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Preface

This document is a compilation of the numerical solutions to the (a) Exercises and the
odd-numbered Discussion questions and Problems from the 11" edition of Atkins’ Physical
Chemistry. Where a problem requests the derivation of a result or expression, and provided
that expression is not too complex, we have also included such results.
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Jack Entwistle
James Keeler

Cambridge, August 2018



1 The properties of gases

1A The perfect gas

ElA.1(a) 810 Torr 0.962 atm

ElA.2(a) no 24.4 atm

ElA.3(a) 3.42bar 3.38 atm

El1A.4(a) 30 1b in~2.

ElA.5(a) 0.0427 bar 4.27 x 10° Pa

ElA.6(a) Ss.

El1A.7(a) 6.2 kg

El1A.8(a) xp, = 0.240 xx, = 0.760  po, = 0.237 bar pn, = 0.750 bar xy, = 0.780
X0, =0.210 pn, =0.770bar po, = 0.207 bar

E1A.9(a) 0.169 kg mol ™"

E1A.10(a) = —273 °C

EIAll(a)xy, =2 xn, =1 pu, =2.0x10°Pa  py, =1.0x10°Pa  pio = 3.0x10° Pa
P1A.11.15x10° Pa 8.315JK ' mol ™"

P1A.3 0.082062 atm dm’ mol ™' K~!

PIA.5 p = pRT/M 4594 gmol ™'

P1A.724.5Pa 9.14kPa 24.5Pa

P1A.9 between 0.27 km? and 0.41 km?®

P1A.11 -2 Pa 0.25atm

PIA.13 ccopp = 1.1 x 107 moldm™  ceepp, = 2.2 x 107 moldm™  ccerp = 8.0 x

107> moldm™  cceyp, = 1.6 x 10712 moldm ™

1B The kinetic model

E1B.1(a) 9.975

E1B.2(a) Urmep, = 1.90kms™ w0, =478 ms™!
El1B.3(a) 6.87 x 1073

ElB.4(a) 1832 ms™!

EIB.5(a) Upmp =333 ms™"  Umean =376 ms™' vy =531 ms™!
ElB.6(a) 1.7 x 10'0 57!

ElB.7(a) 475ms™! 829nm 8.10x 10° s7!
E1B.8(a) 0.20 Pa

E1B.9(a) 1.4 x 107* m = 1.4 um

P1B.3 Upean, new ® 0.493 Umean

PIB.53.02x 103 forn=3 4.89x10Cforn=4
PIB.7 1.12x 10* ms™' 5.04 x 10° ms™!



P1B.9 0.0722 at 300 K 0.0134 at 1000 K
P1B.119.7 x 10'% 57!

1C Real gases

EIC.1(a) 0.99 atm 1.8 x 10° atm
E1C.2(a) a = 0.0761 kgm’ s *mol™? b =2.26 x 107> m’ mol ™!
E1C.3(a) 0.88 1.2 dm’ mol™
E1C.4(a) 140 atm
E1C.5(a) 50.7 atm 35.2atm  0.695
EIC.6(a) 1.78 atm dm® mol 2 0.0362 dm® mol™' 153 pm
E1C.7(a) 1.41 x 10° K 175 pm
EIC.8(a)8.7atm 3.6x10°K 4.5atm 2.6x10°K 0.8 atm
E1C.9(a) 4.6 x 107> m®* mol ™" 0.66
P1C.11.62 atm
P1C.30.929 0.208 dm’ mol™"
P1C.5501.0 K
P1C.7 0.1353 dm’ mol™!  0.6957 0.5914
P1C.9 0.0594 dm® mol™!  5.849 atm dm®mol™2. 20.48 atm
P1C.11 0.03464 dm’ mol™'  1.262 atm dm® mol 2
PIC13V,,=3C/B  T=B?/3CR  p=B*/27C?
P1C.15 B’ = 0.0868 atm™! B =2.12 dm’ mol ™!
piICI91+ -2 111
RT

P1C.21 -0.01324 dm’ mol™'  1.063 x 10~ dm® mol 2
PIC.23 V,, = 13.6 dm’ mol™! 2%

2RT\'/?
Miv= (—)
M

11.3 0.071 dm> mol !

47 K



2 Internal energy

2A Internal energy

E2A.1(a) 8.7 kJmol™" 7.4kJmol™ 7.4kJmol™

E2A.3(a) -76]

E2A.4(a) g = +2.68k] w=-2.68k] AU=0 q=+1.62k] w=-1.62k] AU=0
q=0 w=0 AU=0

E2A.5(a) pr=1.33atm AU =+1.25k] g=+1.25k] w=0

E2A.6(a) -88] -1.7x10%]

P2A.16.2 kJmol™

P2A.3 %alz - %bﬁ

P2A.7 517k~ -1.8k] -1.5k]

P2A.9-15k] -1.6k

2B Enthalpy

E2B.1(a) Cpm =30JK 'mol™"  Cym=22JK 'mol™

E2B.2(a) 5.0 kJ mol

E2B.3(a) qp = +10.7k] w=-624] AU =+10.1kJ] AH=+107k gy =+10.1k
w=0 AU=+10.1k] AH=+10.7k]

E2B.4(a) g, = AH = +2.2k] AU =+1.6kJ

P2B.1 11 min

P2B.362.2kJ

P2B5w=0 AU=gqy=+2.35k] AH=3.0k

2C Thermochemistry

E2C.1(a) g= AH=+225k] w=-1.6k] AU=+21K]J

E2C.2(a) —4.57 x 10° kJ mol ™’

E2C.3(a) —167 k] mol™*

E2C.4(a) 1.58 KJK'  +3.07K

E2C.5(a) A,H®(3) = -114.40kJmol™" A, U® = -112kJmol™"  A{H®(HCl, g) = —92.31kJ mol "'
A¢H®(H,0,g) = —241.82 kj mol

E2C.6(a) 1368 k] mol™*

E2C.7(a) A,H®(298K) = +131.29kJ mol ' A,U°(298K) = +128.81kJmol™' A H®(478K) =
+134.1kJmol™"  A,U°(478 K) = +130 kJ mol '

E2C.8(a) -394 kJ mol ™

P2C.137K 4.1kg



P2C.3 +52.98kJmol™!  —32.56 kJ mol

P2C.5 -1.27 x 10° kJ mol ™

P2C.7 AcH® = -25966 kjmol ™' A¢H® = +2355.1 kJ mol ™

P2C.9 —803 kJ mol ™’

P2C.11-2.80x10°kJmol™"  —2.80x103kJmol™" —1.27x10°kJmol™"  2.69x10° k] mol ™’

2D State functions and exact differentials

E2D.1(a) 501 Pa

E2D.2(a) AUy, = +130 Jmol ™' g =+7.52kJmol™"  w = -7.39 kJmol ™'
E2D.3(a) +1.3 x 107> K™!

E2D.4(a) +20 atm

E2D.5(a) +44.2 JK~ ' mol ™

P2D.10.80m 1.6m 2.8m

P2D.5 k1R = a(Vy, - b)

P2D.9 23 KMPa™! 14 KMPa™

2E Adiabatic changes

E2E.1(a) With vibrational contribution yammonia = %O Ymethane = % Without vibrational
contribution Yammonia = Ymethane = %

E2E.2(a) 1.3 x 10> K

E2E.3(a) V; = 8.46 dm’ 258K -877]

E2E.4(a) —-194]

E2E.5(a) 9.7 kPa

P2E1T; = 194K wuq=-279k] AU =-2.79K]

2E Integrated activities

12.7 -2.6 k]



3 The second and third laws

3A Entropy

E3A.1(a) not spontaneous
E3A.2(a) +366] +309]
E3A.3(a) +3.1 JK!

E3A.4(a) AS = +2.9TK™! ASq; = 29JK! ASier=0 AS=+429]JK' ASe =0

ASior = +2.9TK™' AS = ASqyy = ASior = 0
E3A.5(a) 191K
E3A.6(a) 24.1%

P3A.1lg = +2.74k] w = -274k] AU =0 AH =0 AS = +9.13JK ' ASu:
~9.13JK™' ASt = 0 g = +1.66kJ] w = -1.66k] AU = 0 AH = 0 AS

+9.13JK ! ASqy = =5.54JK!  ASior = +3.59 JK!

P3A.3 V3 = 2.00dm> V¢ =3.19dm’ Vp = 1.60dm’° ¢, = +215] ¢, =0 g3

~157] qa=0 |w|=+58] 27%
T
P3A.5|q|><(—h—1)
T,

C

3B Entropy changes accompanying specific processes

E3B.1(a) +30 kJ mol ™

E3B.2(a) +87.8 JK 'mol™! -87.8JK 'mol™!

E3B.3(a) +4.55 JK ! mol™

E3B.4(a) 153 JK ' mol ™!

E3B.5(a) T; = 298K AS, =-31.0JK™' AS, =+33.7JK! AS;=+2.7JK™!
E3B.6(a) -22.1 JK™*

E3B.7(a) +87.3 JK!

P3B.1AS = -21.3JK™'  ASy, = +21.7JK!  AS;; = +0.4JK™'  spontaneous
+110JK™! ASgy = -111JK! ASir = -1.5JK™! not spontaneous

P3B.3 +10.7 JK ' mol ™’

T, + Tp)?
P3B.5 "C, In [ Lo Th)_
VR YT

P3B.7 AS = +45.4JK™! AS=0JK™ ! ASy, =+51.2JK!
P3B.9 +477 JK ' mol™!
P3B.11 +7.5x10°] 6.11x10°] +6.86k] 68.6s

) +22.6JK!

3C The measurement of entropy

E3C.1(a) 4.8 x 107 JK ' mol ™!

AS =



E3C.2(a) -386.1 JK 'mol™  +92.6JK 'mol™? -153.1JK ! mol™*

E3C.3(a) —99.38 JK™!

P3C.176.04 JK ' mol™’

P3C3093JK 'mol™! 639 JK 'mol™! 64.8JK 'mol™" 64.8 K 'mol' at298 K
62.4JK 'mol ' at273 K

P3C.5+42.08] K 'mol™" +41.16kJmol™ at298K +41.15JK 'mol™ +40.8kJmol™
at 398 K

P3C.789.0JK 'mol ' at100 K 173.8JK 'mol ' at200 K 243.9JK 'mol ! at 300 K
P3C.94a =2.569JK *mol™" b =2.080JK >mol ™’ Sm(0)+§T3+hT 11.01JK ' mol™

3D Concentrating on the system

E3D.1(a) A,H® = -636.6 kfmol™! A,G° = —521.5 kJmol™" A,H® = +53.40 kjmol™*
A.G® = +25.8KkJmol™"  A,H®°=-2243kImol™! A,G°=-178.7kJmol ™

E3D.2(a) —480.98 kJ mol

E3D.3(a) 817.90 k] mol

E3D.4(a) -522.1 kJmol™"  +25.78 kJmol™' -178.6 kj mol™’

E3D.5(a) —340 kJ mol ™

P3D.149.9bar 900K +50.7JK™' -11.5JK ™' AUa =+24.0k] AUp=0 +3.46x
10°] 0

P3D.3 -47 k] mol ™

P3D.5 A,GS = +965kfmol ™' A,GS = -961 kJmol™"  A,G° = +4kJmol”’

3E Combining the First and Second Laws

E3E.1(a) -17]
E3E.2(a) -36.5 JK™!
E3E.3(a) —85.40 ]
E3E.4(a) +10k] +1.6 kjmol™*
E3E.5(a) —1.6 x 10% Jmol ™
E3E.6(a) +11 kmol ™
P3E.1A,G°(298K) = -514.38kJmol ™" A, H®(298K) = -565.96kJmol™" AG(375K) =
~501 kJ mol™*
P3E.3 22 k] mol ™’
s () (30, (), -2, (), ()
ap)s \as/, \or/)y \ov)y \oT/, op ),
P3E.7 Gn(pr) = Gm(pi) +RT1n(I;) +b(pr—pi) Vm = l;T — 2 Gulpr) =

pRT
) pey_a bt
Gm(p1)+RTln( i) ln( i)



131-208K +37.1JK 'mol™
13.3 +19.5 JK ! mol™*



4 Physical transformations of pure sub-
stances

4A Phase diagrams of pure substances

E4A.1(a) one phase two phases three phases two phases
E4A.2(a) 0.71]

E4A.3(a) 4

E4A.4(a) area

E4A.5(a) Two phases one phase one phase

4B Thermodynamic aspects of phase transitions

E4B.1(a) Ap(liquid) = =65 Jmol™"  Ap(solid) = —43 Jmol ™" liquid
E4B.2(a) —699 Jmol ™

E4B.3(a) +70 Jmol "

E4B.4(a) 2.71kPa

E4B.5(a) 159k mol™"  452JK ! mol™

E4B.6(a) 304K 31.2°C

E4B.7(a) 20.801 kJ mol ™!

E4B.8(a) 34.08 kfmol ™' 3504K 7730°C

E4B.9(a) 2.8 x 102K 8.7°C

E4B.10(a) 9.6 x 107> K

E4B.11(a) 25gs™"

E4B.12(a) Water 1.7kg Benzene 31kg Mercuryli4g
E4B.13(a) 49kJmol ' 4.9x10°K 2.2x10°C 99JK 'mol™
E4B.14(a) 273K -0.35°C

P4B.1-3.10kJmol™"  7.62%

P4B.39.08atm 920 kPa

P4B.5 -22.0JK 'mol™" -109.9JK 'mol™ +110Jmol™
P4B.7 234.4K

P4B.984°C 38.0kJmol™’

P4B.11d1n p/dT = AgpH/RT? 31.7kJ mol™

P4B.13 1.31kPa

-1
1 R
PABIST = — + 4 363K 89.6°C
To AvwpHH
1 1
14.1(p/kPa) = 4.80+(3.18x10* T/K) - 278.65 kPa) = 4.80 -3.70%x10° [ — - ——
(p/kPa) (3.18x10%)x[(T/K) 1 (p/kPa) XeXp[ X (T/K 278_65)]

. ~ s(_ L1
(p/kPa) = 4.80 x exp [ 4.98 10 ( T/K 278.65 )]



143N =17
14.5 1.60 x 10* bar



5 Simple mixtures

5A The thermodynamic description of mixtures

E5A.1(a) Vg = (35.6774 - 0.91846 x +0.051975x?) cm® mol™!
E5A.2(a) Vg = 17.5cm?*mol™!  V, =18.1 cm?®

E5A.3(a) —1.2 J mol ™!

E5A.4(a) +1.2TJK! -3.5x10%]

E5A.5(a) 6.7 kPa

E5A.6(a) 886.8 cm®

E5A.7(a) 56.3 cm® mol

E5A.8(a) 6.4 - 10° kPa

E5A.9(a) 3.7 x 107> mol dm ™

E5A.10(a) 3.4 x 107> mol kg™'  3.37 x 1072 mol kg™
E5A.11(a) 0.17 mol dm ™

P5A.3 +4.70 JK ' mol™"  +4.711JK ' mol™" 0.01JK™! mol™’
P5A.7 4.2934 mol kg~

5B The properties of solutions

E5B.1(a) 1.3 x 10 kPa

E5B.2(a) 84.9 gmol ™’

E5B.3(a) 381 gmolf1

E5B.4(a) 273.08 K

E5B.5(a) 273.06 K

E5B.6(a) ApixG = —3.10x 10° ]  ApixS = +104JK' ALxH=0

E5B.7(a) 1 0.8600

E5B.8(a) 0.137 molkg™' 24.3g

E5B.9(a) pg = 6.1 Torr ps =32Torr pior = 38 Torr  yca, =0.84  ypr, =0.16
E5B.10(2) Xmethylbenzene = 0.92 X1 2-dimethylbenzene = 0.08  ¥methylbenzene = 0.97  ¥1,2-dimethylbenzene =
0.03

E5B.11(a) x5 = 0.267 xp =0.733 58.6 kPa

E5B.12(a) ideal y, = 0.830 yp =0.170

P5B.3 Vpropionicacid = 75.6 cm’ mol ' Vigp = 99.1 cm® mol !

P5B.5 —4.64 k]

P5B.7 1.39 x 10* gmol '

P5B.9 1.25 x 10° gmol™" B = 1.23 x 10* mol™! dm?

P5B.111

P5B.13 Mj = 1.26 x 10° gmol ' B = 4.80 x 10* mol™' dm’



5C Phase diagrams of binary systems: liquids

E5C.1(a) y =0.354 y\ =0.811
E5C.3(a) xp = 0.150 % =9.68
0.042
P5C.1yg =091 ymp=0.085
P5C36.4kPa yp=0.77 yup=023 puor=4.5kPa

P5C.5625 Torr 500 Torr xy =05 yg=03 xy=07 yn=05 -L=11

5D Phase diagrams of binary systems: solids

E5D.4(a) x5 ~ 0.25 T, ~ 190 °C

E5D.6(a) 76% LA: =1.11 AgT: =1.46

P5D.3 (species,phases): b(3,2), d(2,2), e(4,3), {(4,3), g(4,3), k(2,2)

P5D.5 eutectics: xg; = 0.056 at 800 °C, xs5; = 0.402 at 1268 °C, xg; = 0.694 at 1030 °C
fuS -7 M- 053 M2 (.67

MCa-richliq Mliq Ncasiy

P5D.7 x; = 0.167 x; =0.805 Z2s=085 =106 302.5°C

Nx=0.167

5E Phase diagrams of ternary systems

D5E.13

E5E.3(a) xcucy, = 0.30  xcu,coon = 0.20  xmg,0 = 0.50 two phase region with phase
composition aj being approximately 5 times more abundant than the phase with composi-
tion a¥

E5E.5(a) 13 moldm™ 24 moldm™

5F Activities

E5E.1(a) 0.5903

E5F.2(a) ax = 0.833 ap =0.125 y, =0.926

E5E3(a) ap =0.498 yp=1.24 ay=0.667 yy=1.11
E5E5(a) 0.9

E5E6(a)2.74g 2.92g

E5E.7(a) 0.56

E5E.8(a) B = 1.96

15.3 K¢ = 371 bar

15556 g l4pg 1.7 x10% ug

11



6 Chemical equilibrium

6A The equilibrium constant

E6A.1(a) np =0.90 mol np =1.2 mol

E6A.2(a) —64 k] mol™*

E6A.3(a) exergonic

E6A.6(a) K =3.24x10°! K =3.03x107°

E6A.7(a) 1.4 x 10

E6A.8(a) —44kJmol™" -33kJmol™! -27kJmol™ -4.4kJmol™" +1.3kJmol™" 5.84x
10° 5.84 x 10°

E6A.9(a) 2.85 x 107°

E6A.10(a) K = K. x (¢c°RT/p°®)

E6A.11(a) x5 = 0.087 x5 =0.369 xc=0.195 xp=0.347 032 +2.8kJmol’
E6A.12(a) +12 kJmol ™!

E6A.13(a) —14 kJ mol

E6A.14(a) —1.1 x 10% kJ mol ™!

P6A.1+4.48kJmol™' 0.101 atm 0.102 bar

P6A.3 ny, = 6.67 x 10 mol  ny, =0.107 mol  ny; = 0.787 mol

6B The response of equilibria to the conditions

E6B.1(a) 0.141 13.4

E6B.2(a) -68.26 kfmol ™! 9.22 x 10''  1.27 x 10°

E6B.3(a) 1.5 x 10° K

E6B.4(a) +2.77 kJmol™!  -16.5JK ' mol™*

E6B.5(a) 50%

E6B.6(a) Xborneol = 0.904  Xisoborneol = 0.096

E6B.7(a) +52.9kJmol™!  —52.9 kJmol™!

E6B.8(a) 1109 K

E6B.9(a) 3.07 -6.48kJmol™’ 70.2kJmol™! 110JK ! mol™*
P6B.1-92.2 kj mol ™"

P6B.3 -2R(CT-B) +70.5JK 'mol™

P6B5K =2.79x 107 A,G° = +153kJmol™}  A,H® = +3.00 x 10> kjmol™*  A,S° =
+102JK 'mol™

P6B.7 K =1.35at437K K =0.175at471K A,H® = -103 kJmol™*
P6B.91.2x10% 2.7 x 103

P6B.11 —225.34 kj mol ™



6C Electrochemical cells

E6C.1(a) +1.56V +0.40V -1.10V
E6C.2(a) +1.10V +022V +1.23V
E6C.3(a) —0.619 V

E6C.4(a) —212 kJmol ™!

E6C.5(a) +0.030 V

P6C.1+1.23V +1.09V

P6C.32.0

6D Electrode potentials

E6D.1(a) 6.4 x 10° 1.5 x 102
E6D.2(a) 8.445 x 10717

E6D.3(a) -0.46 V. A,G° = +89kJmol™'  A,H® = +146.39 kJmol ™" A,G°(308K) =

+87 kJ mol ™!

E6D.4(a) no

P6D.1+0.324V +0.45V

P6D.3 -0.6111V —0.22V +0.4139V

P6D.5 -324JK 'mol™" =571 kjmol™*

16.1 =77 kjmol

16.3 E2; = 1.0304V  A,G = -236.81 kJmol ' A,G®
10** y.=0.761 y,=0.750 A.H=-263kJmol”’
165y, =0.501 y.,0.549

16.941% 77% 41%

16.11 +0.206 V

=-198.84 kJmol™" K =7.11 x
AS—872JK ' mol™!

13



7 Quantum theory

7A The origins of quantum mechanics

E7A.1(a) 9.7 x 10 m

E7A.2(a) 580 K

E7A.3(a) (5.49 x 1072) x 3R

E7A.4(a) 6.6 x 1079 ] 4.0 x 102 kJmol™" 6.6 x 1072°] 40 kfmol™' 6.6 x 107 ]
4.0 x 107 Ky mol ™

E7A.5(a) 3307] 199kJmol™! 360z 217kJmol™ 4962z 298 k] mol™
E7A.6(a) 19.9kms™! 20.8kms™! 24.4kms!

E7A.7(a) 2.77 x 101®  2.77 x 10%°

E7A.8(a) no electron ejection 3.19x 107" ] 837 kms™!

E7A.9(a) 2l ms™!

E7A.10(a) 7.27 x 10 ms™' 150 V

E7A.11(a) 2.4 x 1072 ms™!

E7A.12(a) 332 pm

E7A.13(a) 6.6 x 100¥ m 6.6 x107>*m 99.8 pm

P7A11.54x1073 Jm™> 251x107*Jm™>

P7A.56.54x 10734 ] s

P7A.9500 nm blue-green

7B Wavefunctions

E7B.1(a) N = (2/L)'/?

E7B.2(a) N = (2a/n)"/*

E7B.3(a) can be normalized cannot be normalized
E7B.4(a) 0

E7B.5(a) 1/4

E7B.6(a) length_1

E7B.7(a) cannot be normalized cannot be normalized can be normalized
E7B.8(a) Maxima at x = L/4,3L/4; Nodeatx = L/2
P7B.IN = (2n) 12 N=(2n)"'/?

P7B3 N =2/\/LiL, N=2/L

P7B.5 0.0183

P7B.72.00x 1072 6.91x 107> 6.58x10™° 0.5
P7B.98.95x107% 1.21x10°¢

P7B.11 x = +a
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7C Operators and observables

E7C.6(a) L/2

E7C.7(a) 0

E7C8(a)m

E7C.9(a) 1.05x 1072 ms™'  1.05x 1072’ m

E7C.10(a) 7.01 x 1071° m

P7C1Yes -1 Yes +1 No

P7C.7 1/a

P7CI1(x)=0 (x*)=1/4a (p,)=0 (p2)=h’a Ax=(4a)"'?* Ap,=hVa
P7C.13 -1/x* 2x

7D Translational motion

E7D.1(a) 3x 107 ® kgms™ 5x107%0]

E7D.2(a) e—i(2,7x1033 mHx

E7D.3(a) 1.8x107°] 1.1x10*kJmol™" 11eV 9.1x10°cm™! 6.6x107"] 4.0x
102kJmol™ 41eV 3.3x10*cm™!

E7D.5(a) 0.04 0

E7D.8(a) Ac/2

E7D.9(a) L/6,L/2,5L/6 0,L/3,2L/3,L

E7D.10(a) —0.174

E7D.11(a) n = %ZTLZ -1 1.24x10%

E7D.12(a) Maxima at (x, y):(L/4,L/4),(L/4,3L/4),(3L/4,L/4),(3L/4,3L/4); Nodes at
x = L/2 and parallel to the y axis, y = L/2 and parallel to the x axis

E7D.13(a) (1,4)

E7D.14(a) 3

E7D.15(a) 0.84

P7D.162x107*] 22x10° 1.8x10730]

P7D3 (x)= L (?)=L - L

P7D.53.30x 107" ] 4.98 x 10'* Hz lower increases

P7D.11 1.20 x 10°

P7D.15 ny +n; — 2

7E Vibrational motion

E7E.1(a) 4.30 x 1072! J
E7E.2(a) 278 Nm™!

E7E.3(a) 2.64 x 107° m
E7E.5(a) 5.61 x 1072! J
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E7E.6(a) 4.09x1072°] 18.1pm 1.29x1072°] 32.2pm
E7E.7(a) 3 4

E7E.8(a) y = —1,+1

E7E9(a) y = +1

P7E.14.04 x 10'* Hz 5.63 x 10'* Hz

P7E.3 voy, =93.27 THz  vsy, = 76.15 THz

P7E.52.99 x 10> cm™" k¢ = u(2nic)*> 1902Nm™" 2080 cm™
P7E.7 1420 cm™!

P7E.9 g = (mk¢)'/?[2h  E = Lh(ke/m)'/?

P7E13 P =0.112

P7E17 v =0

7F Rotational motion

E7E1(a) 2'2h  —h,0,h

E7E3(a) N = (211) /2

E7F5(a) 3.32 x 10722 ]

E7E.6(a) 2.11 x 10722

E7F.7(a) 4.22 x 10722 ]

E7F.8(a) 1.49 x 1074 J s

E7E10(a) 3 0 =1/2, 0.684, 2.46

E7FE11(a) ¢ = /2,3n/2 yzplane ¢ =0, xzplane
E7F.12(a) 7

E7E.14(a) 0 = /4 0 =0.420

P7F17.88x 107 ] 5273x107*Js 5.23x 10" Hz
P7E.3 is separable

P7E5Egg =0 Ej_; =6h*/2] Es 3 =120%/21 J,00)=0 Jua-1)=—h Juz43) =
3h

171 +74.81 kJmol ™' +80.8...JK 'mol™" T=812K 29x10°m 1.84x107¢



8 Atomic structure and spectra

8A Hydrogenic Atoms

E8A.1(a)1 9 25
E8A.2(a) N = (ajn)~/?
E8A.3(a) Z*/(8may)
E8A.4(a) r = 4ay/Z
E8A.5(a) 0.347a,
E8A.6(a) r = (3 = v/3)(3a0/22)
E8A.7(a) 0 =1/2 ¢=m/2
E8A.8(a) (3 +/5)(a0/Z)
E8A.9(a) 4a0/Z
E8A.10(a) 3 subshells 9 orbitals
E8A.12(a) 0
P8A1x=0, y=0, z=2a0/Z
P8A.3-2.17927 x 1071 ]
P8A.5 Radial nodes: 3s at r = (3ao/2Z)(3 + \/3), 3p at r = 6ay/Z, 3d none Anuglar
nodes: 3s none, 3p yz plane, 3d xz and yz plane (r) = (27a0)/(22)
P8A.7 0 = 2.66a,
psA9 - LM L
32m2elh? n?
P8A.I12a0  3Enu

8B Many-electron atoms

E8B.2(a) 14
E8B.4(a) [Ar] 3d®
E8B.5(a) Li
P8B.1a,/126

8C Atomic spectra

E8C.l(a) n, =2 mny, =00

E8C.2(a) 3.29 x 10°cm™' 30.4nm 9.87 PHz
E8C.3(a) forbidden allowed allowed
E8C.4(a) °Py ), °Ps),

E8C.5(a) j=2,3 j=1,2

E8C.6(a)l =1

17
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E8C.7(a)L=2 S=0 J=2

E8C.8(a)S=1,0 3,1 S=3,1 4,1

E8C9()Ms=0 S=0 Msg=0,+1 S=1

E8C.10(a) °D;, °D,,°D;, 'D, °D,

E8Cll(a)J=0 1 J=3,1 4 2 J=2,1,0 53,1

E8C.12(a) *S;/, P35, °Pyps

E8C.13(a) —(3/2)hcA +hcA

E8C.14(a) allowed forbidden allowed

P8C.1n; =6 forn,=8,9and 10 A = 7502.5 nm, 5908.3 nm and 5128.7 nm
P8C.373_,(*He™)=60956.8cm™  ¥;_,,(*He")=60954.1cm™!  7,_;(*He")=329167 cm™!
¥2-1(CHe")=329152 cm™!

P8C.55.39 ¢V

P8C.7 A=385cm™!

P8C.97621cm™' 10288 cm™! 11522cm™! 6.803 eV

P8C.I1 Al = +1, Am; = +1

I8.1°S;), > Py, S, >°Ps); 411289cm™ 24.3138nm  1.23301x10'°Hz  43a0/4
18.317.9 Tm™*
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9 Molecular Structure

9A Valence-bond theory

9B Molecular orbital theory: the hydrogen molecule-ion

E9B.1(a) N = 1/(1 + A% + 218)'/?

E9B.2(a) y; = 0.163A + 0.947B  y; = 1.02A - 0.412B
E9B.3(a) R =2.5a, 2.0eV

P9B.11.87 x 10° Jmol™!  1.52 x 107%° Jmol ™

9C Molecular orbital theory: homonuclear diatomic molecules

E9C.1(a)1 0 2

E9C.4(a) In order of increasing atomic number: 1,0,1,2,3,2,1,0
E9C.6(a) 3.70 x 10° ms™!

P9C.1R/a, =8.03 0.29

9D Molecular orbital theory: heteronuclear diatomic molecules

E9D.5(a) ag = -7.18eV  ac = -8.29 eV
E9D.6(a) E_ = -8.88¢V E, =-6.59¢eV
E9D.7(a) E_ = -8.65eV E, =-7.05¢V

9E Molecular orbital theory: polyatomic molecules

E9E.2(a) 7a + 75 5a+7f

E9E.3(a) Eqeloc =0 Epr =7  Egeloc =2  Epr=7f

E9E.5(a) 14a + 19.3f  14a + 19.58

P9E.7 «+2f a—pf (doubly degenerate) E, y,+ = 2a¢+4B Eworn, = 36¢+3  Eiorn,- =
4a +28 417 KJmol™'  -208 kJmol™" Eyyy,+ = 2a — 834 kJmol™' Egun, = 30 -
625 kJ mol ™! Eiotn,- = 4a —416K]J mol ™!

P9E.11 -4.96 eV  1.52f

9E Integrated activities

19.5 Erymo/ V in order presented: 0.078,0.023, —0.067, —0.165,-0.260 -2.99eV  -0.25V
-3.11eV  -0.18V
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10 Molecular symmetry

10A Shape and symmetry

E10A.2(a) D,y

ElOA.3(a) R3 CZV D3h Dooh

E10A.4(a) C,y, D3, Ciy Dyp

E10A.5(a) Cyy Cyp

P10A.1 D34 Chair: D34 Boat: Cpy, Dy, D3 Dyg
P10A.3 Ethene: D;;, Allene: Doy Dy, Doy D, D,
P10A5 Dy, Gy Cyy

10B Group theory
-10 0 O
0-100
E10B.1(a) D(oy,) =
0 0 0 -1
-1 0
0 0 0 -1
E10B.2(a) D(o C;3) = S3 operation
(a) D(0,)D(C3) = o -1 0 o0 3 Op
0 0 -1 0

EI0B5(a) A/ E A] E F
E10B.6(a) three

E10B.7(a) two

P1I0B9A;, B, By Ay B, B, A,

10C Applications of symmetry

E10C.1(a) zero

E10C.2(a) forbidden

E10C.4(a)2s 2p, 2p, d- dpo_po dy,

E10C.5(a) none of them d,,

E10C.6(a) By, B;,and A;  x, y and z polarised light respectively
E10C.7(a) 2A, + B; + E

E10C.8(a) Ajg + By + Ey

E10C.9(a) Ay, or E;y  Bsy, Byy, or By

PIOC1A, +T, 2s pypy.andp, dyy,dy;,andd.,

P10C.3 not necessarily vanish



P10C.5 none
P10C.7 lll(Alg) = i(SA +Sp+Sc + SD) W(Bzu) = i(SA + S —Sc — SD) W(B3u) = i(sA —Sp —

sc+sp) yBie) = 1(sa—sp+sc—sp) y(Br) = 0

21
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11 Molecular Spectroscopy

11A General features of molecular spectroscopy

Ell1A.1(a) 0.0469]sm™ 1.33x 107 Jsm™> 4.50x107!*Jsm™
E11A.2(a) 82.9%

E11A.3(a) 5.34 x 10°> dm?® mol™ cm™!

EllA.4(a) 1.09 mM

E11A.5(a) 449 dm® mol™' cm™!

El1A.6(a) ¢ = 1.6 x 10> dm’ mol ' em™ T =23%

El1A.7(a) 0.875m 2.90 m

E11A.8(a) 1.34 x 108 dm® mol ' cm™2

E11A.9(a) 0.151 cm™!

E11A.10(a) 680 nm

EllA.11(a) 27 ps 2.7 ps

EllA.12(a) 53 cm™  0.53 cm™!

P11A.14.4 x 103

PI1A.5 1.26 x 10° dm>® mol™! cm™

P11A.7 2.42 x 10° dm® mol ™' cm™ 018 A=6.35 123 dm’® mol™! cm™!
P11A.92.301 x 10° ms™!  7.15x 10° K

PlIAIl7=1/z 070 GHz 569 Pa 4.27 Torr

11B Rotational spectroscopy

ElIB.1(a) 6.33 x 107 kgm®  0.442 cm™"
El1B.4(a) Rcg = 0.1062 nm Ry = 0.1157 nm
El1B.5(a) 2.073 x 1074 cm™  0.25

E11B.6(a) HCl, CH;Cl and CH,Cl,

El1B.7(a) 10.2cm™! 307 GHz

E11B.8(a) 125.7 pm

E11B.9(a) 4.4420 x 1077 kgm®  165.9 pm
E11B.10(a) 20 23

E11B.11(a) H,, HCl, CH;Cl

E11B.12(a) 20475 cm™*

E11B.13(a) 198.9 pm

ElIB.14(a) 2

P11B.3 596 GHz 19.9 cm™!

P11B.7 Roc = 0.1167 nm  R¢g = 0.1565 nm
P11B.9 B = 4293.28 + 0.03 MHZ  Jjmax = 26 at 298 K Jax = 15 at 100 K



PUB.I1 Jnax = (kT/2hcB)'? =1 30 Jyax = (kT/hcB)'? -1 6

11C Vibrational spectroscopy of diatomic molecules

EllC.1(a) 16 Nm™*

E11C.2(a) 1.077%

E11C.3(a) 328.7 Nm™!

ElIC.4(a) k¢ jpiop = 967.0 Nm™  kpayssep = 515.6 Nm™' kg igsig, = 411.7 Nm™

kg = 314.2 Nm™!

E11C.5(a) 0.0670 0.200

E11C.6(a) 1580.4 cm™!  7.65x 1073

ElIC.7(a) 4.14 x 10* cm™'  5.14eV

E11C.8(a) 23472 cm™!

P1IC.55.15¢eV 520 eV

PIIC.7 7 = 1.5cm™! kf =27x10*Nm™' 1=293x10*kgm? B =0.96cm™!

#=29cm™  x.=0.96

PLIC.9 x. 7 =13.7cm™! $=2170.7 cm™!

PIIC11 rcc =121.0 pm  rcy = 105.5 pm

PIC.I31/(R) = 1I/R2 - (1 - <xz>) 1 (1 + 3<x2))
R R ) R R

P1IC.15 By, = 0.27877 cm™' B, = 0.27691 cm™!  #p(3) = 602.292 cm™! x(3) =

606.170 cm™'  D_2.93 x 10* cm™! = 3.64 eV

PIIC.17 7 = 214326 cm™'  12.82kJmol™’ 1856 Nm™' B=1.914cm™ 113.3 pm

PLIC.19 75()) = 7o(J) = 8B1(J + 3)  ¥s(J=2) = Vo (J+2) =8Bo(J + 3)

11D Vibrational spectroscopy of polyatomic molecules

EllID.1(a) HCI, CO,, and H,O

EllID.2(a)3 6 12

E11D.3(a) 127

E1ID.4(a) 1 (¥) + ¥, + 73)

El1D.6(a) infrared inactive Raman active
E11D.7(a) does not apply

11E Symmetry analysis of vibrational spectroscopy

El1E.1(a) 4A; + A, + 2B; + 2B,
El1E.2(a) all

EIlIE.3(a) All All

PIIE1Cs;, 9 3A;+3E All Al

23
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11F Electronic spectra

EllE1(a) '3}
ElIE2(a) *2]
EllE3(a)1 3 u
ElIE5(a) I? = e~ %%0/2
E11E.6(a) I = (1/32)(3 + 4/n)?
B'+B
2(B' - B)
EllE8(a) Rbranch =7
E11E.9(a) 30 cm™! to 40 cm™!  increased
ElIF10(a) 1.43 x 10* cm™ 1.77 eV
3 1/2
ENE1) > [ 2
8\b-a/2
E1IE12(a) a/(4 x 2'/?)
P11E.1 neither
PI11E.3 4.936 x 10* cm™!

11G Decay of excited states

P11G.3 n x 150 MHz 150 MHz
P11G.5 Pyeax =33 MW P, = 1.0W

11G Integrated activities

I11.1 spherical rotor symmetricrotor linearrotor asymmetricrotor symmetric rotor
asymmetric rotor

I11.5 RHg35C12 =229 pm RHg79Br2 =241 pm RHng2 =253 pm

117 AT, = 25759.8 cm™ = 2034.1cm™ % =2114.2cm™  #; - ¥ = 80.1 cm™
ni/ng=01 T=13x10>K

M1.111.25x 10 mol ! dm*ecm™ A, B; B,



12 Magnetic resonance

12A General principles

E12A.1(a) T !s7!

E12A.2(a) \/3h/2 +1h £0.9553 rad = +54.74°

E12A.3(a) 575 MHz

E12A.4(a) E,3), = ¥2.210 x 107> Jand E, ), = ¥7.365 x 107> ]
El12A.5(a) 165 MHz

EI2A.6(a) 3'P

EI2A.7(a) 1.0x10™® 51x107% 3.4x107°

E12A.8(a) 5

EI2A.9(a) 1.3 T
P12A.1210 MHz m; =
P12A.36.81% 26.21is¢

-1 1.65x107°

12B Features of NMR spectra

EI2B.1(a) 5.0

E12B.2(a) 1.5

E12B.3(a) 3040 Hz

EI2B.4(a) 1.37

E12B.5(a) 11 uT 110 pT

E12B.9(a) 1:4:6:4:1 quintet

E12B.11(a) 1:2:3:4:5:6:5:4:3:2:1 multiplet
E12B.14(a) 2.6 x 10° s

12C Pulse techniques in NMR

E12C.1(a) 9.40 x 10* T  6.25 us
E12C.2(a) 0.21 s

E12C.3(a) 1.4

E12C.5(a) 1.234

P12C.1 Atgp = 5.0 us  5.00 x 10* Hz
P12C.7 0.500 s

P12C.9 M, (1) = My, (0)e ™ 50.0 ms
P12C.11 158 pm

12D Electron paramagnetic resonance
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E12D.1(a) 2.0022

El12D.2(a) a = 2.3 mT 2.0025

E12D.3(a) 330.2 mT 332.8 mT 332.2mT 3348 mT equal intensity
EI2D.4(a)1:3:3:1 1:3:6:7:6:3:1

E12D.5(a) 332.3 mT 1.206 T

EI2D.6(a) I = 3

P12D.12.8 x 10'* Hz molecular vibrations

P12D.3 a.cp, = 0.35mT  width-CD3; =6.9mT width -CD3 = 2.1 mT
P12D.5C; =0.122 C, =0.067 Cqg =0.237

P12D.7 10% 38% 48% 52% A=1.95 0=105°

112.3 kyg gommz = 160 s kg 300mmz = 800 s~ 56 kJ mol ™"
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13 Statistical thermodynamics

13A The Boltzmann distribution

E13A.1(a) 21 621 600

E13A.2(a) 40320 5.63 x 10° 3.99 x 10*

EI3A.3(a) 1

El13A.4(a) 524 K

El13A.5(a) 743

El3A.6(a) 354 K

P13A.1 {Ny,N1,N,,N3,N4,N5} = {2,2,0,1,0,0} or {2,1,2,0,0,0}

P13A.3 {Ny,N;,N,,N3,N4,Ns5,N¢,N7,Ng,Ng,N19}={12,6,2,0,0,0,0,0,0,0,0} T = s/(0.795k)
P13A.5 Telectronic = 420 K not in equilibrium

P13A.7 0.36 for O, 0.57 for H,O

13B Partition functions

E13B.1(a) 8.23 x 1072 m 1.78 x 10?7 at 300 K 2.60 x 1072 m  5.67 x 10*® at 3000 K
E13B.2(a) 0.358

E13B.3(a) 72.1

E13B.4(a) 7.97 x 10> 1.12 x 10*

E13B.5(a) 18 K

E13B.6(a) 37 K

EI3B.7(a)0=1 0=2 0=2 0=12 0=3

E13B.8(a) 660.6

E13B.9(a) 4500 K

E13B.10(a) 2.57

E13B.11(a) 42.1

E13B.12(a) 4291 1 : 0.0376 : 0.0353

P13B.55.00 6.262 (N2)205x =1.00 (52)205k =6.54x107""  (X2)5000 k = 0.798 (525000 k =
0.122

P13B.7 1.209 at 298 K 3.003 at 1000 K

P13B.9 45K

13C Molecular energies

E13C.1(a) 8.15 x 10722 J
E13C.2(a) 19.6 K
E13C.3(a) 26.4 K
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E13C.4(a) 4.80 x 10° K
E13C.5(a) 1.10 x 10* K
E13C.6(a) 6.85 x 10° K
E13C.7(a) 4.03 x 10721 J
P13C.14.59 K

P13C.32.5K]

de PO 1 25e72P0

P13C.7 X =0.641 =035 8.63x107%]

L&\ 1 &g (dg\\" hevesher
P13C.9 (=1 ] PRl e
7dp g\ dp dg l-e

13D The canonical ensemble

13E The internal energy and entropy

EI3E1(@) 2R 3R 3R

E13E.2(a) Without vibrational contribution: yNu, = 1.33  ycn, = 1.33
contribution: yxu, = 1.11  ycn, = 1.08

E13E.3(a) .96 JK 'mol™ 1.60 JK ' mol™!

E13E.4(a) Cy . = 14.95]K 'mol™"  Cy . =25.62JK ' mol™
EI3E.5(a) 126 JK ' mol™'  169.7 JK~! mol™*

EI3E.6(a) 2.42 x 10° K

E13E.7(a) 43.1 43.76 JK ' mol™!

E13E.8(a) 19.14 JK ! mol™*

EI3E.9(a) SY, = 4.18 JK 'mol™" S =14.3JK ' mol™

2nl
PI3E.3 ¢} = /3—’;12

P13E.528 31R

P13E.11216.1 JK ! mol ™
A e? ApnA
PI3E15 RIn 22 Rlp 2™
A2N, Vel/2

P13E.17 9.6 x 107 JK!

1/2
) CY m=3iR 241JK'mol™

13F Derived functions

EI3E1(a) GR = -13.83kJmol™" G =-0.204 k] mol ™’
E13E.2(a) -5.92kJmol™"  -11.2 kJmol ™’

E13E3(a) 3.72 x 107°

PI3E3100 T

With vibrational



P13E.5 —45.8 k] mol ™
113.1660.6 4.26 x 10*

29
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14 Molecular Interactions

14A Electric properties of molecules

El14A.2(a) 1.4 D

El4A.3(a) 37D 12°

El4A.4(a) 1.2 x 10* Vm™!

El14A.5(a) 1.659 D 1.008 x 107%° C*m?J!

E14A.6(a) 4.75

E14A.7(a) 1.42 x 1073 C? m? ]!

E14A.8(a) 1.3

E14A.9(a) 17.8

P14A.11,2 isomer: 0.7 D 1,3 isomer: 0.4 D 1,4 isomer: 0
P14A.5 1.11 uD

P14A.70.79D 1.3x 1073 cm?

P14A.91582D 2.197x10 % cm® 5.73cm’mol™" 157D
P14A.11 P, = 8.14 cm?® mol ™! & =175 n,=1.32

14B Interactions between molecules

E14B.1(a) 1.77 x 10718 ] 1.07 x 10° kJ mol™*
E14B.2(a) -1.3x 1072 ] -8.1Jmol™!
6Q%14
F14B.3(a) ——
niegr?
E14B.4(a) -1.0 x 10722] -62Jmol™’
E14B.5(a) —2.1 Jmol ™

E14B.6(a) 0.071 J mol

P14B.1-12x102] —75kImol™" -1.6x10722] -94]mol™’

P14B.3 2.1 nm
P14B.5 —1.1 kJ mol ™

LL 1
P14B.7 -9« 0, —— —
L +1, r7

14C Liquids

E14C.1(a) 2.6 kPa
E14C.2(a) 72.8 mNm™!
E14C.3(a) 728 kPa
E14C.4(a) 72.0 mNm™



14D Macromolecules

E14D.1(a) M,=70 kg mol™!  My=71 kg mol ™!
E14D.2(a) 24 nm

E14D.3(a) R. =3.07 um  Ryp = 30.8 nm
E14D.4(a) 2.2 x 10°

E14D.5(a) 0.013

E14D.6(a) 6.4 x 1073

E14D.7(a) +401% +176%

E14D.8(a) +895% +(9.84 x 10*)%
El14D.9(a) 0.16 nm

E14D.10(a) 1.8 x 10714 N

E14D.11(a) -0.019 JK ' mol ™!

PID.1R, = (3/5)'?a Ry =(2)""?a Ry, =(a*/4+1*/12)'/?
0.35nm Ry, =46 nm

14E Self-assembly

E14E.1(a) 4.9
P14E13.5 slope=-149 intercept=-195 K; =0.011
I14.5by=3.59 b;=0957 b, =0.362 -1.72

R;=2.40nm R

gl =
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15 Solids

15A Crystal structure

E15A.1(a) N=4 4.0l1gcm™®

E15A.2(a) (323) and (110)

E15A.3(a) d1; =229 pm  dyjo = 397 pm  dpq = 115 pm
E15A.4(a) 220 pm

P15A.13.61 x 10° gmol ™'

P15A.3 (\/3/2)a’c

P15A.5b = 605.8pm a=8342pm ¢ =870.0 pm
P15A.7 4 Lo e P

P15A.9—:;+ﬁ+c—2

2
dhkl

15B Diffraction techniques

E15B.1(a) 70.7 pm

E15B.2(a) 10.1° 14.3° 17.6°
E15B.3(a) 8.17°,4.82° and 11.8°
E15B.4(a) 2.14°

E15B.5(a) f(0) = 36

E15B.6(a) Fyi = f

E15B.7(a) for (h + k) odd Fpx; = —f for (h+ k) even Fyy; = 3f

E15B.11(a) 6.1 kms ™

E15B.12(a) 233 pm

PI15B.1118 pm

P15B.3 cubic F lattice  408.55 pm 10.51 gcm >

15C Bonding in solids

E15C.1(a) 0.9069

E15C.2(a) 0.5236 0.6802 0.7405
E15C.3(a) 75.0 pm 133 pm
E15C.4(a) expand by 1.6%
E15C.5(a) 3500 kJ mol ™
P15C.10.3401

P15C.3 7655 gcm ™

15D The mechanical properties of solids



E15D.1(a) 34.3 MPa
E15D.2(a) 1.6 x 10> MPa  3.6%
E15D.3(a) 9.3 x 107* cm?

15E The electrical properties of solids

EI15E.1(a) 0.269
EI5E.2(a) 1.03 eV
E15E.3(a) n-type

15F The magnetic properties of solids

El15F.1(a) three

E15E.2(a) -6.4 x 10~"' m? mol ™

E15F.3(a) 4.3

E15F.4(a) 1.59 x 10~® m® mol™’

E15E.5(a) 95 kA m™

PI5E.1 For S = 2 yp = 1.27 x 1077 m® mol ™"

S =3 ym = 2.54x 107 m* mol ™'

Ym =423x107 m*mol™"  2.54 x 107 m? mol

15G The optical properties of solids

E15G.1(a) 3.54 eV

P15G.1 Udim, ¥, = (1 + S)_l/zlflmon Hdim,v_ = 0
115.14.811 x 107> K!

S=4

33
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16 Molecules in motion

16A Transport properties of a perfect gas

E16A.1(a) 1.9 x 10%°

E16A.2(a) 1.48m?s™! —-60.6mol m™2s7!  1.48x107° m?s™! —-6.06x10"*molm=2s! 1.48x
1077 m?s™! —6.06x10° molm2s7!

E16A.3(a) 7.6 x 103 JK !m™'s7!

E16A.4(a) 0.0795 nm?

E16A.5(a) —0.078 Jm 25!

E16A.6(a) 103 W

E16A.7(a) 1.79 x 10 kgm ™' s™'  1.87x 10 kgm™'s™! 3.43x 10 kgm 's~!
E16A.8(a) 0.201 nm?

E16A.9(a) 104 mg

E16A.10(a) 2.15 x 10° Pa

E16A.11(a) 43.0 gmol ™’

E16A.12(a) 1.3 days

P16A.1437 pm d = 366 pm

P16A.31.37 x 10" m?s™' 284JK 'm™'s7!

P16A.51.7 x 10'* 1.1 x10'®

16B Motion in liquids

E16B.1(a) 16.9 kJ mol

E16B.2(a) 13.87 mSm? mol

E16B.3(a) u;+ = 4.01 x 108 m? V7ls™! upe =519x108 m?Vlsh ugs =7.62
1078 m?2v-1s!

E16B.4(a) 763 mSm* C!

E16B.5(a) 283 ums™!

E16B.6(a) 1.90 x 10™° m?s™!

P16B.110.15 kJ mol

P16B.3 K = 2.53 mSm? (moldm™"')™%/2  A° =12.7 mSm* mol "'

P16B.5 K = 6.655 mSm* (moldm™")3/2  A° =12.56 mSm”mol " 12.02 m$ m* mol ™’
120mSm™' 172 Q

P16B.7 0.83 nm

16C Diffusion

E16C.1(a) 6.2 x 10° s



E16C.2(a) 0.00 moldm™> 0.0121 moldm ™

E16C.3(a) at x = 10 cm F = 25kNmol™!  atx =15cm F = 50 kN mol !

E16C.4(a) 675 kN mol

E16C.5(a) 1.3 x 10° s

E16C.6(a) 0.42 nm

E16C.7(a) 27.3 ps

E16C.8(a) (x2)2 =65um  (x2)}205e = 32 um
P16C.112.4kNmol™  2.1x1072° N (molecule)
24.8 kNmol™' 4.1 x 1072° N (molecule) ™
P16C.7 g;f = 31/4

P16C.11 E, = 6.9 kJ mol ™’

16.5kN mol ™!

2.7x1072° N (molecule) "
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17 Chemical kinetics

17A The rates of chemical reactions

E17A.1(a) no change
E17A.2(a) 0.12 mmoldm > s~

E17A.3(a) d[A]/dt = -2.7moldm>s™'  d[B]/dt = -5.4moldm™s~' d[C]/dt = +8.1 moldm s~

d[D]/dt = +2.7 moldm™ s~

El17A.4(a)v = 1.4moldms™! d[A]/dt = -2.70moldm>s™' d[B]/dt = -1.35moldm > s~"
d[D]/dt = +4.05 moldm > s~

E17A.5(a) dm’ mol™'s™'  d[C]/dt = 3k, [A][B] -d[A]/dt = k.[A][B]

E17A.6(a) 1k, [A][B][C] dm®mol*s™!

E17A.7(a) second-order dm® mol ' s™'  kPa's™! third-orderdm®mol ?s™! kPa *s7!
E17A.8(a) under all conditions k., > kr3[B]1/2 or kyy << kr3[B]1/2 ki > kr3[B]1/2 or

key << ky3[B]'/?

E17A.9(a) 2.00

P17A.1 first order 4.92 x 10° s7!

P17A.3 v = k,[ICI][H,] k= 0.16 dm’ mol ' s™' 2.1 x 107 moldm >

S—l

17B Integrated rate laws

E17B.1(a) 14 Pas™! 1.5x10%s

E17B.2(a) second-order

E17B.3(a) 1.03 x 10* s 489 Torr 461 Torr
E17B.4(a) 0.0978 moldm ™  0.0502 moldm~
E17B.5(a) 1.1 x 10° s

E17B.6(a) 3.1 x 107> dm’ mol s #,/,(A) = 1.8 hours  ¢,/,(B) = 1 hour
P17B.3 second-order k; = 9.95x 107 dm’ mol 's™! 2.9¢g

P17B.5 second-order 7.33 x 10> dm’ mol ' s~

P17B.7 first-order 7.65x 107> min™' 91 min

P17B.9 55.4% constant

P17B.11 first-order 0.0168 min~*

P17B.13 first-order 7.1 x 1074 57!

3

pi7B1s 2 ! ¥l
' (”_1)kr[A]871 (”_1)kr[A]371
P17B.17 1 LS ! PRI 3 e S
2([A]o —2x)* 2[A]5 [Alo([Alo-2x) [Al§  [Alo-x [A]}

17C Reactions approaching equilibrium



E17C.1(a) 2.5 x 10?
E17C.2(a) 23.8 ms™!
PI7C5Kk, =1.7x 107 s™'  k, =2.8x10° dm’ mol ' s 'K = 1.7 x 1072

17D The Arrhenius equation

E17D.1(a) 3.2 x 102 dm’ mol ' s7*

E17D.2(a) 108 kf mol ™' 6.62 x 10'° dm® mol ' 57!
E17D.3(a) 35 kJ mol '

E17D.4(a) 0.076 7.6%

E17D.5(a) 2.6 x 10° K

P17D.3180 kJ mol™"  2.11 dm® mol ' s!
P17D.513.7 kfmol™"  8.75 x 10® dm’ mol ' 5!

17E Reaction mechanisms

E17E.3(a) -3 kJ mol ™

PI7E.3 39.131( e
P17E.5 akoke[A]

kK1 K,

PI7E.7 ——

[HCI]’[CH3;CH=CH,]
Cc

17F Examples of reaction mechanisms

E17F1(a) 1.9x 107 Pa~'s™! 1.9MPa 's7!
E17E2(a) p = 0.996 (N) =251

E17E.3(a) 0.13

E17E.4(a) 1.50 mmol dm > 5!

E17E5(a) 1.1 x 107 dm® mol ™' 57!

PI7E3 (2k,t[A]3 +1)'/?

P17E.7 2.3 ymoldm—>s™' 1.1 ymoldm™

17G Photochemistry

E17G.1(a) 3.27 x 102!
E17G.2(a) 4.3 x 107 57!
E17G.3(a) 0.56 moldm ™
E17G.4(a) 71 nm
P17G.11.11
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P17G.369ns 1.0 x 108 s7!
P17G.5 2.00 x 10° dm> mol ™' 57!

PI7G.7 2.6[ M
k.ky[AH|*[B kb .

7. HATTE B

> ki [BH] i LHAJHT](B]

175 M1 +4p+ 1) Mi(6(N)* ~ 6(N) + 1)

(1+p)(1-p) 2(N) -1
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18 Reaction dynamics

18A Collision theory

E18A.1(a) 1.12x 10" s ! 1.62x10* m3s™! 1.6%

E18A.2(a) 1.04x 107 f=0.069 f=1.19x10"" f=1.57x10"¢
E18A.3(a) 21% 3.0% 160% 16%

E18A.4(a) 1.0 x 107> mol™! m3 s7!

E18A.5(a) 1.2 x 1073

E18A.6(a) 0.73

E18A.7(a) 5.12 x 1077

P18A.10.043 nm> 0.15

P18A.3 1.64 x 108 mol ! m®*s™! 75ns

P18A.5 For C,Hs P = 0.024 For C¢Hy; P = 0.043

18B Diffusion-controlled reactions

E18B.1(a) 4.5 x 10’ m> mol~! s7!

E18B.2(a) 6.61 x 10° m®> mol™' s™! 3.0 x 10’ m® mol~! s7!
E18B.3(a) 8.0 x 10° m® mol™! s™' 84 ns

E18B.4(a) 1.81 x 10" molm™ s7!  2.37 x 10° m® mol™! s7!

18C Transition-state theory

E18C.1(a) 69.7 kjmol ™!  -25.3 7K' mol™*

E18C.2(a) +71.9 kJ mol ™!

F18C.3(a) —91.2 JK ' mol ™

F18C.4(a) -74 JK ! mol™*

E18C.5(a) A*H = +5.0 kJmol™"  A*S=-46JK 'mol™! A*G=+19kJmol™
E18C.6(a) k2 = 20.9 dm® mol ™ min™!

E18C.7(a) 0.073

PI8C.1A*H = +60.4kJmol™"  A*S=-181JK 'mol™! A*G = +60.4..x10° Jmol™" A*U =
+62.9kJ mol ™’

P18C.5 1.4 x 10° dm® mol™' s7! 1.2 x 10° dm>® mol™! s7!

P18C.9 Ig[k,/(dm’ mol ' s7!)] = 0.1451 x I -0.1815 k° = 0.658 dm’ mol™'s™! Igyp =
0.1451

P18C.11 408 N m™!

18D The dynamics of molecular collisions
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E18D.2(a) PkT

18E Electron transfer in homogeneous systems

EI18E.1(a) 0.01%

E18E.2(a) AEg = 2 kJ mol™!
EI8E.3(a) 12.5 nm™*
P18E.3 AER = 1.05 eV
PIS8E.5 3 =13 nm™!
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19 Processes at solid surfaces

19A An introduction to solid surfaces

E19A.1(a) 1.4 x 10'* cm™2s7! 3.1 x 10 cm™?s7!
E19A.2(a) 0.13 bar
E19A.3(a) 9.1 x 1073
C C C C ,
P19A.1-0.646 | — +0.259( — | -0.128( — -0.516 — (b) is the more favourable
ao ao ao ao
arrangement
P19A.37n = 1.61x10° cm™  f1,(100Pa) = 6.7x10°s™1  fi1,(0.10 uTorr) = 8.9x107%s™*
feun, (100 Pa) = 1.42x 10° s fe,14,(0.10 pTorr) = 1.9x1072s™!  n=1.14x 10" cm™
fu, (100 Pa) = 9.4 x 10° s™'  f34,(0.10 uTorr) = 0.13 s fc,1, (100 Pa) = 2.0 x 10° 7!
foum,(0.10 pTorr) = 2.7 x 1072571 5= 1.86x 10"° cm™  f4,(100 Pa) = 5.8 x 10° 57!
fu,(0.10 pTorr) = 7.7 x 1072 s' fo, i, (100 Pa) = 1.2 x 10° s fc,1,(0.10 pTorr) =
1.6 x 1072 57!

19B Adsorption and desorption

E19B.1(a) 33.6 cm®

E19B.2(a) 47 s

E19B.3(a) 0560 pa = 0.83 030 pa = 0.36

E19B.4(a) 0.24 kPa 25 kPa

E19B.5(a) p, = 15kPa

F19B.6(a) —12.4 kJ mol™*

E19B.7(a) 651 kjmol™' 1.7 x 10°” min  0.17 ps

E19B.8(a) 611 k] mol™*

E19B.9(a) for E, 4es = 15 kJmol ™" t1/2(400 K) = 9.1 ps t;/,(1000 K) = 0.61 ps for
Eqdes = 150 kfmol ™" #,/,(400K) =3.9x 10°s  £,/,(1000 K) = 6.8 s
P19B.3165 13.1cm® 263 12.5cm?

P19B.5 7.3 mol kg™! 5.1x107> kPa™'

P19B.7 AyqH® = 20 kJmol™'  A,qG® = —64 k] mol™*

PI9B.9 ¢, =222 ¢ =0.16¢

19C Heterogeneous catalysis

E19C.1(a) 11 m?
P19C.3 k. =3.7x 1073 kPas™!
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19D Processes at electrodes

E19D.1(a) 0.14 V

E19D.2(a) 2.8 mA cm™

E19D.3(a) 49 mA cm™

E19D.4(a) 1.7 x107* Acm™ 1.7x107* A cm™

E19D.5(a) 0.3l mAcm™2 54mAcm™2 -1.4x10*> mA cm™
E19D.6(a) for H'/Pt 4.9x 10" s™! 395! for Fe*/Pt 1.6 x 10'¢s7!
H'/Pb 3.1x107s! 24x10%s7!

E19D.7(a) 33 Q 3.3x10'°Q

P19D.1a =0.38 jo =0.79 mA cm™

P19D.3 E(Fe’* [Fe) = -0.611V a=0.365 j;=8.91 nA cm™>
PI9D.5a =0.50 jo=1.99x 107> mA m™

9 1 3
119.1U:§nsr3/\/[ (r—") —(ro)] Req=294pm  —304kjmol ™’

1
15\ R 2\R

119.3 57.7 pN

19.5+1.23V +1.06V +1.09V

125!

for



