4. (c) 2 component of total elec- 

tronic spin angular momentum; oe an Mf. 

19,37 Let the electrons be numbered 1, 2, and 3. The nuc- 

lear charge is 3e'. As was done with He in Eq. (19.28), 

we use the electron mass m in the Hamiltonian. Then H = 

-(°/2m)v, = (/2m)V, - (H'/2m)9, - 3e"/x, = 3e'?/r, 
- 3e'/r, + tye +el/r + et /r, where r_. is the 

12 3 yao 1 

distance between electron 1 and the nucleus, 

19.38 Let f and g denote the n = 1 and n = 2 spatial 

1 
functions, l.e., f = (2/a)? sin (wx/a) and g = 
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(2/a)® sin (2nx/a). With interelectronic repulsion ignored, 

the spatial wave function is a product of one-electron 

spatial functions. Analogous to Eqs. (19.37) and (19,38), 

we form the linear combinations 2-*£(1)2(2) + £(2)g(1) ] 

aa 2-*0£(1)2(2) - £(2)2(1)] that don't distinguish be- 

tween the electrons. To satisfy the Pauli principle, the 

symmetric spatial function must be combined with the anti- 

symmetric two-electron spin function (19.33) and the anti- 

symmetric spatial function must be combined with one of 

the symmetric spin functions. The approximate wave func- 

tions are therefore 

2770 e(1)g(2) + £(2)g(1)]27*[a(1)8(2) - a(1)a(2)] 
27 *[e(1)e(2) - £(2)e(1) Ja(1)a(2) 
27 *Ce(1)8(2) - £(2)9(1)Ja(1)8(2) 
277 £(1)g(2) - £(2)e(1)]272[a(1)a(2) + B(1)a(2)] 

The first wave function has S = 0. The second, third and 

fourth have S = 1 and have the same energy as one another 

(since they have the same spatial factor). According to 

Hund's rule, the S = 1 functions lie lower, 

19,39 The ground-state configuration is 1s?2s2, To make 

the approximate wave function antisymmetric, we use a 

Slater determinant. Analogous to Eq. (19.45), we have 

oe s N 

Is(1)a(1) 

1s(2)a(2) 

Lats jat 3) 

1s(4)a(4) 

1s(1)B(1) 

1s(2)B(2) 

1s(3)8(3) 

1s(4)8(4) 

30D 

2s(1)a(1) 

28(2)a(2) 

2s(3)a(3) 

2s(4)a(4) 

28(1)8(1) 

2s(2)B(2) 

2s(3)8(3) 

2s(4)B(4) 



where N is a normalization constant (equal to 1//24). 

NERY AOR tek GIG pag es k (1s*2s)4 B (1s72s22p), C(1s728-2p*), 

N (1822872p°), O (is?2872p*), and F (1872s72p>) all have 

one or more unpaired electrons and so have S # 0 and have 

paramagnetic ground states. He Cia o5s Be (1872s), and 

290°) have all electrons. paired, have S = O and Ne (1872s 

L = 0 and do not’ have paramagnetic ground states. (Ne has 

two 2p electrons with m = +1, two 2p electrons with m = 0, 

and two 2p electrons with m = -1l, and so has total orbital 

angular-momentum quantum number L = 0.) 

19.41 We want the energy needed for igae  /* + Aree 

ion eee has one electron and so is a hydrogenlike spe- 

The 

cies. From Eq. (19.20) with n = 1, the ionization poten- 

Pie (1B) 1366 Vy) = 2406 

2 
19.42 € = -(Z PAL weer: ev). (a) In Li, the first 

ionization potential is for removal of a 2s electron, so 

Bee 2 5 5.4 ev = (Zoe? )(13.6 eV) and Zope = 1-26. (b) 9.3 eV = 

(2? /27)(13.6 ev) and Z = 1.65. (The increase over Li 
eff eff 

is due to the poor screening of one 2s electron by the 

other. ) 

19,43 (a) If s = 3/2, the m, values are B/2 rife Weer 

-3/2. For s = 3/2, the electrons are still fermions and 

the Pauli exclusion principle still holds. The four values 

of m, mean that 4 electrons (instead of 2) can go in each 

orbital. The ls, 2s, and 2p subshells would therefore hold 
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4, 4, and 12 electrons (double their Capacities for s = 

4+). The ground-state configurations are 1s°, jig 2s 2p; 

4,4 and 1s ‘2s 2p?. (b) For s = 1, the electrons would be 

bosons and there would be no restriction on the number 

of electrons in a spin-orbital. The ground-state config- 

3 9 urations would therefore be 1s~, 1s”, and ees 

19.44 (a) The outer electron in K is further from the nuc- 

leus, so Na has the higher ionization potential. (b) The 

ineffective screening of one 4s electron by the other 

makes “ort greater in Ca than in K, so Ca has the higher 

tOnization potential. « (e)-Cl. «(d): Kr. 

19,45 For Z = 10, the figure gives /€/€, = 8, 2 and 
H vA 

x -870 eV, Co ~ 
~ 1 Since €,, = -13.6 eV, we get € ie H ls 

-66 eV, and oe ~ -35 eV. Substitution in € = 

2 vs s 

- ~ 8 ie ee (Zo eg/2 )(13.6 eV) gives Z OZ 
eff,ls eff,2s 4? 

S ~ 3.56 
eff,2p 

19,46 Nitrogen, with 3 unpaired electrons. 

19,47 tlonization energy data on p. 645 show that AE = 

5.1 eV for Na + Na* + e”, so E(Na* +e”) > E(Na) and 

E(Nat + 2e7) > E(Na + e7). Electron affinity data give 

AE = -0.5 eV for Na +e - Na”, so E(Na~) < E(Na +e"). 

The lowest-energy (most stable) system is Na’; the 

highest-energy system is Na” + 2e7, 

19,48 (a) Sr; (b) F3 (c) K3 (d) C3 (e) cl. Cl and Ar are 

isoelectronic and the higher Z in Ar means a smaller size. 
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19,49 ine ips ins 2 A ere tere 7 dg if: sin @ d@ x 

les v2 dr = 21(2)(a2/3) = tna? 

(b) 
ets <inn 

The fonization energy of K*. (¢) The energy-level spac- 

2 
ing for these one-electron species is proportional toZ, 

2 

iz 
19,50 (a) E is proportiondl to -Z , so Ey >E 

; a : 
so y is proportional to Z. Thus Ynet > v.. and hy duet 

H 

(d) These quantitles are equal. 

19,51 (a) Particle in a box; rigid rotor. (b) Harmonic 

oscillator. (¢) Hydrogenlike atom. 

19.52 (a) V-(c£) = (a7 /ax! + a“/ays + a*/azt) (cf) = 

(a°/ax’ (cf) + (2*/ay?)(c£) + (a?/a2t)(ef) = c(3°£/3x*) + 

c(a7£/ays) + c(3°£/az.) = c(a-/ax + aay; ~ a*/azi)é = 

eve, where the definition of the sum of operators was 

used, Similar equations hold for v5(ef), ete. Then H(cf) = 

2 [-(h°/2m, 0 = +++ = (/2m,_ v2 + V](eE) = -(fi°/2m, JV? (cf) 
eee 2 Z =— 2 2 - - (fh /2m_)vV (cf) + Vef = c[-(f /2m,)V;£ - cee 

-(fi°/2m,)v-E + VE |} = cHE , where the definition of the sum 

of operators was used. We have a: +g) = 

(3° /ax? + a*/ay’ + a*/azt)(t + g) 

2 (a°/ay2)(£ + g) + (a°/azt)(t + 8) 
a*£/ayt + 2" g/ ays + a £/ az + a-efaz 

(a°/axs)(E +g) + 

a*£/axs ” 3° g/ax4 + 

aa 

Z Z 2 : 
(a°/ ax’ + a /ay; +2 Jaz, )E + (3° /axy _ 3*/ays x 37/327 )e 

= vif uF vig. Then H(f + g) = (41° / 2m, 92 (£ Hue )/ wo hates 

: (7/2m_ 0° (£ +g) + V(f +e) = -(H /2m, Vee Si rinete 
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Z 2 2 4 2 2 Z 3 /2m_ vet + VE -(4 /2m,)V58 See ie em) Veer Ve 

= Hf + He. (b) Let Va and Vy be eigenfunctions of H 

with the same eigenvalue Eo thats. HW, = EW, and 

HY, = E,W: Using the two properties of A proved in (a), 

we have He, W, + coW,) = A(e, W,) a (ce, W,) = c HW, + 

coHYy, = eEWa + coE Wy = Efe, Wa + CW)» sO C1 Wa + 

COW, is an eigenfunction of H with eigenvalue E.. 

19.53 (a) dt = Snr? = $7(0.0010 8)? = 4.19 x 10°? A3 
es Aa 1 = 2.14 &-3. 

-2(0.50 A/a) _ 

lw]? = (1/na)e [7(0.5295 &)2]7 
9 lvl? at = 9.0 x 1079. (b) lv? = (1/ma>)e 

Beamer = 421oex 102 ko. (wi* at = 1.4.x 107°. (a) 
8 -17 lwl* = 1.35 x 10-° ana |w|* at = 5.7 x 10 

19.54 (a) dt = dx and -~ s x s ~ (b) dt = dxdydz. 

x, Y, and z each range from -~ to ~, but since lw}? = 0 

outside the box, we need integrate over only the region 

2 
peeks ea. 0 = yous b, 0s 25 Cc, (Cc) dt = :r~ sin 0-drd0.dd. 

eat se Os 8 45 1, 0 50-5: 27. 

19.55 Yes. The gravitational force is far smaller than 

the electrostatic force and so can be neglected. 

Zar =5 2 oe 
Bear Fey! = (Gm m/r )/(e/4ne or”) = 4m )Gm.m,/e = 

4n(8.85 x 107!2 c2/n-m2) (6.67% 10-'| m?/s*-kg) * 

(9.1.x 1073! kg) (1.067% 10727 kg)/(1-6% 107)? c)27 24% 107%, 

19.56 (a) F; ¥,,#0 at r=0. (b) T. (c) F. (a) F. (e) F. (£) F; this 

is true only for identical fermions. (g) F. (h) F. (i) F. (j) F; 

only well-behaved solutions are possible stationary states. (k) T. 

(1) F; this is true only if the states have the same energy. 
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CHAPTER 20 

The table of bond radil on p. 653 in the text gives 20,1 

the following estimates. (a) 0.30 & + 0.77 R = 1.07 & for 

CH, 0.77 & + 0.66 & = 1.43 & for CO, and 0.66 & + 0.30 & = 

0.96 & for OH. (b) 0.30 & + 0.77 8 = 1.07 & for HC and 

O560 Keo ON Gor Att 15a tor CN: 

20,2 Each BF bond has some double-bond character, as 
F: 

shown by the Lewis structure fen” and two others. 
F: 

° fe ° sal as He Hee 20.2 2) Alo, 212 oats cee e998 pe a a 
812 + 2(436)] kJ/mol = [344 + 6(415)] kJ/mol = 

-320 kJ/mol. The true value is [-84.68 - 226.73 - 2(0) ] 

kJ/mol = -311.4 kJ/mol. (b) AHjgg * [946 + 3(436) - 

2(3)391] kJ/mol = =92 kJ/mol. In truth, AHjog = 

2(-46.1)kJ/mol = -92.2 kJ/mol. 

20,4 We assume tetrahedral angles. As noted in Sec. 20.1, 

the vector sum of three CH moments in a CH group equals 

the moment of one CH bond. The H, CF dipole moment is there- 
+ = + = 

fore the sum of the moments H—C and C—F. We have 1.85 D 

= 0.4 D+ Por and Por 291.4 Dy Similerive, 1.627) Ds 
5 

0.4 D+ p!_ and Par = Liged. 
Cl 

20.5 (a) The net moment of the CH, group equals the CH mo- 
+ < 

ment and the dipole moment is the sum of the moments H—C 

~ 

+ - 

and C—Cl.—So p' + 0.4 D+1.5 D=1.9 D. (b) p' x 

310 



Ole Peel 2 =a 950. CG) pl 6.0. 4-Di 401 5) Di = 129.'D: 

(Here, agreement with experiment is quite poor.) (d) 

. ee ee Pt ) 2PbIc cos 60 + 2P ay cos 60 = 
OF H 

Piiaoe))ecos-60) +: 2(0-4° D) cos 60°-= 1.9 Di. spim=20; 

Hence p' x 1.9 D. 

20.6 The moments listed on p. 654 of the text give the 

H,CCN moment as the sum of the H—c and C==N bond moments, 

namely, as p' = 0.4 D+3.5 D= 3.9 D. If we now assume 

the polarity H—C, then the HC moment is oppositely di- 

rected from the CN moment, and we would have 3.9 D = 

-0.4 D+ ere and Phin =54,3' D Cinstead of =355"D)-. 

200s -7f a) A oy/ (kJ/mol) = 415 =~ 4(344 + 436) = 25. 

Ix. - x = 0.102( 25 )? = 0.5 (compared to 0.3 in Table 

poe). Cb) Ano/ (kJ/mol) = 350 = 5(344 + 143) = 106%. 

se! = 0. 102(106)7=1.0. (compared to 0.9 in Table 

/ (kJ/mol) = 328 - 5(344 + 243) = 34%. 

% 

| x 
C 

2Cc2y... (a) Acc1 

Ix, - Xoy | = 0,102(34%) 

Table 20.2. 

= 0.6 (compared with 0.7 in 

Oi 
ei aes 

20.8 (a) H—O—S—O—H (b) In the dot formula of (a), 

° 
oe 

the S has 4(8) = 4 valence electrons, as compared to 6 

valence electrons in a free S atom. The formal charge 

on S is +2 for this dot formula. This is an unlikely value 
Bre whe 

for a nonmetallic element. (c) F—s—F: (d) The SF, dot 
eer 

ait 



formula shows that S can share as many as 12 valence elec- 

trons. (This is due to the presence of 3d orbitals on S.) 

A dot formula for H,SO, that gives S a zero formal charge 
AOK ‘ 

is H—O—S—O—H, Here S has 4%(12) = 6 valence electrons, 

| 
40}; : ae 

as in a free S atom. (e) A dot formula for SO, that 
. $0: 2- 

gives S a zero formal charge is Zyl 
(O—S—O 

| 
:0: 

In addition, there are other resonance structures in which 

the double bonds and single bonds are permuted. Each 

sulfur-oxygen bond is intermediate between a single bond 

and a double bond. 

20.9 +:C=0: The carbon has 2 + %(6) = 5 valence elec- 

trons, as compared to 4 in the free C atom. The formal 

charge on C is -l. (This formal charge opposes the greater 

electronegativity of O and produces a dipole moment with 
~+ 

the polarity CO.) 

20,10 (a) Because of the electronegativity difference be- 

tween H and Cl, we expect the HCl bond energy to be 

larger than the average of the HH and Cl—Cl bond ener- 

gies, so AH® is negative. (b) AH® < 0, for reasons simi- 

lar to those in (a), 

1 2 
20.11 (a) KF + KY + F° + K + F. According to the model, 

the energy needed to dissociate KF to a + F is AE, x 

-10 i stacc)+/(2l17 x) TOT am) ole coe er can = 4(Gn503* x 0 
e 3 
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-11 
10 erg = 6.63 eV. The energy change for step 2 is AE, 

-4.34 ev + 3.40 ev = -0.94 eV. The net AE is 6.63 eV - 

0.94 eV = 5.69 eV. (b) According to the model, p' + e'R, 

= (4,80 x 1071 statC)(2.17 x 107° em) = 10.4 DL (e) Both 

Peornaria are essentially completely ionic with charges of 

+1 and -1 on the cation and anion. The larger size of Cl” 

as compared to F makes R, greater in KCl and gives KCl 

the greater dipole moment (which is approximately e'R.). 

20012 £3) dt Ro» 3E/aR =0O= -12B/R)? + e'2/R? and B = 

e' R_  /12. (b) At equilibrium, the electronic energy is 

2 
= B/R! - e'*/R = ie yabh bs 

c e (S3 8 

-11e'7/12R, = -11(4,803 x 107 spatc)-/12(2.36) x) 108° en) 
-12 

ee et /R, = 

= -8.96 x 10 erg = -5.59 eV. According to the model, 

it requires 5,59 eV to dissociate the NaCl molecule to 

Nat + Cl”. AE for Na’ + Cl” + Na + Cl is -5.14 ev + 

3.61 eV = -1.53 eV (where data was taken from p. 659 in 

the text). The model gives D, of NaCl as 5.59 eV - 1.53 eV 

= 4,06 eV. (c¢) The Pauli repulsion decreases De: Since 

Ri2 4,06 eV is less than the true D., the function B/ over = 

2 
estimates the Pauli repulsion. For E, = A/R" - e' /R, we 

have at R., aE _/ aR = 0 = -mA/R™ egal et */R* and A = 

2 m=-1 a : _ ot? anol Ae 
e! R, /m. So eetau = a/R. -e 77, = silts e /R, 

= ve - 1/m)e"7/R.. Then 4,25 eV = .(] = tive /R, - 

-10 
5.14 eV + 3.61 eV. We have e17/R, CANT OO RON) 

(2.36 x io7k em) = 9.77 x 10714 erg = 6.10 eV, so 

1 - 1/m = 0.948 and m = 19. 
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20,13 The box size is small enough to be considered "“in- 

finitesimal." The probability is |WI* av ~ (2 + 28)7! x 

(1s, + 18,)7(1076 2°), where S=e (1 +R/ay +R7/3a5). 
At the equilibrium separation of R = 1.06 A = 2.00 ag» we 

find S = e"2(1 +2 + 4/3) = 0.586 and (2 + 2s)7! = 0.315. 

(a) At nucleus A, r, 7 O and r, = R = 2.00 a), so ls, = 

nw #(1/ay)>f 20° = 1,466 8-3/2 ana ls, = n7E(1/a))°/ 2972 +00 

= 0,198 2°3/2, then Il? av » 0.315(1.466 + 0.198)? x 
Reo One VAL) 

internuclear axis, r, = r, = R/2 = 1.00a,, 1s, = ls, = 

m7 ¥(1/ay)3/2e7+00 = 0,539 2°9/2 ana Il? av ~ 0.315 x 
(0.539 + 0.539)7(10°°) = 3.7 x 1077, (¢) x, = R/3 = 

2ay/3, r_ = 28/3 = 4a,/3, 18, = 0.753 A9/?, ia. = A 
0.386 4-3/2, jwWi? av » 4.1 x 1077, 

Bree (b) At the midpoint of the 

20.14 The MO electron configuration is (91s) "(o%18)*, To 

achieve antisymmetry, we use a Slater determinant. Anal- 

ogous to Eqs. (19.45) and (20.20) and the Be wave function 

in Prob. 19.39, we write 

d1s(1)a(1) 9,1s(1)B(1) gils(1)a(1) 9% 1s(1)8(1) 

dls(2)a(2) 4,18(2)8(2) a*19(2)a(2) gv1s(2)a(2) 
d,18(3)a(3) o,18(3)@(3) oy1s(3)a(3) o18(3)8(3) 
G1s(4)a(4) d,18(4)B(4) dils(4)a(4) g1s(4)B(4) 

where N is a normalization constant. 

20,15 We use the homonuclear diatomic MOs in Fig. 20.8. 
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2 (a) (¢,1s) (ov1s). (b) (6, ia)° (0 eile (9, oe (c) 

(g, 1s (0% se, 28)7(a% “28)2, (4) (4,18)? (o31s)°(o 28)?- 
2 2 * 2 2 * 2 4. ( s)? (mm, p)’. (e) (g,18)° (gis) (0,28) (g.2s)°(m, 2p) 

(6,2p)° ‘ Hes has an unpaired electron and so is paramag- 

netic. All the others have filled subshells and are not 

paramagnetic. (f) (e) with (w*2p)" added. 

20,16 (a) 4(2 - 1) = & «6(b) 8(4 - 2) = 1. (ec) (4 - 4) = 

O. (d) (8 - 4) = 2. (e) 5(10 - 4) = 3 (in agreement with 

the dot formula :N==N:). (f) 1. 

20.17 (a) The N, MO configuration is given in Prob. 20.15e. 

The highest occupied N, MO is a bonding MO, so Ny has one 

less bonding electron than N.. Therefore N, has the higher 

D.: (b) The 0, MO configuration is shown in Fig. 20.10. 
Z 

The highest-occupied subshell, we2p, is half-filled and is 

antibonding. Therefore 05 has one fewer antibonding elec- 

tron than O, and has two fewer antibonding electrons than 

~ + 
OQ,» so 0, has the highest Doe 

20,18 (H+c)P=HY +c = EW +ceW = (E+), 

where the definition of the sum of operators was used, 

20.19 (a) We feed the valence electrons into the MOs of 

Fig. 20.13b where n = 2 and n' = 2, NC1 has 5 +7 = 12 

valence electrons and has the valence-electron configura- 

tion (as )7(0%s)?(mp)*(op)7(n*p)?. NcC1* and NC1” have 11 and 

13 pee a tae and aan the Pam ieaee i 

(98)7(0%s)?(mp)*(op)*(n*p) and (38)"(o%s)*(1p)* (ap)? (n™ p)> ; 
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respectively. (b) 5(8 - 4) = 2 for NCl (which is 

similar to 0,); (8 - 3) = 2.5 for NCL’; 5(8 - 5) = 1.5 

for NCL™. (c) Each of these species has a partly filled n* 

subshell, so each has S # 0 and each is paramagnetic. 

* * 
20,20 35, 20 

+ + 

20 

I \ : at io 

; ) 5 | | | 
1 Be | 

| | 
| { | ; ; 

20521) (a) gs, os (b) gs, 6. Ce) &, 5. (4) £, 5 

20,22 (a) og, since it has no nodal planes that contain the 

internuclear (z) axis. (b) 7, since it has one nodal 

plane containing the internuclear axis. (c) 7. (d) a. 

(e) o (see Fig. 19.6). (£) 6, since it has two nodal 

planes containing the internuclear axis. (g) 6. (h) 7. 

(i) 1. 

20,23 (a) H,ls, H,Is, Gis. C2s* C2p, C2p,, C2p_, Ols, O2s, 

O2p,, OcE O2p_. H 
(b) The dot formula No=6, suggests the 

H~ 

following description of the occupied localized MOs. We 

use sp” hybrid AOs on C to form the CH bonds and the g 

bond of the double bond, These sp- hybrids are formed from 

C2s and the in-plane p orbitals —o and C2p,. The bond- 

ing o MO between Hy and C is a linear combination of H,ls, 

C2s, Cant. and C2p_. The bonding o MO between He and C is 

a linear combination of H,Is, C2s, Cea and C2p,. As we 

did with carbon, we form in-plane Bee hybrids on oxygen, 
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using O2s, a and O2p,3 these hybrids go to form the o 

bond of the double bond and the lone-pair AQOs on oxygen, 

Overlap between C2p. and O2p,, forms the w bond of the CO 

double bond. The o bond of the CO double bond is formed by 

overlap of those ape hybrids on C and O that point along 

the z (CO) axis; the c2p,, and O2py, AOs do not contribute 

to these spo hybrids—the aby and 2p, AOs each have one 

nodal plane containing the z axis and cannot contribute to 

the CO o MO. Therefore the CO localized ¢ bonding MO is a 

linear combination of C2s, C2p,, 02s, and O2p,. The lone- 

pair localized MOs on O are formed from the O2s, CeO. and 

O2p_ AOs, There is an inner-shell localized MO on C that 

is essentially identical to the Cls AO and an inner-shell 

localized MO on O that is identical to Ols. 

20,24 (a) 3Hy(g) + 6C(araphite) ~ 6H(g) + 6C(x) + C.He(R). 
Appendix data give AH. 298 = pez7 26) + 6(716.68) - 

3(0) = 6(0)] kJ/mol = 5607.8 kJ/mol. Viewing C,H, as 

containing three CC single bonis and three CC double bonds, 

we use the bond energies on p. 653 in the text to get 

AH ~ ~[6( 415) + 3( 344) + 3(615)] kJ/mol = 
° 

b,298 
SY Pee ea ° ee 

- 5367 kJ/mol. Then He 298 AH. .298 + AH, 298 241 

kJ/mol. The Appendix gives the experimental value as 

83 kJ/mol, so benzene is far morestable than it would 

be if it were composed of tsolated single and double bonds, 

a b 

(b) 5H, (8) + 6C(graphite) ~ 10H(g) + 6C(g) ~ CH) 9(g). 
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Appendix data give AH. 298 = [10(217.96) + 6(716.68) 

- 5(0) - 6(0)] kJ/mol = 6479.7 kJ/mol. The bond- 

energy table gives AH, 9908 ~ -[10( 415) + 5( 344) + 615] 

kJ/mol = ~6485 kJ/mol. Then AH 99 = AH> 298 + 

AH, 298 i] “Seg kJ/mol. The Appendix gives the experi- 

mental value as -5.4 kJ/mol. 

20.25 (a) The following sketches show a view from above 

the molecular plane, The dashed lines denote nodal planes 

perpendicular to the molecular plane. The molecular plane 

is a nodal plane for each MO. The lobes below the molecu- 

lar plane have signs opposite those of corresponding lobes 

above the plane, 

a 
(b) The MO Py + Py + Pz + Py + Ps + Py has the 

fewest nodes and builds up the most electron probability 

density between the nuclei; this MO is lowest in energy. 

20.26 Let f = (2s + 2p, )//2. Along the z axis we have 

x= 0, y = 0, r= (x2 + y2 + 22)% = (22) = [zl and £ = 

27 %(%) (2m) 2[a73/2(fal/a ~ 2)e 121/28 4 ar5/2zq7l21/2a = 
(1/8r%ae/2 ye"! wl/2¢,, + |w| - 2), where w = z/a. We have 

1/8w%a2/2 = 0,183 2737/2 and we find 
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f pos0208 =0.0820-0.135~ -0.292 =0,.36642-0.143- 0 

z/a -4 2 =2 =] 0 4 1 

f 0.086 0.135 0.163 0.149 0.120 0.091 0.066 

z/a 14 2 3 4 2) 6 7 

The graph shows a sharp negative peak at z/a = 0 and a 

broad positive region for z/a > 1, 

20,27 (a) The TeBr,, Lewis dot formula has four electron 
= 

pairs around Te and two lone pairs on Te. The geometry is 

bent with bond angle somewhat less than 109%°, (b) Two 

reasonable dot formulas are [:I—I=I:]7 with "4" pairs 

on I and f:I—T—1:)7 with five pairs on I. For the 

first structure, the ion would be bent with angle some- 

what less than 109%°. For the second, the ion would be 

linear (see Fig. 20.26c). (In actuality, I, has bond angle 

10,2 and 180°.) (c) Hg has electron configuration °-++5d 

has 2 valence electrons. So Hg has two pairs, and HgCl, 

is linear. (d) With 3 pairs on Sn, SnCl, is bent with 

angle a bit less than 120°. (e) with 5 pairs on Xe, 

XeF, is linear. (f) The dot formula [:6—ci1—6:]7 has 

four pairs on Cl, so the ion is bent with angle somewhat 

less than 109%°, 

20.28 (a) With 5 pairs on Br, BrF, is T-shaped (Fig. 

20.26b). (b) Three pairs on Ga. Trigonal planar. (c) 

4 pairs on ©. Pyramidal with angles a bit less than 

1095°. (d) Four pairs onP. Pyramidal with angles a bit 
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less than 109%°, 

20.29 (a) 4 pairs on Sn. Tetrahedral. (b) 5 pairs on Se. 

Seesaw shape. (c) 6 pairs on Xe. Square planar. (d) 

4 pairs on B. Tetrahedral, (e) 6 pairs on Br. Square 

planar. 

ip) 0.30 (a) 5 pairs on As. Trigonal bipyramidal. (b) 6 

pairs on Br. Square-based pyramid (Fig. 20.27). (ce) 6 

pairs on Sn. Octahedral. 

20,31 Each multiple bond is counted as one pair. (a) 

"3" pairs on 0. Bent, with angle close to 1265, (b) "3" 

pairs on N. Trigonal planar. (c) "3" pairs on S. Trig- 

onal planar. (d) "3" pairs on S. Angle close to 120°, 

(e) "4" pairs on S. Approximately tetrahedral, (f£) "4" 

pairs on S. Pyramidal with angles close to 109%°. (g) "4m 

pairs on I. Pyramidal, angles close to 109°, (h) "5" 

pairs on S. Trigonal bipyramidal. (i) "4" pairs on Xe. 

Pyramidal with angles close to 109%°. (j) "6" pairs on Xe. 

Square-based pyramid. 

20.32 There are 2 pi electrons in each double bond, plus 

the lone pair on N, for a total of 2k + 4 pi electrons. 

These fill the lowest k + 2 pi MO's and the transition is 

from n = k + 2 to n = k + 3. There are 2k + 2 conjugated 

bonds and addition of an extra bond length at each end 

gives a box length of (2k + 4)(1.40 4) = a. Then AE = 

(h2/8ma2)[(k +3)? - (+2)2] = (2k 45)(h2/8ma2). ak = 
hy = he/) and \ = he/aE = 8ma%e/(2k +5)h = 
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8m(2k +4)7(1.40 2)%e/(2k +5)h = 8(9.11% 1073! kp) x 
(2k +4)2(1.40)2 (10719 macaroenos m/s)/ 

(2k +5)(6.63x107°* 3 s) =64,6 mm (2k +4)2/(2k 45). 

20.33 (a) x 400 kJ/mol; (b) = SRT = &4kJ/mol; (c) # 

12 kJ/mol; (d) + 600 kJ/mol; (e) = 1300 kJ/mol, which 

corresponds to 13.6 eV/molecule. So (b) < (ec) < (a) < 

(d) < (e). 

peeemeay foe (b)UR. Cr), (dd) Fr. (e).Feon (Laks 

Peers Ab) 7; 
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CHAPTER 21 

21,1 E = (1.00 ev)(1.602, x 10729 3/1 ev) 
-19 -19 

= 1.602 x 10°-* J = hv, so v = (1.602 x 10°.” J)/ 

34 J a) 22, 420% 1014 pale ie esa = 

(2.998 x 1010 em/s)/(2.42 x 10!*/s), = a es i077 cm, 

(6.626 x 10° 

CLEA OT CRT ene nl Oren 

1 = (21908. % 10° ceni/a)/ 38 ee Te © fH 6 
em/s. The frequency is unchanged in water and hyo = 

Cc /v 

2 
Hp 0 = SH 0bvac!© m [0 = (5893 4)/1.33 = 4430 &, 

a Bi Bs 8 10) 
v Vieux Cie. (2.9979 x 10° m/s)/(5893 x 10 m) 

5.087 x 10!% He. 

vac 

21,3 Using identities before Eq. (21.6), we get PE ie 

(2Q/a)% ie {x cos [(m - n)rx/a] - x cos [(m + n)rx/a]} dx 

Q at (m - n)1x xa (m - n)1x 
= — | ——————- cos ——————_ +. ———— sin ————— 

al(m - n)2n2 a (m - n)r a 

a’ (m + n)1x Xa (m + n)rx | [4 
-— ———————— cos —————— = —————— sin ———— 

(m + n) 212 a (m + n)1r a 0 

which reduces to Eq. (21.6), since sin jn = 0 for j an 

integer and cos 0 = 1, 

21.4 nee = AE/h = [(vy +%)hv - (v, + )hv oy J/h = 

aes art waaay ib 

21.5 (a) D = Qx, since this is a One-particle, one-dimen- 

sional system. Q { Vor, dx = Q(a/n)* (403 / 1)% x 
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2 
a x7@70X dx = Qe (2/7) 22(28) 18/27 1143/2 = Q/(2a)%, where 

integrals 1 and 3 of Table 15.1 were used. (b) Oca /aeax 

(a/4n)% en Ouse orl de = 0, where integral " was 

used. (c) Q(a/n)¥(a/9m)® f° (203/24 = 30%? )0°O ax = 
Q(a/3m)8[203/22(48 2/29 2805/2 ~ 30 22(21) 2/22 1103/2] = 
0. The results (a)-(c) are consistent with av = +l. 

2 21.6 Since E increases as n~ +n, the spacing between 

levels increases as n increases. Therefore the lowest- 

frequency absorption is due to the transition from n = 1 

to n = 3. We have Vacenete 80 GHz = AE/h = 

[b(3)(5) = b(1)(3) ]/h = 12b/h and b = (80 GHz)h/12. The 

next-lowest absorption frequency is that from n = 2 to 

= 4 and its frequency is y = AE/h = [4(6)b - 2(4)b]/h = 

16b/h = 16(80 GHz)h(12)7!/h = (16/12)(80 GHz) = 107 Ghz. 

21.7 (a) v = AE/h = (h?/8ma*)(n$-n*)/h = (h/8ma*) x 

(ng -n? 2s J s)(n3 - n?) / 

-10 

) = (6.626 x 10 

-31 8(9.109 x 1073! Kg) (2.00 x 107'° m)* = (2.273 x10'?/s) (ng - nz). 

The selection rule is that An is odd, so the lowest freg- 

Heneltessresuit. from n = 1.7 2,0n) = 1° > 4; and» n-2 Ipto's. 

The frequencies are (2.273 10)°/s)(4 - 1) = 6.82 x49! 

16 16 
Boe oe a) dO Hz, and 7.9610 Hz. (b) The smallest 

values of ns - n? with ny - n, oddvare. for on «= "lr > 4250 ny= 

ee ay ee, eWay act 6082 1042 Bz, 1+ 14.% 101 He, 

and 1.59 10'° Hz. 

Dito ear 10 1 FORA =" 0.1, T<= 10." = 05/9. and) 212 4s 



absorbed. For A = 1, T = 0.10 and 90% is absorbed. For 

A = 10, T = 107'9 and 99.99999999% is absorbed. 

-€ ch 
= n/V = P/RT and T = L Aero -10 +8 = 

ee ate) €, Pat/RT = (10° dm” /mol-em) x 

[(10/760) atm](1.0 cm)/(0.08206 dm?-atm/mol-K)(298 K) = 

Sek = Lge PRUeee 107°, (b) T = 107938 = 
Ey 

le, ol 2 

6 “€, Cpt 
2U1OT= 1/1, 4 = 10 . (a) &cp8 = 

Cito am /moleem) (10> mol/an 31.0 onl st 1 Stand ae 

10m eee OC/ Lr 9D) t= 10er) Bement 

2141 = log (15/1) = log Gre Ly log (1/0.083) = 1,08). A 

j 3 33 ste 
ec = (0.080 g/em )(1 mol/14600 g)(10- em’/1 dm) = 

080055 mol/dmeo. t= WI, = f07°°): and (€*="- (1 fel) “loe ti 

~(0.0055 mol/dm?)7!(0,010 em)7! 10g 0.083 = 2.0 x 10 

dm? moi"! em7!, 

21,12 A,/A, = [log (1, 6/1, ),]/[los (1, o/1,),] = 

erento \SBel’l CB 2e SB eee toe ey ee 
2 log (1/0.60) = 0.444 and I, gf, = 2.78. We have T 

> 

1/2.78 = 0.36 and 36% of the light is transmitted, 

Pa Wel Let the subscripts 3 and 4 denote Fe(CN) 2" and 

4- ; es Fe(CN) : inceaeened: Use of A= (€,¢, + E,cy)4 and c, + 

c, = POO xu1O" mol/dm> gives 0.701 = [ (800 dm® /mol-em)e, 

+ (320 dm” /mol-cm) (0.00100 mol/am> ~ e,) ](1.00 cm). We 

find c, = 7.94 x 10°" mol/dm*, Then c4/¢3 9 = 0.000794/ 
’ 
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0.00100 = 0,794, The % reacted is 20.6%. 

21.14 Division of Eq. (21.25) by he gives Dofhe = D/he 

“aw, + %V OX. (a) Do/he = [79890 - 5(2359) + %(14)] ae 

= 78714 em7!; fe (78714 em !)(6.6261 x 108s! erg s) x 

59979 3c104° vem/s) =156360x 107)! ere = 9 4759-6y. 
(b) Do/he = [90544 - 4(2170) + %(13)] ca 89462 Bae > 

Dy = 1.7771 x 107!! erg = 11.092 ev. 

(APIO EY De is the depth of the electronic energy curve 

ES and ky equals EMCR,)+ In the Born-Oppenheimer approx- 

imation, ECR) is found by solving the electronic Schr6é- 

dinger equation (20.8) in which the nuclei are fixed; the 

nuclear masses do not occur in (20.8) and (20.7). Hence, 

E.(R) is the same for “H’°Cl and lir?cl, which have the 

same nuclear charges. From Eq. (21.25), Do differs from 

De by-the zero-point vibrational energy. The vibrational 

frequency Ve equals aa) Cea). The reduced mass » dif- 

fers substantially for 201 and i ow so their Ves 

differ and their D,'s differ. (b) For 147356} , Do/he = 
0 

D/he - ae + kV ee [37240 - %(2990.9) + ¥(52.8)] em 

= 35758 om “1, Dy = 7-103, x 107” erg = 4.433, 

Eqs. (21.23) and (18.69) and Table 21.2: Ye, nei’ Ye, HCl 

= Cates Mic. = 1,00782(34. 969) (g/mol )/35.977N, = 

(0.97959 g/mol)/Na; Loc. = (1.9044 g/mol)/N,. So Ye, DCL = 

(2990.9 om!) (0.97959/1.9044)7 = 2145.1 em7!, Also, De pct 

= D . For 2? c1 we then have Do/he = [37240 - 5(2145) 
e, HCl 

-1 

eV. From 
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1 12 + £(53)] em”! = 36181 cm”) and Dy = 7.187 x 107°” erg = 

4.486 eV (where we neglected the change in Varo) 

21.16 $hv, = 4ka*. But ve S Cif2nTeK Ne pe eOak E an?uve; 

thy, = 2n?uv2a* and A = (n/4n2uy.)?, Portn 7c ues 

(101135 .0)4/ (3670) 06.02 X407°) = 168m tO) - 9 and ve = 

(2 roda"x 101° cm/s) (2991 cm) ) = 9.0% 10/7 ta>, sap Ane 
1 

[(6.63* 10724 3 s)/4n7(1.6%107*" kg) (9.0% 10'?/s)]% = 

1.1% 107'' ms 0.11 &. For '4n,, u = 14(14)9/28N, = 

{ial-CeeX) VO ug yeeh is iad a0. 1s) 9 atid 0 ASE Ae 
e 

Ziyi Prom faqs. (21.30), (21 é3e) sand “42 fa 5 

2 Leek 
ne 2h/8T Io = h/4t UR 

(a) Use of Table 21.2 of atomic masses gives U = m,m./ 

Mevgatt = 

2(J +1)By = 2B and Ry = (h/uv)2/2m, 

(m,+m,) = (10078250) (78.91834)g/(79.92616,) (6.02214* 1071 

27652433. * 10°- og for “HBr and U = 1.652045) < 10e—=ee 

for Meee For “a Br, Ry = (1/2) x 

-34 2. = 1 
[(6.62608 x 10 J s)/(1.652431 x10 é kg) (500.7216 x 10°/s) J? 

= 1.424258 &. ror 'w®'Br, we get Ry = 1.424258 A. (b) For 

J 72 )4to 2,) ¥ = 2(J + 1)Bp = 4B) = 2M 52051 

= 1001.4432 GHz with centrifugal distortion neglected. 

= 2(500.7216 GHz) 

(c) For the J. = 0 to 1-transition, Vppr/ apr = 2By ppr/ 

2B HBr ia Vopr! Uppré since Ry is essentially unchanged 

on isotopic substitution. 

23 

Upne = (2.014102) (78.91834)g/ 

=24 
(80.93244.) (6.02214 x 10 ) =) 36267264, 2650 g. 

Wiper! per = 1.652431/3.261264 = 0.506684 and Vopr = 

0.506684(500.7216 GHz) = 253.708 Hz. 

326 



= 39537 

= (22410 MHz)/2(3) = 3735 MHz. (a) v = 2(3735 MHz)l 

21.18 From Eq. (21.31), v 

7470 MHz. (b) The reasoning in Prob. 21.15a shows that R 

for the two isotopic species is the same; further, Ro 

should differ only very slightly for the two species (see, 

for example, Prob. 21.17). Equations (21.33) and (21.15) 

39 37 
BaKe201) /BaeaKnCl) = 1 ( K yore ee) 

ad 
= i@ ik eiyate ic acl) = 18.9693/18.4292 = 1.02931, where 

then give By ¢ 

the reduced masses were found from mm ,/(m + m,,) and Ta- 

bie 21.2. “then Bee cr) = 1,02931(3735 MHz) = 38445 MHz 

= 2(3844% MHz) = 7689 MHz for ae fa ely 

21.19 The equation preceding (21.37) is g= ga 
origin 

BJ's! +1)- Boge(a" +1). For 

P branch lines, J' = J" - 1 and J'(J' +1) - 3"(J" +1) = 

ee IPC T= 25,880 do = So 23,3". 

21,20 Eq. (21.39) multiplied out gives Oe Forkein 
‘i Gly + 1) = avi (aN? + 35" + 2) + Staal AB + oe) p= 

+ 

as" +1). With centrifugal distortion neglected, Eq. 

a es sree ¢ (21.26) gives d, = (Esnat yt apc ee vey c+ 5) 

ee Rey as ee BT 1) Ce 2) 
ee e 

Z_ (vt + SCI" 1)(I" + 2) = Tout + 8) + Txycvm + 4 
Pe Beane we 1) fe aetvl 7 YIN" + 1) = ve Gut a vit) 

joa v x (vi? acyl aw ye = vv") + B (25" + 2) + a y(n? + J") 

ee e e 

- a vt (gu? + 35" +2) - a(s" + 1), which Eq. (21.34) shows 
e 

to be the same as the above multiplied-out form of Eq. 
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(21.39), verifying (21.39). When multiplied out, (21.40) 

& Zz 
f y = ae Ty J woe i + Sad sr ey ate 2B," + Go vi(J ) 

aav"(s" + gu?) + a J". Then Jp = CE snip yt oa Eon avs bbe 

and use of (21.26) leads to the multiplied-out form of 

C210). 

¥ 2 252, 21.21 v= (1/2m)(k/u)? and k, = 4n7y2y = Gnée 

AraC 2ROOH MON emi a)- (1580 de? 0, ene oy 
234 

2€6.0221-x-10 igs OU 10° dyn/em = 11.76 mdyn/A 

1176 N/m, where we used p = mm ,/ (m4 + m,) = m,/2. 

21.22 (a) From Eq. (21.34), O14 ,,,(071) = 0, - 20x, 

and coriginwmee: = 2v, - 60 .x,- Hence 0 nigin (Oto u - 

Sorigin(® 72) = 5 = 3(2886.0 cm-') = 5668.0 cm7! = 

2990.0 cm~'. Then Va tied ates Ca teeny OO catetiae 

$(2990.0 - 2886.0)cm™' = 52.0 cm™'. (b) From (21.34), 

(0+ 6) = 96(2990.0.cems') = 421 52-00cm: ) stay See Oe a origin . 

21.23 With centrifugal distortion neglected, the v = 0 

vibration-rotation levels are given by Eq. (21.26) as 

ES ib-rot ~ hv, 2 any X,, + hB JCJ el) oe sha J(J +b EOE 

he Eapecon(®) % ge ss ees bl a EYip-rot (J) = 

Pea herots = HUB. hecsae a chloe (Fs 5a, heI(J ee 

(B, - Mi)he/kT = [10,594 - 4(0.31)] em! x 

(6.6261 x hee” erg s)(2.9979 x io em/s)/ 

-16 
C12 S507" nO er2/K)(300 K) = 0.05006,. The degeneracy 4 

of each level is 2J + 1, so the Boltzmann distribution law 

gives the relative populations as N/No = (2J + 1)@7SE/KT 
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= (2J + 1) exp [-(B, - 40, heJ(J + 1)/kT] = 

feiyemee CO) Weping (cf, Fle. 21.11): 

J 0 1 2 3 4 5 6 

NO/N, Pepe a ee Ole 35530) 63,507 2.450511, 588 

21.24 B rotational constant; a —vibration-rotation 

interaction; D—centrifugal distortion; VX, anharmonic~ 

ry. 

21.25 (a) From Fig. 20.10 O, has 4 more bonding electrons 
+ 

2 

trons, and 05 has 3 net bonding electrons. Therefore O 

than antibonding electrons, 0, has 5 net bonding elec- 
+ 

Z 
has the strongest bond and the largest k, and 05 has the 

smallest k.. (b) Use of Fig. 20.8 shows that N, has 6 net 

bonding electrons and NS has 5 net bonding electrons, so 

ig. has the stronger bond, the larger kK, and the larger va 

since pom (1/2) (ko/u)?. (ce) Ny has a triple bond and 

O5 a double bond. The N, bond is stronger and N, has the 

al 2 = 2 
larger k.. (d) Benes J(J + 1Yf"/21, where I pR, + An 

Na atom is heavier and larger than an Li atom, so Na, has 

the larger uw and the larger Roe So E is greater 
rot, J=l 

for Lin. 

21,26 (a) A C, axis and two symmetry planes. (b) A C., 

axis (through the CCl bond) and three symmetry planes 

(each one containing C, Cl, and one F). (¢) The molecule 

is square planar. A Cy, axis perpendicular to the molecular 

plane; an Si, axis anda Cy axis, each coincident with the 

C, axis; a symmetry plane coincident with the molecular 
4 
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plane; four symmetry planes perpendicular to the molecular 

plane; four Co axes in the molecular plane (two pass 

through pairs of opposite F's and two lie between the E’s)é 

a center of symmetry. (d) The structure is trigonal bi- 

pyramidal. A C4 axis; an S3 axis coincident with the Cy 

axis; a (horizontal) plane of symmetry containing the eq- 

uatorial Cl's; three planes of symmetry that each contain 

the two axial Cl's; three Co axes, each lying in the hor- 

izontal symmetry plane. (e) The VSEPR method shows the 

structure is a square-based pyramid. A C, axis and four 
4 

symmetry planes. (f) AC, axis that is also an S axis, 
6 

an S3 axis, a C3 axis, and a C, axis; a center of symmetry; 

seven symmetry planes, six perpendicular to the molecular 

plane and one coincident with it; six Cy axes lying in the 

molecular plane. (g) A Cy axis perpendicular to the mo- 

lecular plane; a center of symmetry; two C, axes in the 

molecular plane; three symmetry planes—one coincident 

with the molecular plane and two perpendicular to it. See 

Prob. 21.28c. (h) A C. axis through the nuclei and an 

infinite number of symmetry planes that each contain the 

C, axis. (1) AC, axis (which is also an S) axis), an 

infinite number of symmetry planes through this axis, a 

symmetry plane perpendicular to this axis, a center of 

symmetry, an infinite number of Cy axes perpendicular to 

the molecular axis. 

21,27 (a) The symmetry elements (Prob. 21.26a) are a C, 
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axis and two symmetry planes, which we call d and Oye 

The symmetry operations are E, Cos aes ca (b) E, oy 
a? * a ry 

C, 9 Oo J.» a 

21.28 (a) Moves a nucleus at x, y, z to -x, -y, z. (b) 

From x yoy, Zz to x, y, -z%°-(e) The SS rotation about the 

Z axis consists of a C, rotation about z followed by re- 

flection in the xy plane. From the answers to (a) and (b) 

this moves a point at x, y, z to -x, -y, -z. We see that 

S, = i. 

21,29 (a) The three principal axes intersect at the B nuc- 

leus (which is the center of mass). One principal axis is 

perpendicular to the molecular plane (and coincides with 

the C, axis). The other two principal axes lie in the mo- 

lecular plane; one of these can be taken to coincide with 

a BF bond, and the other is perpendicular to this one. (As 

in XeF,, the orientation of the principal axes is not 

unique.) (b) The three principal axes intersect at the 

center of mass, which Lies on the Cy axis. One principal 

axis coincides with the C5 axis, The second lies in the 

molecular plane and is perpendicular to the Cy axis. The 

third is perpendicular to the molecular plane, (ce) The 

three principal axes intersect at the C nucleus, One prin- 

cipal axis coincides with the molecular axis (which is a 

C axis); the other two can be taken as any two axes 

Pirouen the C that are perpendicular to the molecular axis 

and perpendicular to each other. 

24,304 Ca) SF has more than one noncoincident Cy axis and 

is a spherical top. (b) IF, (which is a square-based pyr- 

amid) has one Cy axis and is a symmetric top. (ce) One Cy 

axis. Asymmetric top. (d) One C, axis. Symmetric top. 
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(e) One Ce axis. Symmetric top. (f) One C, axis. Symmet- 

ric top. (g) One C, axis. Symmetric top. 

21,31 The molecule is a symmetric top with L_ # 5 

Z 
From Eq. (21.45), Bie (Th = BJ(J +1) + (A- B)K = 

[BICs ro) ec @ UE B)K- Jc. Ga) For Je) 0) KR = Ovendt ea 

0. For J=1, K=-l1, 0, 1. For J = 1 and 

10 

~ 1) io) ica) 

9 
2(0.05081 em71)(2.9979 x 10°. cm/s) = 3.046 x 10 i BO WwW? Q " 

= = = [2B oe: CS = . For J = 1 and |{K!] ty E or! ? [2B + ( )] 

= : 
(0.2418 cm ly, = 7 940 x TOs 1, (b) From Eq. 

on 
w + ad vy Q i] 

(21.47), v = 2B(J + 1) = 2Be(J + 1) = 2Be, 4Be, ... = 

3.046 x 10? s7!, 6,093 x 10° s7!, .., = 3046 MHz, 6093 MHz. 
> 

21.32 (a) Let the molecule lie on the positive half of 

the z axis with the origin at the oxygen nucleus. Then 

z = (12(12160°8) 4°37. 972077 (20720 “A F4/39+ 9669865 

2 2 
VeGS2 aK. (Dial ae = be mir, = E(1S 994915) (1.682)"" + 

Wir 68 2st (60) 040.3 972071. 2a eG G2) een ot 

(on0221 4 10°2 reat. 37 taka sSugek: ba eaage Satomed 
2 ‘ : er kg tC) 9,54 20 ees By conn al ans 

(Gre260e 10-4 J s)/8n7 (1.377, x1077> kg m7) = 6.091, x 

10° 4s vex NEE De 2Bo = 12.18 GHz; V5 >= 4By = 24.36 GHz; 

V553 = 6By = 36.55 GHz. 

21.33 By = Byc = (0.39021 om) 299792 x 10° cmpatiee 

1.16982°2010'" =. ee h/8n°B, = (6.62608°x 10°-*=a=aq/ 
Oo] 877(1.16982x 1019 s~!) sa 7.1 7385x%. 105 kg m*. The center 

of mass is at the carbon atom and the principal axes pass 
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through this atom. If d is the CO bond length, then Iy = 

ee 2 2 Li mri = mod + mod = 2mod 7 sO. d== (19/2m)? = 
-46 os (7.1738 x 107*° kg m?) (6.02214 x 10°3)/2(15.994915 x 1073)kg]? = 

PG QE XS 10R phe ancl Ok. 

21.34 (a) From the VSEPR method, SO, is nonlinear; B7LIi= 6 

me Ou=nGe= B29 °(b) Linear.-37L =! 5+=°7 5) (e) 87) 12165498 

21.35 We look for sets of integers i, j, k such that 

36574 + 15953 + 3756k is slightly greater than 7252. 

Systematic trial and error (best done by first set- 

ting j = O-and looking for i and k values that fit, then 

setting j = 1 and looking for i and k, then setting j = 2, 

ete.) gives the ViV9V3 possibilities for the 7252 an! 

band as (calculated frequencies in parentheses) 200 (7314), 

7 5150... 002 107512). 

21.36 (a) 4, eee v5 = %he(1340 + 667 + 667 + i 
2349) em7! = 4,99 x 107!? erg = 0.311 ev. (b) khe(3657 + 

Wes 756) cnt =P 8195 SchlOr? Gre = 0. 55ereu, 

21.37 v = (1/21)Jk/1. (a) The C=C bond is stronger and 

has the greater k and the greater vy. (b) C—H has the 

smaller up and the greater v. (¢) Bending vibrations are 

generally lower-frequency than stretching, so C--H 

stretching has the greater yv. 

38 = y/c = Giz Gieie. Isotopic substitution Di. v 

does not affect the electrons and hence doesn't affect k. 
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We have yp = mymo/(m, + Mo ) nm m m,/mo = M> where m, =m, 

(or m,) and m, is the mass of the rest of the molecule, 

and we used m, >> m,. Therefore bon * 20 oy and Yop * 

Sas ae lhe et 
Voy c (2900 em ~)/2 2050 cm ~. 

21.39 v= (1/20) (e/p)% and k7= ane yey = ayevecrn! We have 

23 cone ieee We em l2G ie 1306, 020%. 10°> jus 1e5Stx 10s = hand boo 
12(16) g/28(6.02 x 10°) = 1.14 x 10° g. So Koy = 

hn (3000) cma) 26400 10)” cm/s) C153 xe a) 

4.9 x 10> dyn/em = 490 N/m. Also, Kao = an? (1750 ogit ny x 

(3900 5610S en/e) 201 Haat 1072 > ep =n eet Genie 

1240 N/m, 

21.40 (a) The rotational levels of a linear molecule are 

cot = BhJ(J + 1) [Eq. (21.45) with K = 0] and the pure 

rotational Raman selection rule is AJ = +2. So Vip eee 

= AE/h = +(Bh/h)[(J +2)(3 +3) - J(J41)] = +(434+6)B, 

where J = 0, 1, 2, ... . The spacing between adjacent 

lines is [4(J+1) + 6]B - (43 + 6)B = 4B. (b) 4B = 7.99 

em7! and B = 1.998 cm7! = 199.8 m7!, We have B = B/e = 

h/ 8x Ie = h/8n2ep R2 and R = (h/8n2cuB)®. Also, » =m 
1mo/ 

(m, + m, ) = m/2m, = m,/2 and R = 

2(6.626 x 10734 5 s)(6,022 x 1029 moi!) % 

bere x 108 m/s)(0.01401 kg/mol)(199.8 = 

= 1.098 x 10719 m = 1,098 & (as in Table 21.1). (¢) The 
lowest J is 0 and vy - v aac [4(0) + 6]B = 6B. (d) Yo 

sc 
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= c/h_ = (2.9979 x 108 m/s)/(540.8 x 1079 m) = 5.543. x 

- YO" Yecear = 6B = +6Bc = +6(199.8 m7!) x 
(2.998 x 10° m/s) = +0.00359 x 1014 g-!, yg 

scat 

Besa x Teter 0.00850 10ers = 5.547, 
i aes 

hee 5 ser \ seat SUN yaar 

1014 e7i 

x 1014 

540.4, nm and 541.1, nm. 

21.41 For the Balmer series, n_ = 2 in Eq. (21.50); for 
b 

the series limit, eae and 1/\ = R/4 = %(109678 em”), 

5 
Then } = 3.647 x 10 ~ em = 364.7 nm. 

21,42 For the Paschen series, Va 3 in Eq.. (21,50) -sache 

first three lines have n, = 4, 5, and 6, So 1/,d = 

R(1/9 - 1/16), R(1/9 - 1/25), R(1/9 - 1/36). We get dv = 

Wee ioe 107 em. 1.2822-x 10 * em, 10941 x 10s cm: 

oad" watt 
ae 

is a hydrogenlike atom and Eq. (19.16) gives 

the energy levels. The Li nucleus is substantially heavier 

than the H nucleus, so we can take y equal to the electron 

mass, So E = ~9(20°me! */n2h?) and 1/A = y/e = AE/he = 

9(109736 em™!)(1/1 - 1/4) = 

Renee 500 Ga Osan 

9(2n?met */eh?)(1/ne = 1/n-) 

jee ae 

19 
21,44 F = BQv sin @ = (1.5 T)(1.60 x 10— Cyex 

13 N) sin 6. (a) F= 0. 

48 
(b) F = (7.2 x 10713 N) sin 45° = 5.1 x 10° NY, 
(370°x 10° m/s) sin @ = (7,2 x 10~ 

(ee 10s Ne od) 0, 

21,45 From the top of p. 739 in the text, uw = Qvr/2 = 

3 ose) 



§(2.0 x 10716 ¢)(2.0x 10° m/s) (25x 10719 m) = 5.0x 10729 3/7, 

21.46 (a) Equations (21.65) and (21.63) give E = ~ 88 BM, 

= =].792(5.051 x 107-’ 3/T)(1.50 T)M, = -(1.35,% 10726 IM, 

Since I = 3/2, Ms 3/2, 1/2, -1/2, and -3/2. The ener- 

pied dre POA ¥ 10-7, <0.879 x 10e-" Ula 7 eee 

2.04x107°© 3. (b) 15000 G = 1.50 T; energies are the 

same as in (a). 

21.47 (a) v=!gyl6,B/h = 1.792(5.051 x 1072” 3/T)(1.50 T)/ 

6.6262x107>* Js = 2.049x10//s = 20.49 MHz. (b) 27.32 

MHz. 

21.48 (a) Equations (21.67) and (21.63) give B= 

-34 6-1), 
hv/lgyl8y = (6.626 x 10 Js)(60x10 s 

5,5857(5.051x107-/ g/t) = 1.41 T. (b) (300/60)(1.41 T) 

ly ben CS AM Bet 

21.49 M_ = ++ and -%. The energy separation between the 
if 

levels is given by Eq. (21.65) as AE = | Syl B NB my ee 

27 TVA 1) = 3.98 x 100” de the levels 
-SE/KT _ 

(572050) oc tO 

are nondegenerate and the population ratio is e 

exp [-(3.98 x 1072° 3)/(1.381 x 107°? 3/k)(298 K)] = 

exp (-0.00000967) = 0.9999903, (b) An increase in B in- 

creases the separation between energy levels, thereby 

producing a greater population difference between the ini- 

tial and final states. Hence the absorption intensity in- 

creases, 
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Snt509 From (21.72); 0v,. - ne 107°(60 x 10° 

60 Hz. 

Hz)(1.0) = 

21.5% (a) Qne singlet peak. (b) The CH, protons give a 

doublet of relative intensity 3; the CH proton gives a 

quartet of relative intensity 1. (c) One singlet. (d) 

The four methylene protons give a quartet of relative in- 

tensity 2; the six methyl protons give a triplet of rela- 

tive intensity 3. (e) The (CH, )5 protons give a doublet 

of relative intensity 6; the CH proton gives a septet of 

relative intensity 1. (f£) Two equal-intensity singlet 

peaks. The CH, groups are not equivalent and don't split 

each other. (g) Three quartet peaks of equal intensity. 

In each of the three quartets, the 4 lines have equal 

{ntensity but only two of the 3 spacings are equal. 

21,52 All peaks are singlets. (a) One peak. (b) Two 

peaks of equal intensity. (¢) One peak. (d) Two peaks 

of equal intensity. (e) Two peaks with 2:1 intensity 

ratio. (£) Three equal-intensity peaks. (g) Two peaks 

of equal intensity. 

Giess) in, Fig. 21.37, 100 Hz corresponds: to,a, length yo£ 

28 mm and J corresponds to a length of 24 mm, so J = 

(24/28)(100 Hz) = 8 Hz. 

21.54 (a) Unchanged; see Eq. (21.70) and the following 

ees ph: (b) Each v and the difference between the v's 

is multiplied by 10; see Eqs. (247,68) and (21%72)5 

(c) Unchanged, as noted after (21.7 30% 

21,55 From Eq. (21.69), g; = ]1-hv /18,1ByBo 4: So 6, 
spec 

6 6 i - = -h = 10 (9 of o,) 10° (-hv wee 
spec 

337 



= 10 Bo(Bo ref - BO 47! Oy rer Ont we a, << 1, we have 

Boo © vapedtl Bali ror aera, ee eeeeeme Sarl! 

PO rete 

21.56 Substitution of Eq. (21.55) into BY = B(4n/up)* 

followed by use of (21.54) and of 1 G= 1 o 37! ate 

gives B' = (1 T)(107 tlm! Ay? = 1907/2 r na Az = 

10 beet e cancers (10- ems can) 

= 100"? Nees so on? 105° tonk? ce eee 

10° g* s. em? = 10° G. 

21.57 v = gB,By/h = 2.0026(9.274%x 1077" g/T) (2.50 T)/ 
-34 10 _-1 

(6.6261 x 10 Js) = 7.01 xX 10 Ss = 70.1 GHz. 

21.58 There is one set of 4 equivalent protons and a 

second set of 4 equivalent protons, so there are 5(5) = 

25 lines. 

21.59 [a] = a/[Pp/(g/em”)](1/am) = 1,90°/(0.0650)(2.00) 

= 14.6", 

21.60 The observed a of the mixture is the sum of the 

a's of the a and gp isomers: a = o + = = 

3 3 
<b [a] Py btem /dm g) [a], Palem /dmg) (1). The total 

solute mass m is m = Mm aa sp and division by the solu- 

9 = tion's volume gives P Pa * Pa° Division of Eq. (1) by 

P.1(em? /dm gz) gives [a] = [oye + [a] ,W, (2), where we 

= P,/ “Po + P»? = mi /(m, + m,) and w. are the mass frac- 
B 

tions (and also the mole fractions) of the a and g iso- 
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mers. Equation (2) gives 52.7° = w 112.2" + (1 - w 175° 

and Wah = 0.372, or 37.2% a-D-glucose. 

21.61 (a) The photon energy is hv = he/) = 
ne [ (6.626 x 107>* 5 s)(2.998x 108 m/s)/(30.4x 1079 m)] x 

(1 ev/1.602 x 10719 J) = 40.8 eV. Hence the energy used to 

ionize the molecule is 40.8 ev - 31.5 ev = 9.3 ev. (b) 

Replacement of 30.4 nm by 58.4 nm in the calculation in 

(a) gives a photon energy of 21.2 eV; subtraction of the 

9.3 eV ionization energy gives 11.9 eV as the photoelec- 

tron energy. 

21,62 As discussed in Sec. 21.15, the 17 eV band results 

from loss of a 7 2P electron, Since this {ks a bonding 

electron, the NS fon produced is more weakly bound than 

Ny and has a smaller force constant k and hence has a 

smaller vibration frequency y = Cyan Gdn) 

21,63 (a) Two carbon peaks of equal intensity. One oxygen 

peak. (b) One C peak. One O peak. (¢) Three C peaks of 

equal intensity. Two O peaks of equal intensity. (d) 

Three C peaks of relative intensities 2:2:1. One O peak. 

21.64 E = hy = he/\. The first entry in (21.79) is E = 

(6,620. x io JI s)(2.998 x 108 m/s)/(200 x 10 mM) = 

9,93 x amare J = 6.20 eV; etc. The first entry in the fol- 

3 
lowing line is N hy = N ac/d = (6022 x10" /mole) x 

-9 nye 

(6.626 x 1072* 3 s)(2.998 x 10° m/s)/(200 x 10 

G ehise ie J/mol; ete. 
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21,65 The energy absorbed is 0.744(0.00155 J/s)(110 s) = 

0.126, J. The number of moles of photons absorbed is 

(0.1269 J)/(N,he/A) = 4.92 x 10 umples son re 

(6.80 x 107° mole)/(4.92 x 107? mole) = 13 78, 

21.66 (a) d[HI]/dt = oN - k,(HJ[HIJ. The steady-state 

-O0= ad - k,(HJCHI J 

292. = -2L, since 

approximation for H gives d[{H]/dt 

and k,[H][HI] = oJ. So d[H1 ]/dt 

@x 1. (b) The number N of photons absorbed satisfies 

zs m)/ 

a3 )(2.998 x 10° m/s) = S227 16s ae 

number of HI molecules decomposed is 2(5.27x 102) = 

1.05 x 102°. 

4184 J = Nhv = Nhe/)d and N = (4184 J3)(250 x 10° 

(eG26 10 

21.67 With the inclusion of reaction (5), Eq. (21.84) 

becomes r = kK [A*](A] - k,fA5] + be (Bd oe Reaction (5) 

does not involve A*, so (21.85) still holds and we have 

ra 2 r= kj(Al9,/(k(Al +k) - k,{A,] + k,[A]°. For the photo- 

stationary state, r = 0 and we get [A.] = kel Aloe + 

ko [A] 9,/(k,kj[A] + k3k,). In the absence of radiation, 

&, = 0 and the last equation becomes [A,] = ketal" Nog. 

The concentration of A, is greater in the presence of 

radiation. 

21.68 (a) HBr, HS, CH3C1, which have nonzero dipole mo- 

ments. (b) HBr, CO), HS, CH,, CH,Cl, CoHe, which have 

vibrations that change the dipole moment. (¢) N,, HBr, 

CO,» H,S, CHCl, and CoHe» which are not spherical tops. 
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21.69 (a) T. (b) F. It cannot change its rotational 

state by absorption or emission of radiation, but can 

change its rotational state during collisions. Ce)Gr. 

Counterexamples are CH, and BF,. (d) F. The energy might 

be transferred to another molecule in a collision. (e) F. 

A counterexample is H,0. (f) T. (g) F. This formula ts 

Only for linear and spherical-top molecules, (h) T. 
(i) This question is too silly to answer. 
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CHAPTER 22 

-E,/kT 
2239 5.7). = Sela is dimensionless. 
io es J 

22.2 The Helmholtz energy A is extensive, so A, is 25/10 

2.5 times A ,° Hence A./A, = 2.5 = (-kT ln Z,)/(-kT 1nZ,) 

= (In 25)/(in Z,)- 

22-3 “CG © A + PY = -=kT In Z + VKTCS in Z/aV),. N 

kTV focvm Bas TER eee ss 

22.4 Let a subscript o denote the partition function and 

thermodynamic properties before the constant b is added to 

-(E.+b)/kT 2 -E./kT 
the levels. Then Z = oF 2 J = b/kT Wi, cee tee = 

e7 D/ET Z, and In Z= -b/kT + ln Zo: (a) P= 

aS In Z/ AV )or .N, = kT(a ln Z of 2V) yp rales ei 28 gl 

kT? (8 In Z/aT)y = kT pe + ao re Z_/aT) J=b+ 
Np fe) V,N, 

Uo: (c) S = u/t +k ln Z = b/T + UAT - kb/kT + k ln 2 

Dart a ROLE) te Sen (0) AS eek iri eee oy eee 

ln Zz) = b - kT ln zy =b + As: 

22.5 From P, = exp(-BE,)/Z [Eq. (22.15)], we have ln p 

= -BE, - ln Z. So - 1 = Ce iiieune ots oan ud Cay cee eee ae 
(kT)“!u + In Z = S/k, where (22.3), (22.33), and & 

j 
In Z + ln me P; 

3P37! 
were used, 

22.6 From page 776 of the text, the number of avail- 

able molecular translational states is approximately 

60(mkT/h eyo yee = [60(10 em?) /(6.6 AB ig erg s)?] x 
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[(20 g/mo1)(1.38x107!° erg/K)(300 K)/(6.0 x 1023/mo1) 2/2 
Sx 1027, 

Za) (ay) Fach dot with ny nye and n, being positive in- 

tegers corresponds to a stationary state with quantum 

numbers De sen. « The states with Err ae satisfy 
y max 

Eq. (22.52). The distance of a dot from the origin is r = 
1 

(n2 + oe + n)%, so the positive square root of (22.52) 

is rs (8mv*/3n"2e_ +) ?. The region defined by this in- 
; 2 2/3, -2 4 

equality is a sphere of radius Tax 7 (8mV h peal and 

the number of dots in 1/8th of this sphere equals the 

number of quantum states with energy eee 3 Senet we take 

1/8th of the sphere because nye ne and no must each be 

positive, which is true only in 1/8th of the sphere. (b) 

Fig. 24.7 shows the 4 cubes at the same altitude that 

share a dot, and 4 more cubes above these 4 also share 

this dot. The number of translational states with Brot s 

; ae 3 4 2) ono pee 
Emax iS then Bis nax! = (1/6) {(8mVar 5m 3kD)c)iA-= 

(1/6) (24mv2/ 37247) 3/2, 

228 ze = as e-&r/kT i. dimensionless. 

157 
22.9 (a) We get 3,625,010, {b) 9,332621569 x 10 , where 

Of6)s) 201 
we used 100199. > = (0%)! 2utO or, ' Co), Using 

-1000 PTOoel Ore 
Tea oie = 10710300! and e 1 =(e ) = 

-440 

(3.72007597601 x 10° **)!° = 507595,.88975 x 10... , we get 

2567 
4.0238726006 x 10 : 
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22210, Int (3001) ‘3 in 1. +. in 2 nee ee eee eo 

A BASIC program is 

19 S=G 46 NEXT I 
26 FOR I = 1 TO 36¢ 5¢ PRINT S 
36 S = S + LOG(I) 6% END 

One finds ln (300!) = 1414.905850. Also, NInN - N = 

300 In 300 =-~300 = 1411.134742. 

22,1) From Eqs, (22.51) and’(22,56), lnvz= No ln Zo 7 

' In NL! + N, ln Zp - ln Np: + ore = No ln Zo - ln N, 

- N. ln N,, +N 

C 

Note tie = 
B B B C#B 

In Ze Tah cere ee (z,/N,). Substitution in Eq. 

(22.41) gives it, = -RT ln (z,/N,). 

+ °** and (3 ln Z/2N,) > Vy N 

22.12 €_ = n2h*/8ma" and A€, = (n?/8ma”)[ (n, + 1)? - n2] x 

oS (n?/8ma)(2n,, + 1). From a = n2h?/8ma° = kT we get no 

a(8mkT) 2/h = [(2 em)/(6.6 x 1077? erg s)] x 

[8(28 £/6.0x102°)(1.38x107!© erg/K)(273 K)]® and fie 

Leetix 10°. Then OE /KT = (n?/8ma*)(2n, +1)/KT = 1.,8~x 10778 

22,13 At room temperature, kT = (1e38 Oa J/K)(298 K) x 

(1 ev/1.6022x107!? 3) = 0,026 ev; xkT/he = 
(1.38x 10716 ereg/K)(298 K)/(6.63x [aes ere s)(3x io. ean 

= 207 em; RT = (1.987 cal/mol-K)(298 K) = 0.59 keal/mol 
= 2.5 kJ/mol. 

22.14 With anharmonicity neglected, <N 
-(1+5)hvy,/kT -4hv,/kT -hv,/kT 

e 0 /e 0 —e 0 

1>/ <Ny> = 

«. Ca) hyo /kT 

J s)(6.98 x 10!7/s)/(1.381 x 10723 5/K)(298 K) 
= 11,24 and <N,>/<N)> = e7 11-24 - 9.000013. (b) <N,>/ 

(6.626 x 107°" 
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<Ny> = e121 = 0,044. (¢) o7!+923 = 0.36. 

22.15 With centrifugal distortion neglected, the rota- 

tional levels are BohJ(J + 1). The degeneracy of each lev- 
-2Byh/kT. -0 -2B,h/kT 

el is 2J +1, and <N,>/ <N > = 3e 0 /e = 3e 0 ° 0 
| 2Boh/k = 2(5.96 x 101°/s)(6.626 x 107>* 3 s)/ 

(1.381 x 107°? 3/K) = 5.72 K, (a) <Nj>/<N,> = 
pe toar2 K)/(200 K) _ 2.92. (b) 3e7 65-72 K)/(600 K) _ 

2.97. (ec) 3. 

22.16 (a) The vibrational levels are nondegenerate and 

<N, >/<Np> Benes i kT . We have <N,>/<N, Sos 

o7 Zhv/kT 
0 

= (N,/Ny)*. We find (0.528)° = 0,279, as is ob- 

served. Therefore there is an equilibrium distribution in 

these levels. (b) ln (N,/No) = <fv/kT andes =—-ny/ 

k in (N,/No) = eRtoe Ge 4 i s7ly/ 

(1.381 x 1077? 5/K)(1n 0,528),= 480 K. (¢) Nj/Ny = 
en shv/kT _ (N,/N)° = (0,340)? = 0.0393, This is an 

J -s)(6.,39 x10 

approximation since anharmonicity has been neglected. 

22.17 With the +1 neglected, (22.77) becomes <N se 
Teeboe 

ese KT -U/RT Use of the Prob. 22.11 result gives 

-u/RT = 1n(z/N), so e H/RT _ ,1n(z/N) 

FD _ a7 Er/kT 

= z/N. Hence 

N/z, which is (22.69). 

FD B(u/Na-€ 
22,18 in Z = -puN/N, + £, (+1) In [1 +e A 2a) 

BE 

where Eqs. (1.67) and (1.68) were used. Since 1 >> 

ob BAN gen) we can use Eq. (8.30) to expand the log and 
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we need include only the first term in the sum; so ln De 

s ~puN/N, + 5, (Eire nie = -puN/N, + 

(u/Ny~€,)/kT : 
e . For <N > =< 1,. the +l> in (22377) ‘cam pe 

u/N,kKT -€ /kT FD 
xe e >» 50. in Zan ew) 

-BuUN/N, + ©. <N.> = -yN/N,KT + N. Use of (22.77) with the 
A r r A 

© P/N kT -€ /kT 
e e © 

z 
r 

neglected to give <a> 

+1 neglected gives 5 <N > =Ns > 

u/N, kT ~c /Rr ‘ 
e A ty N/(z e © ) and u/N,KT ~ ln N - 

-€ /kT -€ /kT 
r ). Hence ln ae x -N ln N +N ln r. e Ct 

FD +N® Nin z- In N! and Zo) 9 2 Nut for <N> << 1. 

ln (z.. e 

22.19 We have exp(€,/kT) = exp (mv 2/kT)exp(smv2/kT) x 

exp(4mv2/kT). However, because of the +1 term in (22.77), 

the population <N >a (which is related to the probabil- 

ity of occupation of state r) is not equal to the product 

of separate factors for vy? ee and ed hence, a st 

and va are not statistically independent. When — << 

1 does hold, the +1 can be neglected and <N > becomes 

the product of factors for the three velocity components. 

Here, the components are statistically independent. 

22.20 As explained at the end of the problem, we omit the 

-€ /kT = a 
IANY from 2. “Cay z= Se a aie 0 gic a/kT 

en AKT z=2' = (l +e 

aoe 

~a/kT)N in Z = N ln (1 + eT AKT | 

U = kT“(a In Z/aT),, 5 = xT? [Ne YET (ayer? y/(1 + Pa Sy = 

Na/(e™*T 4 1), Gy = (Usa ee Nate™ ET yp2(gVkT , 152, 

S = U/T +k In Z = Na/T(e™*? 41) + Mk In (1 + siiene 
o718l 

(b) a/kT = 1.81 and z= 1 4 T1655) Ue 
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Gere ey Or 105 9)/ (a! sets 1) = 844 2209 
cal, S = U/T + Nk Inz = (844 5)/(400 K) + (6.0x102°) x 
Geeoraton S/ky in 1168) = 9.96 3/k = 0va0"cat/x. (c) 
As T + », we have evkr + 1 and U + 4Na. This is because 

in the T = © limit, the populations of the two levels be- 

come equal and U(T = ~) equals the average energy of the 

levels multiplied by the number of molecules. As T = 00, 

Cy, - Na? /4kT2 + 0. At very high T, the populations of the 

two levels have become essentially equal, so we get no 

further increase in J as T increases further; hence, C,, = V 
(aU/aT),, becomes 0, (d) As T+», S + 0 + Nk In 2 = 

Rein 2; 

22.21 Equations (22.76) and (22.90) give <N>/N = 

-vAE_ /kT at 7 “s _ achy/kT 
e v/ fESe yh 2 L2¥ ot = Wize et) ys yi ga) 

i/z,4, 71" Bo §267099955, . (h)ul) = 60s = 1029504 ac) 
Vv 

Pee 05657 (dy - "en =40,6322 Ce) 105095: 

-Ey4 -vhv/kT 
gover, (a) <N.>/N =e vine S/o meee, / if 

pisses vib ye Yovib! 1/45 6 vib"), where (22.75) 

(22.90), and (22.88) were used. (b) For ois = 3352 K and 

CE SLES ow EEC PAS SY LE Oo 
Vier it, <N,>/N = 

ey 0 2000 4000 6000 8000 10000 12000 15000 

<N, >/N 0 0.152 0.245 0.245 0.225 0.204 0.184 0.160 

No is not a harmonic oscillator, so anharmonicity and 

the finite number of vibrational levels make the high-T 

values inaccurate. 
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22.23 d(<N.>/N)/aT =0= (a/at)(e7Vovib/T _ .-(v+1)@yip/T) 

= (vO), /T2)e Movin’? _ (v41)(0,,/72)e7 (V tT Ovinl™ « 9 

and v = (v+1)eOvib/T, so Ovap/t = -ln{v/(v+1)] and T = 

Ogp/int(v+1)/v] = 0 /in(1+1/v). For Cap/T = 

ev in [v/(v+1)] a 
vib 

-In{v/(v+1)], we get <N.>/N = 

v+1)1n[v/(v+1)] wos a | = exp{ln[v/(v+1) ] 

Sxelinhy/ (vei le un si) Guay eee cee 

[(v+1)v” - ey Ge ne = er at 

22.24 Yes. Despite the fact that c. > €, in Eds 22,725, 

Ne might exceed N. if the degeneracy g. exceeds Se: 
r S 

(For example, see Prob. 22.15.) 

-€ /kT is 
Coe Ca) 2S ee = te: + 3e 100 K/200 K + 

APS00K/pO KS Tee eae OA 
Se. = 3,935, (b) Equation (22.71) gives <N(€_)> 

-€ /kT 250 
= Ng.¢ . JZ7S0 <N,> ="(6,02. «10. je (32935 = 

1253 x810°; “<N,> = (6,02%'10°> )3e." © #73, 935 

Dees Woe <N,> = (6202x107 Se oe oe Siaeggses 
23 -€ /kT -0 

1.71 x 10°°. (ec) As T + ~, we have e ™ -e = 1 and 

pas 2+14+345=9, So <N,> + (6,02x10~)/9 = 0,669x 10>, 
eN i= = (6302x10-")3/9 = 2.01% 10>. endlone= = 2 3 
(6,02 x 10°°)5/9 = 3.35x 107, 

22.26 (a) N! 

+ eco + In N 

1*2+*3 +++ N and ln N} = ln 1 + 1n2 + 1n 3 

coe In x. (b) For large N, the main con- 

tributions to the sum come from the later terms (where x 

is reasonably close to N); the later terms don't vary 

greatly as we go from x to x +1. (For example, ln 50 = 
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Bet ecand, in’ 5] = 3,932") So Eq. (22.79) can be used, 
N N 

Sey seg Tee In x dx = (x Inx - x)|} = 

NinN-N+1~xNinN-N, 

22.27 (a) Let 9 = @ _. Then gz = 

eae. Lye PICTHT) Deeb hia d =50 jJ=0 ° rresponds to n, a >» and 

f£(J) = (23 + Lye" BOI 4I)/T So £(0) = 1. Differentiation 

gives f'(J) = [2 - 6(23 + 1)2/r Jer 86 H/T. so f'(0) = 

2- 6/T. £"(J) = [-60(23 + 1)/T + ACh 193/17] x 

en 8 (I 4)/T, £"(3) = [-120/T + 120°(25 + 1)2/7? 

- o°(23 + 1)4/r e789 + D/T, elegy = -120/7 + 1202/72 - 
BELT: £*% (3) = [60(23 + 1)e2/12 - 20(Z23 + 1yer/r + 

2 
(25 4:1)? /rt Je BOF H/T V5) = 512002/ 177 

- 180(25 + 1)7e°/T> + 30(23 + 1)%04/7* ~ (23 + 1)80°/7?] x 
2 

en 8(S+ S/T elv)(Q) = 12002/1* ~ 1800°/T? + 300°/T* - 
2 

e°/T>, Noting that im (25 Fel yer? et Og 

igs en OW/T ay = T/0, we have 02.0, = T/0 + % - (2 - @/T)/12 

+ (-120/T + 1202/72 - 02/7?)/720 - (12002/T? - 1800°/T? + 

4 4 5 %, ere = u 300 °/T’ - 0-/T-)/30240 + and Zh os (T/6@ 390 + 

é 2 3 3 oe eo ee (at + mehr + Ae) ee fader + Jews Cb) OM as 

= 85,3/273.15 = 0.3123, Equation (22.85) gives z_. * 

1/2(0.3123) = 1.601. Equation (22.86) gives Zz eee 1.601 x 

[1 + 0.3123/3 + (0.3123)7/15 + 4(0.3123)°/315 + ***] = 

1.779 and the error is ~-10%. (c) O.o./T = 2.862/ 

273.15 = 0.01048. Then fit Nga 1/2(0.01048) = 47.72 and 

Zoe 7 47e72[1 + 0,01048/3 + (0,01048)7/15 + 
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4(0,01048)°/315] = 47.72(1.0035) and the error is -0.35%. 
Zz 

Degen. -U = nRT“(d in Ze eho) = nRT (d/dT)[1n T - 

iy t 2 
In iG ras =nRT. Uj, = MRT d es ea = ay x 

[d ln (1 - e hW/KT) far) = =-nRT Paul (-hv/kT )/ 

Cet e7hv/kT) a (nRhv/k)/(eh¥/T 

(d/dT) In Bo1,0 = 0, 

= RT? 

22.29 As T ~ ~, the Taylor series for e* shows that 

@s,/T 220 vib = = e Oe Hence, Cy vib aAR(® 4/7 e/ 

(@yp/T” = aR. 

22.30 oe. = Ue ae + Nk ln Zigak Nk(ln N-1)= a 

N«(3 in eee +3 ln T + In V] - Nk In N + mR = io R + 

3/ 29312 (met /P)(1/N)] = 3nR + 

Pe 

nR in [(2mmk/h? ) 

AR. In [(2nm)?/2(ct)?/2/neP} 8. = U /t + Ne Inz 
EOC rot rot 

=nR+nR ln [T/o®_]. S = U_,,/T + Nk ln z = 
rot vib vib vib 

mae SY a 
‘@)) 

AR Gen) (ep oo. ve 1) a oR En Glee ss. = 

U_/T Penk ing a= (00 nReln Cys nR ln Be1,0° 

22.31 S,,/R = 2.5 + 2.5 1n(T/K) - 1n(P/bar) + 1.5 1nM, + 

In{(2mx 107? kg/mol)?/2(1.38066 x 10723 3/K)2/2x5/2 

(6.02214 x 1023/mo1)~3/2 (6.62608 x 10734 3 s)~3(10° N/m2)7"} 

229 taZzeoeln.(T/K)"=Lin(P/ ban) + 1.5 In M_ - 3.65169 = 

225 in(T/K). = IntCe/ bar) + 1.5 InM. Se laholsre 

22,32 For these gases of closed-shell monatomic molecules 

oes Sere Equation (22.108) gives Sigg (He) = 

(8.3145 J/mol-K) (1.5 In-4, 0026 4 255 in 298-158 Ine 
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1.1517) = 126.15 J/mol-K. Similarly, S5og (Ne) = 146.33 
—~o — J/mol-K, S,9,(Ar) = 154.85 J /mol-K, Spon kD) = 164.09 

J/mol-Kk, 

225s For H, eT 2 and Eqs. (22.107) and (22.108) 
9 

give S = Ste + S61 = (8.3145 J/mol-K)(1.5 1n 1.0079 + 

pee the 298. lovin i= 1,157 + In 2)>= 9914.72 Ji/moloK, 

22.36 "5 , : ivelUs~. =* Uae : quations (22.94) and (22.95) give Ungg Uy ae 

=n! = 1.5(€8.3145 J/mol-K)(298.15 K) = 3718 J/mol for 

each gas, 

22.35 S=(U-Uj)/T +k In Z; In Z= [5 - (U-Ug)/TI/k 

= [ 154.8 3/K - (3718 3)/(298.1 K)](1.3807 x 1072? 3/x)7! 
ENs0e 10 = 2 30Islorl ce conlorns 

24 
= AL4R x 10 and z = 107°*8* 10 cor 1 mole, Z = 2°/N! 

and ln Z=NinzekIinN! =NinzeNinN +N, So ln Zz 

3 eee InN WIN = (1.03% 10-7)/(6.02 5 107) 

in (6.02 x40-") = t= /0,9and 2 ="6--x eee 

22.36 (a) 3) = 3, - 2.x, = 2358.6 cm” Ot ALecn 
1 4 2330.0 cm '. Bp = B, - 44, = 1.998 cm” - $(0.017 cm”) 

= 1.989, cm™'. he/k = (6262608107 J s) x 

(2.99792 x 108 m/s)/(1.38066 x1072> J/K) = 0.0143877 m K 

= 1.43877 cm K. 0.,, = Uphe/k = (2330.0 cm7!) x 

(essai 7 cutk) = 3352.3 Ke 0 i= (1.989, cn ye 

(1.43877 cm K) = 2.862 K. (b) 2, = (27MkT/N,n2)3/2y, 

V = nRT/P = 12310 cm>. z,_ = (12310 cm?) x 
Dp 
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[2m(28.0 g/mol) (1.3807 x107'© erg/K) (300 K)/ 

(6.022 x 10°3/mol) (6.626 x 1072" erg s)73/2 = 1.78 x 102°. 

z S22 4ea2 Pores T/0O ot = (300 K)/2(2.862 K) vib 

= 1.000014. ae a 
[1 -e7Ovib/Ty-1 © 54-97 3352/300,-1 

= 1. (c) V = nRT/P = 1,026 x 10° om? and z,_ = 

Si ps3ho wen ee de Ham 8 i er 2 31 
vib 

22.37 (a) @,,, = Vohe/k = 5696 K and @ 

OF ot 

at P = 1 bar: Soe = (8.3145 J/mol-K)(1.5 ln 20.0063 + 

vib! = = 19,104, 

= Bohe/k = 29,58 K. Equations (22.,105)-(22.108) give 

2.5 ln 298.15 - 1.1517) = 146.22 J/mol-K. Sy = 

(8.3145 J/mol-K){1 + 1n [(298.15 K)/1(29.58 K)]} = 27.53 

Sap = (8.3145 J/moi-K)[19.104/(e19+104 _ 1) 
- In (1 - e7 19.104) 4 = @.x Lcd 3/mol-K. Se = 0 (since 

J/mol-K, 

11 electron iredy< So S 4. = S- Sn A dee wc all electrons are paired) © S59 pes en + bork 

S°, = 173.75 jJ/mol-K. (b) Equations (22.100)-(22.102) 

i?) 

vytr 7 1+5(8.3145 J/mol-K) = 12.47 J/mol-K. give: C 

~ ° Crear = 8.3145 J/mol-K. Cy iy 

(19, 104)2e19+1047¢,19+ 10% - 3 cout ilo tie 107> j/mol-K. So 

= (8.3145 Jj/mol-K) x 

Pr? — - ee? — Toke — e Cy 298 = 20.79 J/mol-K. (c) Gaus eee R = 29.10 J/ 

mol-K. 

23 
92.38 = m-/2m = m/2 =.4(126.90 g)/(6.022x10 ) = 

120536.x 10724 g. I= uke = (1.0536n 1012) « 
A 2 

(Pete aya Ry (is ge au 3 BS g ent Os =ay /8n2 tk 

= 0,0536 K. Ovip a= hvo/k = 306.9 K and Oa = O,6138¢ 

(a) From Eqs, (22.94)-(22.98) at 500 K: Use = (3/2)RT = 
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1.5(8.3145 J/mol-K)(500 K) = 6236 J/mol. US = RT = 
r 

4157 3/mol. aad = (8.3145 3 /mol-K)(306.9 K)/ 
0.6138 

(e° - 1) = 30 To Uo a bs0 tee 

°13404 J i H° tao pe ett an ic P= /mo (b) Heog ~ U9 = Usog + RT - Ul = 13404 J/ 

mol + (8.3145 J/mol-K)(500 K) = 17561 J/mol. (c) From 

Eqs. (22,105)-(22.108): Sa = R(1.5 ln 253.8 + 2.5 in 500 

- 1.1517) = a - So ee Fe 1517) 188.65 J/mol-k,. Seoul + 

In [500/2(0.0536) ]} = 78.55 J/mol-K. Sh = 

Beetet efor 9) nel = 6c 0-08 yy 250) 

mol-K, So 0. So S509 279.70 J/mol-K. (d) 500 
eo is =r ee U9 = Heo - TSag9 - Ug = 17561 J/mol - (500 K) x 

(279.70 J/mol-K) = «122.29 kJ/mol. 

22.39 From Fig. 21.10 the pure-rotational lines are at 

= -1 2Bo> 4Bos 6Bo> «ee, SO the separation is 2By = 20.9 cm 

e re oS “1 a = 10.4, em . Also, ae Z209o0Cm. > 4) 50 Ole = 

= 15.0, K; Se = Vohe/k = 4151 K and Dent = 48 i Q igo ** | 

13.92. We shall assume the spectral data are for the pre- 

~ 35 
dominant species wc and shall calculate S598 for H Cl. 

Ree eoeet5-he Ss RC1.5 In 36,0 + 2.5 In 29851. - In 
ERS 

<j s 
east si?)-= 153.5 J/mol-K. ee = 

R(1 + In [298.15/1(15.04)]} = 33.1 J/mol-K. Saye = 

Rises a (eiae 7 Set) atin dl ~, ec! 9*?%)))}: = 0.0001 1+ J/ 

mol-K, oe = 10,8 7S0 S598 = 186.6 J/mol-K. 

22.40 (a) For this relatively light diatomic molecule, 

only translation and rotation contribute to C, and cy = 
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SR + R = 2.5R = 20.79 J/mol-K. Ce = Co +R = 3.5R = 

29.10 J/mol-K. The true value is 29.13 J/mol-K. (b) All 

gases of relatively light diatomic molecules have ce zs 

Sie Dk = 2ge1 J/mol-K. 

22.41 ©, ,/k = (0.0149 ev)(1.6022x 107? g/ev)/ 
i, 

-23 2 aa (1238066™ 109"! fa/K) = 172290, 2oy= Gey att 
Be kT ~(172.9 K)/T Jo1,1° e1,1/kT _ 2 + 2a" )/ - At 30 K, z,, = 2 + 

pe 229130 3555006. AE 150K). 2... ee Dees UnEL GOO ame 
el el 

= Sea 

22.42 Using the z expression found in Prob. 22.41, we 
el 

? 7 2 = 
have U, = NkT (d in z,,/aT) = (nRT /2,,)(d2z,,/aT) = = 

(nRT*/z,,)(2(173 K)T72e7 (173 K)/T, 
-~(173 K)/T ~ 

e /2 6) and U, 

-(173 K)/T, 

= nR(346 K) x 

= (2875 J/imolyeu re, 

(173 K)/T , 
1 

=(1438 J/mol)/(e 16 tax. {2 + 2e 
V,el 

(173 K)/T, aU, /aT = -(1438 J/mol){-(173 K)/T7Je 

ce(t73 KV/T, 4)2 2 (2,49 10° J K/mol)T 

( ) 
2. — 

ey e}/ (J/mol-K) 0.86 2.52 3.47 3.42 2.67 2.02 1.30 0.88 0.64 
a 

-2 (173 K)/T, 

UE eae - We find (note the maximum in Cy .,) 
c 

T/K 30 ~°45'— 60 90° 120. 150) =200° 2250"" 300 

22 2434 Ca) § = xen= li atx. + x? + x? tecee = (x + x? + x? + 

eee) = 1. So s =1/(1 - x). (b) The Taylor series for 

1/(1 - x) about x = O is given by Eq. (8.8) as 1/(1 - x) 

=1l+x + x? Tex ep eees fOr | only 

Ee kT 
52 Ad (a) goeh oe) VLDs VN oe oe ee Ore ny ee 
Sa vas aa vib WW/ v=0 
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eo ehv/kT ane e7VAV/kT © g-BhV/KT (| gchv/KT 

(22.89) was used, (b) ln Zz, 

), where Eq. 

Tae -shv/kT - In GQ -e BY ¥T) 

2 Myib nRT (a ln Z pf eT)y = nRT“[bhy/kT? + 

Bie Ges (hy/k05)/ Cl +0382) 7 <= div Hnhy/KCoe Ee” - i. 
which differs from Eq. (22.97) by N(3hv); this agrees with 

the Prob. 22.4b result. 

22,45 From Eq. (22.100), C, = 3R. The translational here 2 

levels are so closely spaced that this result holds at all 

temperatures not extremely close to 0 K. From p. 785, 

Oxeare is typically of order of magnitude 1 K (except for 

hydrides). Figure 22.9 shows that Ge See Sears: We loci 
b 

A 3 
1.3©@ 04° From p. 786, One is typically 10° K. Figure 

22.8 shows that Cy vib is negligible below Ose and 

increases to R as T increases to 1 or 2 times © vibe So: 

2 123 OR 
C 
V 

1 10 100 1000 
T/K 

72,46) 2. = R208 K)/1C2e77 K) |ipl + (143.)( 2077/2985) os 

- 2 zy e+] = 107.9. apes BCSpralyna/ eters) (3+ 1G), 

where (22.83) was used. (a) Use of Eq. (22.71) gives 

-1 16 

Demet (CR Ra ON TMM EUG DO kee [aheg <Np N= z 

395) 



at 17 2 ae «] 
Sas Lo (23 +1) exp [-(J +I)@_,./T] dJ = zoe * 

172 +17, ip xp [-(@,o¢/ Tw] dw = 275 ,(-1/0,,) * 
[exp(-306@_./T) - 1] = (107.9)71(298/2.77) x 

-306(2.77/29 it~ ve ( /2 8) = 0.939, 

yeas and dw = 2J +13; the sum has 17 terms, so 17 was 

which is 94%; we took w = 

used as the upper limit of the integral. (b) The requi- 

red sum ts (107.,)7) x16, (25 41)e7 (I + 3)(2.77/298), 
Direct evaluation gives 0.932 = 93.2%. The individual 

percentages are 0.927, 2.73, 4.38, 5.80, 6.93, 7.71, 

Smo e060) 5!) Osu, 00, 0525, 5 Mae aa se 

3.09, and 2.44 for J= 0, 1, 2, ..., 16, respectively. 

A BASIC program is 

19 S=49 76 S = S+B 
26 A = 2.77/298.1 89 NEXT J 
36 FOR J = § TO 16 9% PRINT "SUM=";S 
49 B = (2*J +1)*EXP(-A*(J*J +J))/107.9 95 END 
56 P = 199*B 
6% PRINT nets J;" POP="sP 

224 wy -= Od Ww 4/ 2a. N, and F have roughly the same y 

values, but N, has a triple bond and F, has a single bond, 

sok. >> k (cf. Table 21.1). The high k, makes v and 
Ny Fo Ny No 

OTe, high, so the vibrational contribution to SN is 

negligible at room temperature. The light mass of H makes 

ie <<h eee so! ye om yl) Candy s: Se : 
HF Fo HF Fo vib,298 ‘HF Svib,298, Fo 

ae Pay it - : 2 
22.48 (a) 24, % it, e ACE ag ees -(T/@,,,)e VOyqy/T 

iW ROB ee (b) For high T the Taylor series for e* gives 

“-hy/kT & - 7 1 = hv/kT, so 24, - 1/(hv/kT) = 7/@,,, 
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22.49 Equations (22.104) and (22.82) are not applicable 

at extremely low T since the translational levels are 

then no longer closely spaced compared to kT and the sum 

in Zz, . [Eq. (22.78)] can't be replaced by an integral. 

Another reason is that at extremely low T, the condition 

lg << 1 does not hold, so Bose-Einstein or Fermi-Dirac 

statistics must be used. 

Z2en0 Cayiz te 
ea OY tr,N, 7er, CO? aince "No pavers “rot, N5 ane 
2 ot ,CO differ substantially since oN, = 2 but S00 =1, 

s bao and KN, ES] Koo for these isoelectronic 

triply bonded molecules, so YN, ® Vo (see Table 21.1); 

We have Uy 
2s 

th r~) = erefore 2 ib, No z$b, CO" Zo1 for each species is es 

sentially 1. (b) From (22.64) and (22.104)-(22.107) and 

the results of part (a) =. aS fs me , 298,008) 298, Ny (a) 

S298,rot,cO(g) ~ °298,rot,N,(g) * ® 1 (3x! %¢9) = R ln 2 
= 1.38 cal/mol-K = 5.76 J/mol-K, since we expect @_, to 

be approximately the same for the two species. The actual 

difference is 6.06 J/mol-K. 

22.51 (a) Br, is the heaviest molecule and has the larg- 

est moment of inertia and the smallest Ovo: N, is the 

lightest molecule and also has the shortest bond length 

(since it has a triple bond), so Ny has the smallest I 

and the largest © -ot’ (b) v= (1/20) (e/a). The large u 

of Br4 makes this singly bonded species have the smallest 

y and hence the smallest Ovi? The high k and small p of 

st. c) The low 
NE&=N makes N, and Ovib,N, the large (c 
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value of Quo y for Bro makes more of its excited rotation- 

al levels populated and makes z largest. (d) The 
rot, Br, 

d vibrational levels small “Br, and © viv, Br, make excited vibr 

populated and z is largest. (e) All these species 
vib, Bro 

have essentially the same Cy yor at room temperature since 
> ] 

they all have essentially attained the high-T limit 

C = R at room temperature. (f) Bro, for which ex- 
V,rot 

cited vibrational levels are accessible at room T. 

Loge Zee is very roughly equal to the number of trans- 

lational energy levels that have significant populations 

at temperature T. The particle-in-a-box translational 

levels have = proportional to 1/m (Chap. 18), so an in- 

crease in molecular mass m lowers the translational lev- 

els and allows more of them to be populated at T, thereby 

increasing Z and increasing Se 
tr 

N 253~> tay At -20 °K; oun ThOO oe = "(20 K) (293577 *K} = 

~ 1.014. At 40 K, 0.676. At 30 K, 2 ot Boe 1.2352. 745) 

z = On6762(4 + 11/3 (0.6762). TATS COs FEV 
rot 

4/315(0.6762)-) “a1. 136eat 20 Ke AGea0 Mee ~ 
rot 

1.426. At 40 K, ce les 1.742. (c) A BASIC program is 

VO TH =" 29/597 69 IF A<1E-1$ THEN 96 
26 S = g 74S-2S #£ A 
39 INPUT Pps lop 86 NEXT J 
46 FOR J = $ TO 1999¢ 99 PRINT "ZROT="3S 
59 A= (2*J + 1)*EXP(-J*(J +1)*TH/T) 95 GOTO 2¢ 

99 END 

The exact values are Zoe 1 1565¢eau 20K, es 1.4312 

at: 304K, 2 = 1.7439 at 40 K. 
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22.54 S = U/T+kinZ=kT(3inz/aT), . + kin (2% /n1) 
g B 

3 kT(9 In (25/N1)/27), ny. + Nklnz - kin! = 
ES) 

Meee 2s eT) + Nk lnz - klinN! = (NkT/z)(92z/9T), Na 

+ Nk lnz i e7Es/kT - k1nN!. Use of 9z/9T = 

(a/av) J. e7Es/KT © (4 /_ 7?) a ag ea gives § = 

(N/zT) ies S pace SE -e,/kT + (Nk/z) 1nz Joe - klnN! = 

Nk Ds [(e./ktT + ln z)(ees/kT/,)) - kinN!. From (22.69), 

Re i eEs/kT/, and lin xo ie -€ 5 /kT - ln z, sos = 

-Nk }_ x, ln x, - k1nN!. The other condition is <N_> << is S r 

1, aS in (22.49). 

227 poe ta ail 9 Zot = In(T/00 04) + In(1 + 0 ot /3T + 02, 1587 + 

I ene a ae ce + (Oop /3T + 02/157? 4 eee) - 

3(0 Batis 8 2/150? + oe cee i eae + 

smut cacti 1/18) (02, /T*) + +++ = In T - In(o0_4) 
+ Oop /3T + O65, /90T? + eo. dinz,o,/aT = 1/7 - 0, /387 

- oy lg arg Ue pRT?(d In z__,/aT) = nRT - 

/3 - mR /45T + ***, As T + », all terms after 
Oror eee 

the second go to zero and U > n(RT - RO64¢/3)- 
Tou 

22,56 (a) We have the original orientation plus the foll- 

owing: 120° and 240° rotations about the C, axis give 2 in- 

distinguishable orientations; rotation about a i) axis 

followed by rotations about the C3 axis give 3 more indis- 

tinguishable orientations. Sod = 6. (b) 2. (¢) 1 (the 

same as for a heteronuclear diatomic). (d) 120° and 240° 

rotations about each of the four C, axes produce 2(4) = 

Sieh, 



indistingulshable orientations; 180° rotations about each 

of the three Cy axes (these coincide with the S), axes =— 

see Fig. 21.17) produce 3 more indistinguishable orienta- 

tions. Adding in the original orientation, we get go = 12. 

(e) 2 (the same as for a homonuclear diatomic). (£) There 

are three Cy axes and d = 4, 

22.57 Sas = RC. 5 tn 34.08 4 2,5:1n 298.15-< 1.1517) = 

152.87 J/mol-K. A, = b/8n et 0° By = h/8n-eI, 0° 
9 9 

ete. Equation (22.109) becomes a pe here x 

c 

(1/1865) Using ¢6 = 2, we get aN 125.9. So is = 

R(1.5 + 1n 125.9) = 52.68 J/mol-K. ©vin,1/T = 

(2615 em7!)he/kT = 12.62. OQyip,o/T = 3-208. Ovay a/F 

= 12.68. Sos Rf12.62/(6--°°* = Aim In (vee; eae 
BayO9/ (erty = lees Li (1-=0er> 2°?) + 12868) (ai eed 

=m (P= BIS = 0.186 J/mol-K. oe = 0. Adding, 

we get 5508 = 205.74 j/mol-K. 

22.58 Sie = R(1.5 ln 44.01 +.2.5 ln 298.15 - In 1 - 

1.1517) = 156,05 J/mol-K. ©... = Byhe/k = 0.561 K. For 

this linear molecule, Eq. (22.105) gives Sad = R{1l + 

In [(298.15 K)/2(0.561 K)]} = 54.73 J/mol-K, OPA /T 
> 

= (1340 em™!)he/kT = 6.466; @,,, /T = (667 em !)he/kT = 
>] 

3.219; Oe, 3/T = 3.219; © ib z/T = 11.34. Equations 
9 > V 

oO ee 6. 466 
(22.118) and (22.106) give Savas R[6.466/(e - 1) 

ned. “der o*°), 4.032910) iver: sueeeet) 

2 n (iesers 12) a yeaayeen tte saa} 
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= be: pee ie <2) ee OLS6loRn e*13.01 3 /molex: SNeyeas OF 
ra?) 

Sogg = (156.05 + 54.73 + 3.01 +0) Jg/mol-K = 213.79 3/ 

mol-K, 

~e? 
=o See 

22.59 Ver = DR. “y,vib,s 
brational mode s, Cy “age ey R at high T for linear mole- 

> 

~ R at high T for each vi- 

—O 
se cules; Cy rot 

(a) Linear. 3(3) - 5 = 4 normal modes. Ce 

= QR at high T for nonlinear molecules. 

~ RS +4 +1) 

9° 
=6.5R = 54.04 J/mol-K. C2 = C° +R 62.36 J/mol-K. 

P 

(b) Nonlinear. 3(3) - 6 = 3 ae modes, cy “ RS +3 + 

4) = 6R = 49,89 J/mol-K. Ch > 58.20 J/mol-K. (¢) 12 

normal modes. Cy - RS + 12 +3) = 15R = 124.72 J/mol-K. 

C2 + 133.03 J/mol-K. 
2 

22.60 Since Zor is the same as for a gas of diatomic 

molecules, ioe {fs given by (22.95). For a gas of 

linear molecules, z. is the same as for a gas of dia- 
ot 

tomics, so (22.96) gives z . Use of Eq. (22.109) gives 
rot 

2 
for a gas of nonlinear molecules: U-ot 7 MRT din Zot /aT 

= nRT- a3 ln T + const)/dT = 3nRT. Equation (22.110) 

-hyv_/kT 2 
s ) = -nRT x 

@,/ 
gives UL = -nRT-(d/aT) in i (lee : 

(-©,/0°)/ 
ib 

(d/dT) x, in (1 - cas = =nRT“ HE [e 

(1 - PaaS = OR. meee = ly) 

° co) i = ie} 

22.6] Kp = Kn since An = O, The quantity AUp is small 

since isotopic species are involved. The only major dif- 

ference between the z's of an isotopic pair is the symmet- 

ry number. Since z is proportional to 1/0. Eq. (22.125) 
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° -v 
gives K_ x Ihe of By (a) g(B°°C1,) = 6, 6°" c1,) = 2, 

3 
701) Fils gC ool om = 1. K ~ 6(2)/2(1) = 6. 

(b) K » B43 /t aaa (e) Ko» 1(2)/3(1) = 0.67. 

ay) 

3(B°°Cl 
N 

22.62 (a) At 0 K, there is no translational, rotational, 

or vibrational energy (above the zero-point energy) for 

the Ho molecules; AU) is determined by the change in 

electronic energy and AU> = (4.4780 ev)N, 
0 

-19 23 
J/eV) (6.02214 %*%10°°/mol) = 432.06 kd/ 

(4.4780 eV) x 

C1V.6024.77.% 10 

mol. (b) At 25°C, we need consider only translational and 

rotational contributions to U of H(g); the translational 

contribution is 3RT and the rotational is RT, for a total 

5 
of 5RT. The translational contribution to U of 2H(g) is 

3 ~ ° = Onn sao rs 2(5RT) = 3RT. Hence AU5,, - AU) = 3RT SRT = 3RT. Then 

3 ° = ° = ° 1 = ° 2 a AH bog = AU 598 + 4n RT/mol = AU, + 4RT + RT = AUS + 5RT 

432.06 kJ/mol + 1.5(0.0083145 kJ/mol-K) (298.15 K) = 

435.78 kJ/mol. The Appendix gives 2(217.965 kJ/mol) = 

435.93 kJ/mol. 

To T° | 170 ety er T7° _ 1? es 
22263) (a) T 7 Ho = Un + RT U5 = (Up tr Uo) + RT = 

2RT + RT = 2RT = 2.5(8.3145 J/mol-K) (298.15 K) = 6.1974 

kJ/mol. (b) 2.5RT = 20.786 kJ/mol. (c) Gl - HO = Hq - 

co _ Fo ~ Fo _ Fe _ mao Wo _ Fo TSy Ho Han Ho Tor tr: We take He Ho from (a) or 

(b) and use (22.108) for oa . (Alternatively, (22.123) 

can be used.) Go908 = Ho = 6.1974 kJ/mol - (298.15 K) x 

(0.0083145 kJ/mol-K)[(1.5 1n 39.948 + 2.5 1n 298.15 - 1.1517] 

ate es Ro SOTTO = ge 
= -39.970 kJ/mol. (d) C1 000 Ho = 20.786. kJ/mol 

362 



180.00 kJ/mol = -159.22 kJ/mol. 

22.64 From (22.123) with He = Us, 2 = Neon Gre Hy) (Roe ew 

(6.0221 x 1023 )e(257-7 J/mol-K)/(8.3145 J/mol-k) 
; = 1.739 x 

eae 

22.65 A - Uo = -kT 1nZ and ln Z = -(A - Uy) /kT. A - U5 = 

U - U5 - TS = H - Hy - TS, since there is negligible 

difference between H - Ho and U - Up for a solid. So 

A - Up = [523 J/mol - (298.15 K)(2.377 J/mol-K)](1 mol) = 

Bees dg. iniz = (185._ )/kT = 4.51) x#10°". 

22.66 S = k ln W and aS = k ln Wes nar/Winttial?® so 

AS/k Neral “vnitial =o AS iy 7 -R(1.00 mol ln % + 

= / a 1.00 mol lin 4) eos seks So Weare! “inte al 

exp[ (11.53 J/K)/(1.381 x 10°23 3/K)] = exp(8.35 x 107), 

Let 10% = @8-35x 10 . Taking base-10 logs gives y = 

23 . 23 - 8.35 x 10°- log e = 3.626 x 10°°. So Weimar, initial : 23 Zo 

22.67 S = kinW and ln W = S/k = (191.61 J/K)/ 

= J/K) = "1.388 x 10-7, where the Appendix (1.3807 x10- 

was used. 

22.68 (a) Ne. (b) Each has 2 electrons. The single +2- 

charged nucleus in He holds the 2 electrons more tightly 

than the two +1-charged nuclei in Ho, so H. is more pol- 

arizable. (c) Cl.. (d) Each has 18 electrons. HS is more 

polarizable. (e) C5H;- 
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22,69 From the table inside the back cover, p! = 

p/ (Ane)? and q! = a/an€. SO iy ea = (2/37) x 

{hoe Deo apt Une 2 226 
(pypo/l6w for ), Vg_yg = ~(Pyty + Poa, )/16n° €or’, Vaicy * 

L526 
-[31,1,/2(1, + 1,) Ja,a5/ 167 €or 

60 6 -18 4,,,60 
22020: i 10 Vigiats 2(1.60x 10 statC em) 10 ~/ 

3(1.38x107!© ere/K)(298 K) = 106 erg cm. “10° Vv sg aee 

= (60 207 | statcC ene (GLae lO. RAV Ives = 33 erg 

6 60 cae 2 
em. -10 Vagenti [3(11.3 ev)" /2(22.6 ev)] x 

(1.602 x 107!2 ere/1 ev)(6.48x 1072* em*)210° = 570 erg cm®. 

22.71 F = -dv/de = 4€(1207/r!> ~ 65°/r’) = (24€/r) x 

OC c/P) & devel. © a0. 0lsucwes oe) ake ee ee 

o = 3.82, (a) F = [24(2.1x107!4 erg)/(8x 107° em)] x 

CEP a) ea 8a). Lean -13 

(b) eae AVG BACCO) ag <>. Ons 107* dyn. 

dyn=-/7.1 x 10 N, 

27892) Ca), vie A/c 7) 1B/2 On) Ola Ase) = = Ba eee Boe 

and v = Boome - B/r®, (b) dv/dr = -12B0°/r!? + 6B/r! = 

6 Ca LG 

= Oe-. [p9°/(21/5q)!2_ py(ol/05)°7 -« B/4g°) end Bb = hate! 

< 450 a 0. Sor = 20 and Eo (c) € = v(~) - v(z in 

(d) Substitution of ¢ = en ge in (22.132) gives v = 

12 12 6 One 12 6 
4€ (roan! 42 c Tain’ 2t Mie el (tin’®? . 2(rin/®) J. 

1/6 ¢ = 263.5 8) = 3.9 8.) ee 22.73 (a) ea 2 a 
in 

2/6 (g.6 R) = 9.6, 

22,74 (a) As noted on p. 808 of the text, for a nonpolar 

molecule € © 1.3kT, = 1.3(1.38x107!© erg/k)(27.1 K) = 
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-15 4.8, x10 erg. (b) From Sec. 8.3, To * 1.67, , sO 

Ex 1.3k(T./1.6) = 3.45 x 107 !4 ere. 

22.75 (a) We approximate the intermolecular potential by 

the Lennard-Jones potential. F(r) = -dV/dr = 

Beeld s/r 4 60° fr) = 24e(2082/r - eer’) © 
e/r'> - Aye The F(r) curve has the same general appear- 

ance as the v(r) curve, being 0 at r = ~, negative (il.e., 

attractive) for large r, positive for small r, and » at 

Bee) = 26¢(2G) -/bl---90/b Ys so Qo ve bo mendes 

= gl/6 (Cf. Prob. 22.72b; F(r) = O at the minimum in Vial 

oS 

22.77 (a) Xe (higher M); (b) C,H.OH (H bonding); (c) H, 0. 

BRS Ca) oe = GpCa/2 aye =) (a/2!' 9a) |= 4S) 

-l1 (this is the minimum); (b) Sg ey lech pee CTA DLA 

-0.320; (c) -0.062; (d) -0.016; (e) -0.005. 

22.79 (a) For an ideal gas, VY = 0; for linear molecules 

-N 
Eq. (22.141) becomes Z.. = (4m) fy sin Brac oaa eG 

2 a b c 
eee d dd, J ; On J dx, 4 oa fy zy 

N 5 dyn im dzx = (4n)~ 2 (20) SC ape ™ = Ve, “For an 
0 

365 



ideal gas of nonlinear molecules, (4n)7% is replaced by 

(artaan = Conver Cine and we have the additional integral 

2 
factors es dX, cee Sb dX = (Qa) so we still get 

= N = | N = = LP aes Nes (b) P = xT(a In V [3V om NkT(2 Ln V/av) 

NkT/V. 

22.80 B= -2™N, is ear VIKE aay p*ar = 

-2mN, 55 (em ye aia be (gro hhn Tire Ari 

-2mN, (-55 re are Ole 2mN,d°/3 ‘ an,(4n(d/2)7). 

2 22.81 At 100 K, log(kT/e) = log{(1.381*10~** J/K) x 

(100 K)/(1.31 x 1072! g)] = 0.0229. For this log(kT/e), 

Fig. 22.18 gives B/o°N, = -5.4 and B = -5.4 x 

(3.74 1078 om)3(6.022 x 1027/mol) = -170 em?/mol. At 300 

K, log(kT/e) = 0.500; Fig. 22.18 gives B/o°N, = -0.1 and 

B = -3 cm*/mol. At 500 K, log(kT/e) = 0.722; B/O°N, = 0.5 

and B = 16 any etl. 

22.82 (a) B = -271N, is (e7 ineo ae = 2nN x 

52 (eS/ET 2 1)e* ar = 2nty f (e?-1)r? ar = 2nNya?/3 
= 2EN, (oo) dl) (err a’) /3 AO eon (cee ee 
20 ya?/3. (b) Substitution of numerical values gives 

B(100 kK) 

B(500 XK) 

1 + BYP = 1+ BP/RT x 1 = (163 oe ymeL (oon atm) / 

(82.06 cm -atm/mol-K)(100 K) = 0.94, 

-163 em?’/mol, B(300 K) = -4 em?/mol, 

il 17 em?/mol. (c¢) From (8.5) and (8.6), Z * 

pigs) RY a oe 
22.83 U = kT’ (a ln Z/ aT) = bh GaALtn Zig My n + 

2 S 2 = 
kT Ga tn Zeon! 2M yn = U,, + kT (-N)>(1/V)dB/ dT + 

id 
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/2V acs ar Se ae nRT-[(1/¥)aB / aT + 

(1/2 )ac/ar eee oe aU Tok sin e7a= U,q/T - mRT x 

L(1/V)dB / dT + (1/29*)ac/ at + eee] +k ln Zo4 + KN Inv 

* Nk((1/V)B + (1/2¥2)c + sie ot, NF In Vi = Sia 

CQ/V)(B + T aB/ aT) + (1/207)(c +7 dc/dT) + +++], 

G= A+ PV = -kT ln Z + 

- nR x 

since Sig = U,4/T +k ln Zeae 

7 = m U kTV(3 ln Zeon! Venn = -kT ln Zia - kTN ln V + kTN(B/V + 

c/2V2 + e+) + kKTN ln V + kTVN(1/V + B/VV + o/ vv + 

eee) = Seas nRT(2B/V + 3c / 2v" + °**), since oe 

+ = a A (PV) 4 kT in aA id + NkT. 
d 

= =kivin 2 so 22.84 A = -kT1nZ and A Fates? 

-23 
false 

/Z) = -(1.38 x10 - A = -kT1n (Z J/K) x 
Araise false 1 

(298 K) 1n10(#10 ae 4 14x 1077) 3) 2030 log 10521° 
5 

>) 

= -9,5 AO 3 (el 0e ee 710) .J,.which is megligqgtble. 

22.85- <N>/N = en Ex/kT)) so Nog? /N = ae /z = 1/z = 

1/154.1 = 0.00649. 

22.86 (a) Since A is proportional to n and A = -kT1n@Z, 

we see that ln Z is proportional to n. From (22.81), Zeer 

is proportional to V, which is proportional to nj; so Zr 

is proportional to n. Since Zeer is proportional ton, z 

, and Ze, are inde- is proportional to n. (b) Zee he cart 

pendent of n. (c) None. (d) Zot! zvib! and Ze1° 

22.87 Every thermodynamic system in equilibrium. 
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CHAPTER 23 

E_/RT : weethr/ RT ¥ . 
23.1 A= ke # = N,td 7 22(4RT/™M, \%, 

where Eqs. (17.69), (23.5), and (23.4) were used. 

23,2 (a) sagas (23.6) gives A= (6. 0x 10° eect x 

Guee tO msreCeeaia Pree x 

[mole/ (0.030 kg) + mole/ (0,048 Ke) 1802.72)" ; 
3-2 10° ao i -1 nOtea = 5% 10!4 

3 

em? cam eRe (b) 

-1 8x10!! em? mote"! s7Ls= aC Oot oc mole s~!) and 

= 0,003. 

no w 45 23i) ev >a va eye.) dv ie = 2(m,/2nkT) x 
re 0 

2 “i 5 kc: exp (-m ov 2/27) aye = 2(m_/2nkT) 4(2kT/m_.) = 
fy re 

(2kT/m Lys» 

23.4 The energy per molecule is (9.6 keal/mole)/N, = 

[ (9600 cal/mole)/(6.02 x 100: matey a4 J/l eal) x 

7 E Git @ere/ 1) scoune lores. 

23,5 (a) poHSLH, a = 0.930 & (p. 840). Let the origin be 

at D and let the molecular axis be the x axis. The center 

of mass is at x = Ey mx, /me oe = [2.014(0) + 1.0084 + 

1.008(2d) ]/4.030 = 0.698 A. The principal axes pass 

through the center of mass (which is on the molecular axis 

and 0.698 B away from D)3 one principal axis is the molec- 

ular axis; the other two are gtliee eas to this axis. 

a 2 ni! 1, DH, = ori TB! ake [ (2.014) (0. 698)2 

1.008(0.930 - 0.698)2 + Pe es 27 (2/mo1) 22 = 
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2.3977! (e/mol) 22. (b) For Hy» es Pe wR? = (m’ /2m,,)R° = 

4m, R* = Ny }(1.008) (0. 741)2( g/mol) 42 = 0.2767N,' (g/mol) 

x, Then Ty py/ ty, = 2+397/0.2767 = 8.66. Since o, = 2 
and “DHS = oe cs Pde ic eee eid Sncee eed -aciePAS 

2(8.66) = 17.3. 

25.6 Ca) Zyib,H, =(1 - exp(-hye/kt)]7!; hve/kT = 

(6.626 x 107° 3s)(4400 cm7!)(2.998x 10% em/s)/ 

(¥,3807x 107° 3/K)(450 K) = 14.07; 2 vib,Hy — 
Gt LS e714.07)-1 

= 1,000. The activated complex has 3 ord- 

inary vibrations, with wave numbers 1764, 870, and 870 

em7! and B59 is the product of factors for each of these 

vibrations. We have HV pp c/kT = h(1764 em7)e/kT = 5.640, 

BV C/E = h(870 em ye/kT = 2.781. Then ze = 

(1 = e752640y-1(] = 9-2-781y-2 = 1.141. From (22.81) and 

Table 21.2, (zt r/V)/[ (2, pV) ey Hy /v)] = 

(m n/™MH 2 atyamey = (4. 0307 (2. 014)2.016] 

ia See ge3?!? 06.022 x'1022/mol)?! 626 10724 se)3 x 

[201.3807 x 1072? 3/K)(450 K)]7?/? = 5,51 x 1079! me = 

hile Ne 1072? em. (b) n,kTh! exp (-a€ 4/kT) = 

(6.022 x 1027/mol)(1.381 x 10729 3/K)(450 K) x 

(6.626 x 107° * 3s) dexpl (-5.8 x 107-° 3)/[ (450K) x 

(1.381 1072" 3/x)]) = 5.0 x 10°2/mol-s, Then k= 

(550) ox 107 *fmol-a) (5. Sx 107°> om? )(17..3)(1.141) (19 

cet 10° ene moi! are 

3/24 

3.7 Replacing 450 K by 600 K in Prob. 23.6b, we find 
etek net eel 
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NakTh™! exp (-aes/kT) = 69° x 10°?/mol-s. Replacing 450 K 

by 600 K in Prob. 23.6a, we find (2? VL, »/Y) x 

(zy n/Y) = 3,58 x 1073! my 2 EAS Hy ht ae zt = 

1p ae oe k_ = (6.9 x 10°? /mol-s)(3. "58x 10725 em?)(17.3) x 

CI4323) (1) =-5.6 x 1010 em? /mol-s. The tunneling correc- 

tion is 7.5/5.6 = 1.3, which ts less than that at 450 kK; 

tunneling becomes less important as T increases. 

23.8 ve Be) deve k is the same for H, and D, 2 
ar <7 cS Mes icles 1 so ¥po! “Hy (Hy, /Up,? (4m, ,/%m,) (1.0078/2.0141) 

0.7074 and ¥, 
2 at 3 plex is she(1762 + 694 + 694)em™~ = 3.13 x 107!3 erg. The 

= 3,09 x 107}3 erg. 

= 3112 em7!, The ZPE of the activated com- 

9 is Spee 

A(ZPE) = 0.04 x 107!3 erg. The classical barrier height 

ZPE of H is O and that of D 

is the same as that for D + Ho» namely, 6.7 x 10713 erg. 

los -13 = So AED = 6.7), x 10 erg. Also, z aren «129 2 761, Dy = 1, 

$ = zt = + = zt, 2% Zot! rot, Dy 1* op {i g 217 ithe i 
2 

wR? = mR°/2 = w14(37014)(0, 941) (g/mol) 82 = 0,553N3! 
(g/mol) 92, HD De d = 0.930 & (p.840). The procedure 

of Prob. 23.5a gives (with the origin at H) es Pore A, 

3 2 = 2.440 (g/mol) A’, and zeae ous 

ing as in Prob. 23.6a, we find z 

+ 
Ls eae Res /v)/(U(z, HV) ey Dp 

Nk Th axp (-a€t/et) = 2.2 x AES ce oe, Sok. = 

(2.2 x Hy Seen ne em 3)(8.82)(1.544)(1) = 
1 ox 101° one mo17+ lt 

= 8.82. Proceed- 

“ Se 
vib, D» LOOP 2a 
)] = 5.00 x 10725 om, 
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“-h kT 23.9 The Taylor series for e* gives at high T, e ef : 

; 1 - hy (/kT and erie rN 1/ (hy _/kT) = kT/hv.. There are 

sae Sectors in Zip in Eq. (22.110), so Zip LS Propor- 

tional to T Nae at high T. 

23,10 Let lin, nonlin, lin*, and nonlin* denote linear 

and nonlinear reactant molecules and linear and nonlinear 

transition states. (a) First consider the reaction be- 

tween an atom and a molecule. Let the reaction be atom, + 

: + $ F 
ae: ow 2 Np EL is proportional to 

2 a fe tae = T for any bimolecular reaction. Also, 

Cl T/T. = rv, Let lin, have w atoms, Then lin 

$ 

+ 
2 125 rot 

has 3w - 5 normal modes, Further, lin 
B 

has w + 1 atoms and 

3(w +1) -5 - 1 = 3w - 3 "ordinary" normal modes and one 

anomalous mode (the "vibration" along the reaction coord- 

inate). So lin* has 2 more ordinary normal modes than does 

lin,. Also, the vibrational frequencies of lin* and lin, 

should be of the same order of magnitude in most cases, so 

we expect paar ipl is Be uae to rJ, where 

f-=<".}°s gsc Soc yib. B Zyib, Be ah ope 

Sesto <5; er (23, 23) then oes A Co r! T 

vib,B 
). Hence, oe 

7cor% = sae where -%§ sms x, Now consider atom » + lin, ~ 

nonlin*, We have z*__/z CO pyr = Tr, Reasoning 
rot’ Tot, 5 ; 

similar to the above shows that the species nonlin” has 1 

more ordinary normal mode than lin,, so Zi ipl 2vib, B a r 

where 0 s b s %. Hence, A OO ply 3/2y ep ba 7? = ay where 

0 <m< %. For atom, + nonlin, + nonlin*, we find similar- 

ly that A OC tir? 20a = pa-%, where 0 s asl. So 

-s <m<s %. (b) Now let the reaction be between two mol- 
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ecules. First consider nonlin, + nonlin, -¢ nonlin*, Let A 

and B have w, and w. atoms. Then A and B have a total of 
A B 

3wy + 3w, - 12 normal modes’ and nonlin* has 3(w, +W,) -6- 

1 = 3w 4 + 3w, - 7 ordinary normal modes, which is 5 more 
+! d 

than the total of A and B. So *vib/ Zvib, Arvib, B Cont, 

where 0 s d s 2k. Hence, A CC tir-3/2p-3/2qd = pdr? = 7, 
where -2 sms 4%. For lin, + nonlin, ~ nonlin’, we find 

similarly that nonlin* ay 4 more ordinary normal modes 

than A+B, so AC gig? 3/2q-1 pe = perl’ 2 pm where 

0 <es 2 and -14 < m s 4. For lin, 

nonlin* has 3 more ordinary normal modes than A and B to- 

gether, so A (CO qi pn 3/2n- S78 = tT?! = Tt", where 

- lin, > nonlin*, 

0 < g s 14 and -1 sms 4, 

23,1] From the example in Sec, 23.4, act = 5.8x 107° 0 
20 ~20 $9(6.02 x 10°" fmo1e) = 

erg 

= 5,8x107 ESO AES = (5.8x 10 

(3755 Oe J/mole)(1 e¢al/4.184 J) = 8.3. keal/mol. m is 

the exponent of T in kee The example in Sec, 23.4 shows 

the ae ratio and the Z ot ratio to be proportional to 

n73/2 0 
and T , respectively. At 300 K, the Zip ratio is 

i 

nearly equal to 1 and its temperature dependence is essen- 

tially negligible. Z 51 is independent of T at 300 K,. So 

Eq. (23.19) gives ke 6 pig 3/270 2 97% and m=-%, Then ES 

= AES + mRT = 8350 cal/mol - %R(300 K) = 8.0 keal/mole. 

23.12 The activated complex A* is an A molecule in the 

hole or within a distance §6 beyond the hole, We have Aes 

= 0, Also, z Zz and Zo are the same for A and ke Vib Ge «rote 

The volume factor in 2* Re is As, where a is the hole 
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3 ¢ 
areas; also, z contains an extra factor of % since at is 

cr 

moving only forward along the reaction coordinate (which 

is the direction perpendicular to the hole), Equations 

(23.16), (23.18), and (22.81) sive r = 57 (ot / nm)? x 

(2h /Zen LAI = 67 | (2RT/nM)25(2nmkt/h2)2/ 2 5 x 

C(2umkt/h? )3/2y}- lea] = (Rt/2nM)*P.A/vRT, since [A] = 
P/RT SO! J/=) rV = “dn /dt = PA/(2nmRT)?, 

23.13 From Sec. 21.9, Vou x 3000 em7! and (see p. 843) 

exp[-a(a€h)/kT] = exp[-0.146(6.63 x 107°* 3s)(300000 m7!) x 

(3.0 x 108 m/s)/(1.38x 10723 3/K)(300 K)] = 0.122 = 1/8.2. 

As T increases, the exponential comes closer to 1 and the 

{sotope effect decreases, 

23.14 v= (1/20) (k/p)?, Yor! You = (oy! Yep)” ws (m,,/m,.) 

= (1/3)? and vy / Piet The ZPE of the reactant is low- ct Ycu 
ered by *hn(v a, -v )= ‘hy aC an 17/3) .= 0.211hv,, and 

CT 

the ZPE of the activated complex is unaffected. Replace- 

ment of 0.146 with 0.211 in Prob. 23.13 shows k is mule 

tiplied by 0.048 = 1/21. 

23,15 The rate-determining step doesn't involve breaking 

the Ar—H bond, so (a) and (c) are ruled out. 

23,16 (a) aH-* =\AH += E 7 aRT = 2500 cal/mol - 

2(1.987 cal/mol-K)(270 K) = 1.4, kcal/mole, From Eq. 

(23.35), aso* = R{1n [ah(c°)"-!/KT] - n} = 

R{in [(6x 108 Basen i=e (61.6 some re s)(mol/dm>)/ 

Gh ie emer J/K)(270 K)] - 2} = -22.1 cal/mol-K. aGe* = 
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(1.4, keal/mol) - (270 K)(-0.0221 kceal/mol-K) = 7.4 keal/ 

mol. (b) The equations used in (a) give aH?* = 40.3 keal/ 

mol, AS = -23,2 cal/mol-K, and ace? = '103.0° keal/mol. 

23.17 (a) Equation (23.44) gives log (k /ke) = 1,02(-6) x 

17 +14) « O. SOU), FOr 1. = Tec, log (k /k*) = -0.1858 

and k_/k® = 0,65, For 1 = 107%, K_/K? = 0.29, For 1 = 107!, 

k /K = 0,052. (b) Replacement of the factor -6 by +6 

gives k /k" = 1.53, 3.45, and 19., for I = 10721072. toss 

23.18 The slope of a plot of log (k/k*) vs. 18/(1 +1°) = 

OF 30 1at6 1.0222, The data are 

log (k/k*) -0.979 -0,951 +-0.928. -0,900 -0.854 

12/(1 + 1) - 0.301 0.0464 0.0559 0.0724 0.0817 0.0966 

The straight-line fit is at best only fair; the slope is 

2.3, = 1,022.2, and Zozp = 1 RE a Ae 

23.19 Equation (23.49) gives AS°t/R = ln (Ahce°/kTe) = 

In 0.00011, = -9.05. So as°* = R(-9.0,) = -18., cal/mol-K. 

From (23.48), aH°* = E. = RT = 15700 cal/mol - R(300 kK) = 

15.1 keal/mol. AG°* = aH®* - T as®* = (15.1 keal/mol) - 

(300 K)(-0.0180 kcal/mol-K) = 20.5 keal/mol. 

23.20 We get (Clear att = feJ[1-k /(k 
chem! “aise * chem)! 

For diffusion-controlled reactions, ke pew >> Kee and 

[CIper gar / LC] =l- 1/(1 + K ai ee/*ohem) Ss ] « 

Oe Kate! “chem? : Kare’ Kehem? where Eq. (8.8) was 

used, For chemically controlled y ed reactions, Kone << K LEE 
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and [Clper ste = [c]. 

23,21 1. A unimolecular reaction in the falloff region. 

2. A diffusion-controlled reaction, 3. A photochemical 

reaction. 4. A laser-illuminated reaction. 5. A reaction 

with a very low E. (see p. 820). 

23,22 In the unimolecular decomposition of CjH.Cl, 

the transition state of Fig. 23.17b has two reactant 

bonds partially weakened and an equal number of new bonds 

partially formed; moreover, the transition state and the 

reactant have similar sizes. Thus the degree of disorder 

in the activated complex is similar to that in the reac- 

tant molecule, and we expect as?* to be close to Zero for 

this and similar decompositions. In the CH decomposi- 

tion (p. 848) and similar decompositions, the bond elong- 

ation in the transition state produces a "disordered" 
i?) 

transition state, and we expect as’ >> 0 here. 
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CHAPTER 24 

24.1 (a) Metallic; (b) molecular; (¢) covalent; (d) lon- 

ic; (e) molecular; (£) Lonic; (g) metallic. 

_ i] ad 24,2 (a) For C(graphite) ~ C(g), E5298 = OH 98 = 

(716.7 - 0) kJ/mol = 716.7 kJ/mol. (b) For SiC(c) = 

Si(g) + C(a), E, 59g = (455.6 + 716.7 + 65.3) kJ /mol = 

1237.6 kJ/mol. (¢) For Si0,(¢) ~ Si(g) + 20(g), E.,298 

= [455.6 + 2(249.2) - (-910.9)] kJ /mol = 1864.9 kJ/mol. 

24.3 E = (411.15 + 107.32 +121.68) kJ/mol + 

(6.022 x 1022/mol)(5.139 = 3,614) eV(1.6022 x 10 

(1 kJ /1000 J) = 787.3 kJ/mol. 

a1? 3 / thee 

24.4 (a) 1, (greater M); (b) NH, (H bonding); (¢) SiO, 
(covalent solid); (d) MgO (greater ionic charges). 

— @ — 24.5 For H,0(2) - H,0(g), E.,298 = AHjog = 44.0 kJ/mol. 

2406UE = 24.802 10527 am statc)°(1. 74756) x 

(6022 210°" /mol) (2.798% 10> 1 em)a CUAIOaecess 

CNG EE ee ieee 18(2.798x 1078 em)4/ 

(897 =x 10>) 2cm"/dyn)(4, 803% 107° arave)<1. 7475618 ae 

24.8 (a) From (24.11) with e@ = e*/4ne, and with Ry 

0 K approximated by Ro at 25°C, we have n = 1 + 18x 

at 

(3.299 x 107! my44m(8.854 x 10712 C2/N-m2) (10° Pa)/ 
-19 (5.5 x 10 °)(1.002 x 10° '? c)27.74756 = 1006-8 Brom teueene 
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E, = (1.602 x107'? c)21.74756(6.022 x 1073/mol) (1 - 1/10.6)/ 
pm e5 x 100) 862 Nm) (3.299 X07? miss 666 kd (mol 
(b) From Fig. 24.16, the nearest-neighbor distance Ro is 

one-half the length d of the diagonal of the unit cell. 

Bsvin Fig. 15.1-andiEqs (15.1) a? = a2 #oa24vae And 

dia Aear where a is the edge length. So Ry = 4037) = 

Bae yC4ei 23601051 Cemjseoa ib 71eKi 107) ow orig meacterenews 

that there is one CsCl ion pair per unit cell, so the mo- 

4 [=e Sut aes 3 372 lar volume is Vo = N,a™ = Na (2R,/3 = 8RoN,/3 and 
1 

Eq. (24.10) becomes n = 1 + 8(37)Ro/Ke’ “ML = 1 + 8(32) x 

109) 740 (8854 107)" C2/N-m*) (102 Pal/ 

(6x 10-°) (1.602 x 107'9 c)21.762675 = 10.5. Equation (24.9) 

becomes E. = (1.602 x 107'? c)21.762675(6.022 x 1072/mol) x 

(32571°x 10 

(1 -1/10.2)/40(8.854x 107 '? c2yn-m2) (31571 10719 mj = 

620 kJ/mol. In both (a) and (b), the theoretical value 

is less than the experimental value due to neglect of 

the dispersion energy. 

24.9 (a) (9°0/aV7),, = T(d*P/aVeT) - (aP/aV)_. AS T + 0, 

the first term on the right side of this equation goes to 

zero and (970/2V*),, + -(8P/aV),, = 1/«KV, where Kk = 

ari u elie Wes 
"(aV/aP), was used. (b) Use of V R and iv; = 

awn: in (24.8) gives the desired equation for eae 

' 5; 2 
differentiation of this equation gives = -9°E/¥ = 

miler bees Sa n Dag yu ee a eae -1 = MN,R, [(- 4) (-3)V4 (-3)( 

Setting V = , we get -3°E >/ ov" heed = an ves S 
Vo Ro AO 0 
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(1-n)/9. Substitution of this result into the 0-K equa- 

tions 9°E pln ETE | = 1/KV, gives 
Ro R=Ry 0 

2m ao" hacer 1/KV pi solving for n, we get 

(24.1.0). 

24.10 A given positive ion has two negative ions at a dis- 

tance R, two positive ions at 2R, Syat nacne ies ions at 3R, 

two positive ions at 4R, etc. The potential energy of in- 

teraction between one positive ion and all the other ions 

is e'2(.2/R + 2/2R - 2/3R + 2/4R - e+) = -2' H/R, where 

A= 2(1 - 1/2 + 1/3 - 1/4 + 1/5 - «++). By symmetry, the 

potential energy of interaction between a given negative 

ion and all the other ions is -e' A/R, Multiplication of 

~2e'24/R by Ny and division by 2 (to avoid counting each 

Be ees ~e' UN, /R, as 

incka.. (24.2)... Equation (8.30). with x = 2“elves: in.2,= 

Pre li 2041/3 tl / Sates 80. (Mm 2 Ine? =a 1 2 5620" 

interionic interaction twice) gives E 

24.11 (a) -E, = (6,022 x 107°/mol)(118 K) x 

(1.381 x 10727 

(24.264(3,50 8/3.75 2)!" - 28.908(3.50 8/3.758)°] and B= 
J/mol-K) x 

8.3 kJ/mol. (b) At equilibrium, 3E/aR = ~3E/aR = 0 = 

Ny€[-12(24,264)0'-/R™ + 6(28.908)0°/R’]; so RO = 

[12(24,264)/6(28.908)]o° and R,/o = 1.09, The experimental 

value is Rp/d = (3.75 &)/(3.50 &) = 1.07. 

24,12 E_ # -24(6.022x 107°/mol)(0.0101 ev) x 

(1.602 x 107)? 3/ev)[(3.50/3.75)!2 - (3.50/3.75)°] = 
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5240 J/mol = 1.25 keal/mol. 

24.13 (a) Each of the 8 points at the corners is shared 

with a total of 8 unit cells. The point within the unit 

‘cell is not shared. So each unit cell has 8/8 + 1 = 2 

lattice points. (b) 8/8 + 2/2 = 2. 

24.14 (a) The unit cell has 8/8 + 6/2 = 4 lattice points. 

There is one basis group at each lattice point, so each 

unit cell has 4 basis groups. (b) Each unit cell has 8/8 

= 1 lattice point and therefore has 1 basis group. 

24.15 An orthorhombic lattice has 90° angles and Eq. 

(eae l 2) gives 2. = PabcN,/M = (2.93 glen (AGG 10E° cm) x 

-8 = 
if. oe 40 cm)CS,72 x 10 8 Nee ay) 

(100.09 g/mol) = 3.96 x 4 There are 4 formula units and 

hence 4 Cact jons per unit cell. 

24.16 A tetragonal lattice has 90° angles and has a = b, 

Equation (24.12) gives Pp ="MZ/abcN, = (79.899 g/mol)2 / 

(4.594 x 1078 om)?(2.959 x 107° em) (6.0220 x 107°/mol) = 
GON een, 

24.17 The c intercepts are all at ~, so the Miller 1 

index is 0 in each case. With origin at the leftmost dot 

in the third row from the bottom, the leftmost Po plane 

intercepts the a axis at 1 and the b axis at -4. The re- 

ciprocals of these intercepts give the Miller indices as 

(120). With origin at the sixth dot in the bottom row, 

the S3 

to the b axis (intercept at ~). The reciprocals give 

(100) as the Miller indices. (The p, planes can also be 

Gauled, (120) 1) 

surface intersects the a axis at 1 and is parallel 
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26518 ~ (1619 (1 0) (0 2) (1 2) (11) 

LS ETH WZ 
24.19 A body-centered lattice has 8/8 + 1 = 2 lattice 

points per unit cell. There is one basis group per lattice 

point, so there are 2 basis groups per unit cell. The 

basis therefore has 16/2 = 8 molecules of cocl,. 

24.20 For a spherical atom of radius r inscribed ina 

cubic unit cell of edge length 2r, the atom's volume is 

snr and the unit cell's volume is (2r)? = gr. The per- 

centage of occupied space is (3x? /8r7)1008 = (7/6)100% 

= 52.4% and there is 47.6% empty space. 

The shaded atom touches the six atoms that have a sinele 

dot; all seven of these atoms lie in the (111) plane. The 

shaded atom also touches the three atoms with two dots 

[which lie below the (111) plane of the shaded atom] and 

touches the three atoms with three dots [which lie above 
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the (111) plane of the shaded atom]. (The two atoms drawn 

with broken circles lie on the back faces of the unit 

cells.) 

24,22 A cubic unit cell has right angles and has a = b = 

c, so Eq. (24.12) gives Ne MZ/ abeN, = (58.10 g/mol) 4/ 

a> (6.022 x 1022/mol) = 2.48 efem We get a= SOS a Oe cm 

= 5.38 A. As is clear from Fig. 24.15b, the nearest-neigh- 

bor distance is ka = 2.69 &, 

24.23 The CsCl space lattice is simple cubic with Z = 1 : 

Eq. (24.12) gives a = MZ/ P Ny =1(212.8 2/mol) i / 

(4.44 Sn 68022 «AOS? /mol) =, 7/006 x 03 aa ane so a= 

4.30 &. From Fig. 24.16a, the nearest-neighbor distance 

is half the length of the diagonal of the cubic unit cell, 

which is 3/3 a = 3.72 2, 

24.24 From Fig. 24.17 and the associated discussion, the 

lattice is face-centered cubic with a = b = ¢3 there are 

8 F fons and 8/8 + 6/2 = 4 catt ions per unit cell, so 

Z = 4, Equation (24.12) gives a = MZ/ Pp Na = 

eee o/ mel 4/1521 8ha/ em \C6 022.x 10°>/ mol) = 

1.63 x 10722 ane and a = 5.46 A. 

24,25 The lattice is face-centered cubic with 90° angles 

and a = b = c. Equation (24.12) gives a= (z/p ng)!’ = 

[(12.011 g/mo1)8/(3.51 g/em>)(6.022 x 1027/mo1) }!/3 = 

3.565 R. Nearest-neighbor atoms are at points 000 and 

}akaka. The distance between the point (x, y, z) and the 
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2 5 22/2 so the distance between 

r/2at 
Origin is (x? + y 

2 
nearest-neighbor atoms is (a2/16 + a-/16 + a/16) 

%/3a = 1,54, A. 

24,26 There is one atom at each lattice point. In the 

face-centered cubic unit cell in Fig. 24.6, the closest 

distance between points is the distance between the point 

at a center of a face and a point at a corner of that 

face. (This also equals the distance between two points on 

adjacent faces.) The nearest-neighbor distance is thus 

one-half the length of the diagonal of a unit-cell face, 

namely, %/2a = &/2(5.311 &) = 3.755 B. 

24,27 (a) From Fig. 24.9b, the (100) planes are spaced by 

a = 4,70 &: Eq. (24.13) gives sin 6 = nh/2d, 4 

n(1.54 &)/2(4.70 &) = 0.1638n = 0.1638, 0.3276, 0.4914, 

A. We! get 0) © 9 -4™ 19. 1%, 2904% 40.9%, 55.0% ane 
i) 

79.4°,. (b) Planes s and u in Fig. 24.9a are (110) planes. 

We see that the distance between these planes is half the 

leneth of the diagonal of the bottom face of the cubic 

unit cell, namely, diio = k/2a = a/J2. [This also follows 

from the formula dk. = a/ Cie me «2 m 22y1/2 
in Sec. 24.9, ] 

So sin @ = n(1,54 A)/2(3.32, A) = 0,2317n and @ = 13,4°, 

27 6054 G4s0rqwand 679°; 

24.28 (a) The sin’ 9 values are 0.1069, 0.1424, 0.2849, 

0.3916, 0.4273, 0.5696, and 0.6767. The ratios of these 

gin’ 6 values ‘are 1 1.33): 2067 23.66 4.00 +15. 33° 6 naae 
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The lattice is therefore face-centered (F). (b) From Sec. 

24.9, these are the 111, 200, 220, 311, 222, 400, and 331 

reflections. (c) a= Mae “ «* + 21/279 sin 6 = 

(1.542 &)(12 + 12 + 17)!/272 sin 19,08° = 4,085 &. Similar- 

ly, the other angles give 4.086, 4.086, 4.086, 4.086, 

4.086, and 4,085 3, 

24,29 The band extends from 392 & to 422 &, which (using 

v = c/X) is from 7.65 x Le HZ7towy, 10ex 10! Hz. So the 

band width is AE = h Ay = (61626 Gre Js) 7x 

(0.55 10!7 Be NCP SY/1.60 x 107. 3) = 2.3 eV. 

24,30 (a) Equations (24.19) and (22.38) give U = 

kT“(3 ane 2/ 80 = KT’[u,/kT? - 3N(-@,/T)e ay, 

- Poe. © /T 

OV he Oe i. (au/aT)y = 3NK(@,/T)2e EB /(e EF = 1)’. 
5 q -O/T 

24.31 A = -kT ln Z = U, + 3NKT In (1 - e€ ’ e 

24.32 U=U, + 3Nk@,/[exp(@,/T) - 1] (p. 885). 
0 

(a) In the high-T limit, ©,/T goes to O and we can use 

the e* Taylor series to write exp(@_/T) -~ 1x (1+ @/T 

+ oes) el = @,/T. Then U + U, + 3NkT. (b) In the low-T 
0 

limit, exp(@_/T) is very large and the -1 in the Sta 

inator can be neglected to give U + Up + 3Nk@_/e & : 

which becomes Up at’ T= 0, 
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(C) 
24,33 (a) S = U/T +k ln Zits U,/T + eC i? aly 

~ j 
- U)/T - 3Nk In (l-e Ey) = 3Nk(@,/T)/(e aaa 

-@,/T ; 
- 3Nk ln (1 - e 

3(1.987 cal/mol-K) (240 K/298 K)/(e 

- 3(1.987 cal/mol-K) In (1 - e7240/298) = 7,41 cal/mol-K. 

). (b) For Al, N/n=N,, Nk/n=R, S = 

240/298 _ 4) 

For diamond, replacement of 240 by 1220 gives S = 0.514 

cal/mol-K. Agreement with experiment is fair. 

24.34 (a) Beit = (240 K)/(50 K) = 4.8. Dividing Eq. 

(24,20) by n and using Nk/n = N,k = R, we have Cy = 

BCI. 987: Gal/moteR(4.8)-6¢° -/(e = 10. = Tilo cal eciee 

(b) Oa = (240 K)/(100 K) = 2.40, and we get C., = 

3.77 cal/mol-K. (c) C/T = 1,00 and Cy = 5.49 cal/mol-K. 

(d) orn = 0,600 and Cc, = 5.79 cal/mol-K. 

24.35 (a) Using the equation in Problem 15.14, we 

have U = Kea ln Z/aT) = KT (U,/kT ~ 

i fee aie 
V,N 

(9N/ ve) 4 m [e “hv/kT(_ hy/ker dv} = - . 

sag a "mf EROS: -1)J av. (b) C= (au/at), 
(9Nh/ vy? m ((hy 4 Net 2) hv/kT ) (hv/kT - > 7) , Let x = 

oe eS dv = (kT/h) dx and C.. = (9Nh 2 ret? v So x 

Pee ey ee ped 53 
4 iat [(kTx/h)“e"/(e” - 1)°](kT/h) dx = 9NK(T/@p) x 

T 
pou! (xte*/(e* - 1)7] ax, where @, = hy /k. 

24.36 One mole of a metallic element has N, molecules, 

and the Einstein and Debye theories show that the limit- — 
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ing high-temperature Cy for a solid metallic element is 

3N,k = 3R. The Debye temperature for most metals is not 

high, so Cy of most metals is reasonably close to 3R for 

temperatures near room temperature. Hence, C2 Cx 3R= 
V P 

6 cal/mol-K. For a metallic element, a. AW. g/mol), 

where Cp is the specific heat (capacity) and A. is the 

(dimensionless) atomic weight. Hence, cp A. = C_ mol/g » 
P 

6 cal/(g K). 

24 7 (a) vis quite low; Eq. (24577) gives @> = 

. AEE k/SE,) = (10 K)?129+(6,022 x 1022/mol) x 

ex eeae B/C. 26 & Ge1G4 U/mdl-k) =< 4ee4u eee 

and OF = 78. K. (b) Equation (24,27) shows that Cy is 

proportional to T at low temperatures, so at 12 K we 

have C., = (12/10)°(0.96 cal/mol-K) = 1.66 cal/mol-K, 

24.38 (a) T/@y = 298 K/320K = 0.931. Figure 24.27 gives 

Sak = 0.94 at T/®. = 0. 93, NaCl has 2N, particles per 
D 

mole and Nk/n = 2N,k = 2R, so Cy Was ey Mii ay = 

47 J/mole-K. er and Cp don't differ greatly for solids 

at room temperature (Sec. 4.5) and the Appendix C, value 

is 50.5 J/mol-K. (b) Aa = 298/2230 = 0.134. Figure 

24.27 gives C.,/3 Nk = 0.17 at EF Oe = 0.134, so cy = 

3R(0.17) = 4.2 J /mol-K compared to the experimental 

Cc, = 6.1 J/mol-K. 

24,39 (a) Adding Eq. (24.28) to (24.27), we have at low T 

for a metal: Cy = (120 'Nyk/5)(1/@,)° + bT and C/T = 
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b + (121 Vio a - A plot of C/T vs. r should be linear 

with intercept b and slope 12n4R/5@>. (b) The data are: 

10° (G,/7)/ (cal /mo1-K?) 0 LS8 50.315. MOuU57s | 10S 57 

72 /K- 1,82 4.00 9,00 16,00 

The straight-line fit is fairly 200d;. the intercept is 

os a ae <5 
1.4 x 10% cal mol K ~ = bs the slope is 3,95 x 10 

eaul/mole ks. So @, = 120 (1.987 cal/mol-K)/ 

5(3.95 x {01> cal/mol=K")..« 1.176 x 107 K and On 

Ae 

T ? ] ~~ 

Bey M2) idea caclid ll “solid = Sq (6,/T') aT 
ie (Cy /T") aT! = (12n'nK/5@2 ) ne t'? at! = - ‘ut? /5@>. 

) Senses “solid tre er Neirte SAR asa ee 
2.5nR + nR ln C(2nm)3/2 (7r)5/2/n3P] - 4n ‘ger? /5@3 = 

AH up! Solving this equation for P, we get P = 2510 5 

(20m)3/2 (xe )>/ 2h" Fexpl-4ntmeT /5nR®>] exp (~aH, ,/nRT). 

At very low T (T << ee). the first exponential is accu- 

rately a gear as 1, and P = (2mm)? (te) ?/? x 

~3, Hg up/ MRT 
h , which has the form 23), -c/T since AH 

sub 
5/2 : -c/T varies only slowly with T. As T ~ 0, both T and e 

go to 0, soP-0O, 

24.41 (a) For a gas of hard spheres of diameter d, there 

is zero probability for a pair of molecules to be closer 

than d, and (since there are no intermolecular forces for 

distances greater than d) there is equal probability for 

all distances greater than d to occur. (b) For a solid, 
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the atoms, molecules, or fons vibrate about fixed equi- 
librium locations and g(r) shows narrow peaks at the var- 
fous equilibrium separations. 

e(r) g(r) 

feaCas (b) 

r r 

24.42 U of an ideal gas is independent of pressure, so 

eRe ee GE eape208 a2 on eo ao o8 
i AL og + RT 44012 J /mol + RT 41.53 kJ/ 

mo]. S of an ideal gas depends on P. The 25°C molar vol- 

ume of liquid water (density 0.99704 g/cm) is 18,07 

em. We use the following 25°C path for one mole: 

Fa(P 18.07 om} zi ideal gas(P°) . ideal gas(18.07 a. 

The Appendix and Eq. (3.29) give Sita - Seas = -(aS, + 

AS,) = -118.92 J /mol-K - R 1n [(18.07 cm?)P°/RT] = 

-(118.92 - 60.06) J/mol-K = -58.86 J/mol-K=-14.07 Pale r 

24,43 (a) Special theory of relativity, Brownian motion 

theory, distance travelled by diffusing molecules, photon 

explanation of photoelectric effect, quantum theory of C 

of solids, Bose-Einstein statistics. (b) Probability 

interpretation of wave function, work on matrix mechanics 

V 

form of quantum mechanics, calculation of Ee. of Lonic 

solids, Born-Oppenheimer approximation. (c¢) Debye-Htickel 

theory, Debye theory of Cy of solids, Debye-Langevin equ- 

ation, Debye equation for ionic diffusion-controlled re- 

actions, work on electrical conductivity of solutions. 

24.44 (a) One gram of solid Ar has a volume of (1.00 g)/ 
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Cli 32 g/cm?) = 0.629 com>. The hard-sphere atoms occupy 

(100 - 26)% = 74% of this volume, which is 0.46, com>, One 

gram of liquid occupies (1.00 g)/(1.42 g/cm?) = 0.704 com>, 

The empty-space volume in the tiguia is (0.704 - 0.46, )cm* 

= 0.23, cm?, so the percent empty space is 

(0.23,/0.704)100% = 34%. (b) The volume of 1 g of the gas 

is V = (1g/39.9 g mol~')RT/P = 179 cm?. The percent of 

filled space in the gas is (0.46, /179)100% = 0.26% and 

the empty space is 99.74%. 

26745°(a) Tt. (bet. (oe) T.” “Cay E. 
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