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The Dawn of the Quantum
Theory
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Chapter 2

The Classical Wave
Equation
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Chapter 3

The Schrodinger Equation
and a Particle in a Box
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Chapter 4

Some Postulates and

General Principles of
Quantum Mechanics
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Chapter 5

The Harmonic Oscillator
and the Rigid Rotator: Two
Spectroscopic Models
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Chapter 6

The Hydrogen Atom
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dys = L(Y+1 —-Y, )= 15 2 sin 6 cos 0 sin ¢
yz — \/il 2 2 - A7
doo o = L(YJr2 + Y_2) = 15 2 sin? 6 cos 2¢
VG 2 167
dyy = L(Y'*'2 — Yy = 15 v sin? 0 sin 2¢
w202 2 77 \16r

(6.55)

(6.56)

(6.57)

(6.58)

(6.59)

(6.60)

(6.61)

(6.62)

(6.63)



h? 72 B2
<—v2 ~ Vi~ V2> (R, r1,12) +

2M Qme 2me 2
262 262 62
- - R
< dreg|R — 11| 4meg|R — 12 + dmeglry — r2’> Y(R,r1,12)
= EY(R,r1,12) (6.64)
[ 2 22 /1 1
 2me (Vi+ Vi)lro,rz) = Ameg (7“1 + 7”2) Y(ry,ra)

62

T Ineey —rg) T T2) = B rer2) (6.65)






Chapter 7

Approximation Methods

Hapg = Egihy (7.1)

Ey = W (7.2)

E,= / fqﬁ;fngf (7.3)

By > By (7.4)

Ey(a,8,7,...) > Eo (7.5)

e AeD)
Bla) = ?)zia - 252;1;;2 1)

a= 187:;5%;4 (7.8)

Ein = —% (%) = —0.424 (%) (7.9)
By = —% (HSZ;;LQ) = —0.500 (m%f?jrﬂ) (7.10)
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. K2 22 /1 1 e? 1
H=- T+ Vi) - < ) — 7.11
Qme (vl + V2) 47T60 " + T + 47‘(‘60 1 ( )
I = (1) + (@) + -5 = (7.12)
- H 47T60 T12 ’
N h? 2¢% 1
Hu(j) = — 2_ — =1 and 2 7.13
u() 2me Vi ATeq J an (7.13)
Hu(j)vu(ry, 05, 6;) = Ejbu(ry, 05, ;) j=T1lor2 (7.14)
Z2meet
Lj=———55575 j=1or2 7.15
/ 327[‘2637’1277,32 J o ( )
¢o(r1,12) = Y15(r1)is(r2) (7.16)
73 1/2
wls(rj) = () e—er/ao ] —1or?2 (717)
Tago
E(Z) = /¢0(1'17T2)ﬁ¢>0(rl,r2)drldr2 (7.18)
E(Z) = _mec’ (72— 2 g (7.19)
167263 R> 8 '
E(Z)=27%- %Z (7.20)
27\ 2
EFpon=—|—) =-284 7.21
(16) 8477 ( )
¢ = crz(a — ) + cox?(a — x)? (7.22)
h2
Ernin = 0.125002— (7.23)
ma

h?2 h2
Fexact = = O.l25000—2 (7.24)
8ma ma

5 =



N
¢ = Z cnfn (7.25)
n=1

/Cf)ﬁCﬁdT = /(01f1 +eafe)H(cifr + cafo)dr
= C%/flfffldTJerQ/flffodT
+ clcg/fgfffldr+c§/f2flf2dr

= C¢lHy + cieaHa + cieaHoy + c3Hao (7.26)
Hij = [ fififydr (7.27)

[ fiftgyar = [ gt (7.28)

/ pHpdr = A Hyy + 2c1¢2Hia + 3 Hao (7.29)
/ G2 = 2811 + 2e1¢2510 + 25 (7.30)
Sij = Sji = /d%'(f)de (7.31)

ciHi1 + 2c1coHy2 + c3Hao

E(c1,c2) =
( ) c2S11 + 2¢102512 + 352

(7.32)

E(cl, CQ)(C%Sll + 2¢1¢2512 + C%SQQ) = C%Hn + 2c1c9Hq9 + C%HQQ (7.33)

oF
(201511+202512)E+8761(0%5114‘261025124-6%522) = 201H11+202H12 (7.34)

1 (HH — ESH) + CQ(H12 — ESu) =0 (7.35)

c1 (H12 — Eslg) + CQ(HQQ — ESQQ) =0 (7.36)



Hyy — ES11 Hig — ESio
=0
Hip — ES192 Hop — ESo

fi=x(1—2z) and fo=2%(1 —x)?

c1(Hi1 — ES11) +ca(Ho1 — ESo1) + -+ en(Hivy — ESi1n) =0
c1(Hi2 — ES12) + ca(Hao — ES22) + -+ - + cny(Hay — ESan) =0

Cl(HlN — ESlN) + CQ(HQN — ESQN) + -+ CN(HNN — ESNN) =
Hy1 —ES11  Hi2—ES12 -+ Hiy—ESiN
Hyy —ES12  Hyp—ESy» -+ Hon—ESin |_
Hiy — ESi\n Hony —ESay -+ Hyn — ESnN
Hy = Ev

= O 4 o

A0 — [(0)(0)
. it a2 1
__ha 1
H 24 da? + 2
W= |(3) Qiﬂ] H, (o)
s .
1
Eéo):<v+2>hu v=0,1, 2
1 b
W _ L 3, 0 4
H = 5na 4 g

w:¢(0)+¢(1)+¢(2)+...

(7.37)

(7.38)

0
(7.39)

(7.40)

(7.41)
(7.42)

(7.43)

(7.44)

(7.45)



E—EO L gD L@ ... (7.46)
B — / DO FD0) g (7.47)
E=E® 4+ pgW) (7.48)

HO = Ay(1) + Hu(2)

1/}(0) = 1/}18(1"1, 91, le)q,bls (T2a 92a ¢2> (749)

4 4

Z%mee Z%mee

EO) — _ -
32m2e2h’n}  327m2e2h*nd

62

E(l) = //drldr2¢1s(r1)1/)15(1‘2) ¢1s(r1)¢ls(r2) (7'50)

4megrio
g _ 52 (_mee’ (7.51)
8 IGTrQEghz ‘
1 1 5
p o pO L g _ L1 1 5,
. 2 57 13
5, 7

8






Chapter 8

Multielectron Atoms

e2

{ﬁH(l)+ﬁH(2)+ }7,/1(1“1,1‘2) = Ey(r1,r2)

471’607”12
Amegh?
ag = 1
Mee
B mee*
 16m2€2h?
[:[:_LZ 2_L2 9 2¢? B 2¢? n e?
2me ! 2mee 2 dmegry  4dmegra  4megria
A 1 1 2 2 1
H=--V?_-_-V:_-—_— 4+ —
2 1 2 2 T 79 + 12
5 11
E=-7°4+>Z=—-"F,=-2750 E,
8 4
) 0.00870  0.000889
E=-7°+2-7-0.15766
+ 3 + 7 + 70 +

¢o(r1,12) = P1s(r1)th1s(ra)



IE = Eye+ — Ene

Spim (r,0,¢) = Nyr™ e Y™ (0, ¢)

Y = Sio(ri, 01, $1)S100(r2, 02, P2)

3
_ S i)
T

Y = Spoo(r1, 01, ¢1)Snoo(r2, 02, ¢2)
(2C)2n+1 n—1,n—1_—((ri+r
_ 47r(2n)! r 17“2 1, C(ri+r2)

P(r1,r2) = ¢(r1)9(r2)

eerleerz [1

P(ri, 2, m12) = + cr9]

P(r1,r2) = ¢(r1)9(r2)

A 1 2
A (r1) = —§V% T + Ve ()

H{ (r1)p(r1) = e1¢(r1)

correlation energy = CE = Foxact — Fur

L2Y;™(0, 6) = W11+ 1)Y;™ (0, )

S%:;(;H)h?a §2ﬁ:;(;+1>h25

(8.11)

(8.12)

(8.13)

(8.14)

(8.15)

(8.16)

(8.17)

(8.18)

(8.19)

(8.20)

(8.21)

(8.22)

(8.23)



. 1 . 1
L* =K1+ 1) (8.25)

5% = h2%s(s +1) (8.26)

(8.27)
/a*(a)ﬁ(a)da = /a(a)ﬁ*(a)do =0
\I’(m,y, 2, J) = T,ZJ(.Z', Y, Z)OZ(O') or d](xv Y, Z)ﬁ(O') (828)
3\ 1/2
Yot = <i> e 7a
(8.29)

™

1/2
Z3 _
P01 = () e 7B

* o 73 —2Zr 2 *
/\11100%(13 U)‘I’looé(r,a)4ﬂr2drda :/0 76 47r dr/a ado =1
(8.30)

00 Z3
x 2 _ —27 2 * _
/\Iflooé(r,a)\lfloo_%(r,a)élﬂr drdo —/0 —¢ "4 dr/a Bdo =0

(8.31)

¥(1,2) = 1sa(1)1sG(2) (8.32)

¥(2,1) = 1sa(2)1s6(1) (8.33)

Uy = (1,2) + (2, 1) = 1sa(1)1s4(2) + 1sa(2)1s8(1) (8.34)

Uy =(1,2) —9(2,1) = 1sa(1)1s3(2) — 1sa(2)1s5(1) (8.35)



Wy(2,1) = 9(2,1) — (1,2) = —Us(1,2) (8.36)

U2(1,2) = 1s(1)1s(2)[e(1)B(2) — a(2)5(1)]
= 1s(r1)Ls(r2)[a(01)B(02) — a(o2)B(01)] (8.37)

/ W3(1,2) HUy(1, 2)dry dradodos

E (8.38)

/\1/;(1,z)qz2(1,2)dr1dr2daldgz

/18*(r1)18*(r2)[a*(al)/@*(az) —a*(02)3%(01)]
x H1s(r1)1s(rs)[oo1)B(02) — a(o2)8(01)]dridrado dos
(8.39)

/ 1s* (r1) 1™ (ra) H 15(r1) Ls(ra)dr1drs
X/[Oé*(o’l)ﬂ*(ffz) —a’(02)3%(01)][a(01)B(02) — a(o2)B(01)]do1dos

(8.40)

/@D*(I‘l,I'Q)I;II/}(I'l,I'Q)dI'ldI'Q
E = (8.41)

/¢*(r1,r2)¢(r1,r2)dr1dr2
-]

_ 1 | 1sa(1) 1sB(1)
V2= 51 sa(2) 158(2) (8.43)
ul(l) U2(1) cee uN(l)

¥, N) = 1 u1:(2) u2:(2) uN:(Q) (8.44)

ul(.N) uz(.N) uN.(N)



150421; 1sﬁ51; 2301%1; ( |
U=—| 1sa(2) 1s8(2) 2sa(2 8.45
VB 1sa(3) 1s8(3) 2sa(3)

L=>"1 (8.47)
S=> s (8.48)
L.=) li=)» my=M (8.49)
S:=Y si=Y mis= Mg (8.50)
J=L+S8 (8.51)
JZ:LZ—{—SZ:(ML—I-Ms):MJ:O (8.52)

G! . .
m (equwalent Orbltals) (853)
J=L+S L+S—1,L+8-2 ..., |L—§ (8.54)

. VA
J J

j i<j
1
7 =109, 677.58 (1 - 2) em™' n=2 3, ... (8.56)
n
AL =41
AS =0 (8.57)
AJ =0,+1

7 = (82,258.917 — 0.00)cm™! = 82,258.917 cm !
and (8.58)
7 = (82,259.272 — 0.00)cm ™! = 82,259.272 cm !



e
o n=1,2,3,... 8.59
86(2)712712 ( )



Chapter 9

The Chemical Bond:
Diatomic Molecules

SOl R S S i ¢
- 2M A B 2’me 1 2 47T€07“1A 47T€07“1]3
2 2 2 2
e e e e
— - + + (9.1)
dmegron  Amegrog  4dmegrias 4AmegR
. h e? e? e? e?
H = - Vi+V3) - - - -
2me( 1+ V) dmegria  4Amwegrip 4megraa 4megram
e? e?
(9.2)

4megria + dmegR

- 1 1 1 1 1 1 1
H=—(V24V3H_- —  — =~ 4 =~ (93
Vit V2) A TB Trea T T2 R (5:3)

S VA S S T 4
" 2V A TR + R (9-4)
Hyi(ra,m; R) = Ejbi(ra,s; R) (9.5)
4 = c1lsp £ eolsp (9.6)

[ drg Hpy
F, =T 9.7
R FrsET 6-7)
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/dr¢1¢+ - /dr(lsZ—l—lsE)(lsA—i—lsB)

= /drls’glsAjL/drlsj;lsB —|—/dr13*BlsA+/drlsglsB

(9.8)
/drllesA = /drls’élsB =1 (9.9)
S = /drllesB = /drls’élsA = /drlsAlsB (9.10)
"R R?
S(R)=¢e 1+R+? (9.11)
/dr(1sj; +185)(1sa + Lsp) = 2 + 25(R) (9.12)
/dr¢1H¢+ - /drus;g +1s5)H(1sa + 1sp)
. . 1., 1 1 1
= /dr(lsA + 1s§) ( 2V T + R> (Isa + 1sp)
(9.13)

2 1 1 1 1
Jaroiiv, = [ sy +1sp) (572 - 2 - s D) 1

1 1 1 1
—&—/dr(lsz + 18%) <—2V2 — g — g + R) 1sp



a 1 1
/dI‘z/)j_Her = /dr(ls*A+15E) (Els o + R) 1sa

1 1
41/drﬂsz+¥wg)<Eh——+—>]sB (9.17)
ra R

F 1 1
/dI‘lﬁiH@[)+ = 2Els(1+s)+/d1‘182 <——|—R> 1sa

B
—&—/drls’é (—1 + }1%) Isa + /drlsz <_7’1 + ]1%> 1sp
+/drlsB ( R) 1sp (9.18)
/drlsA (— + 1) lsa
R
- _/dﬂ25”>+; (9.19)

1 1
K = /drls*B <_7’ -+ R) 18A
B

drlsilsy S
= - [ ESETSA L2 2
/ AL (9.20)
/dWﬁﬁ¢+:2&AL+$+QJ+2K (9.21)
J+ K
AE, = E, — By, = 22
v =By~ B =% (9.22)
J:e”R<L+1) (9.23)
= .
S _-r
K=%-c 1+R) (9.24)

Y_ = c1lsp — colsp (9.25)



AE_=E - F,="7—¢ (9.26)

¥y =y = 2(11+5)(18A +1sp) (9.27)

Yo =_ = 2(11_5)(151\ — 1sB) (9.28)
o — L |wa() ens()
V2! | Yoa(2)  PuB(2)

= bW { J5amBE) - a@sml} (029

Ymo = 2(115)[1%(1) + 1sp(1)][1sa(2) + 1sp(2)] (9.30)

Evo = /drldm%o(lﬂ)ﬁwo(l@) (9.31)

Yt =1sa £ 1sp (9.32)

bond 1 [( number of electrons ) ( number of electrons )]
=5 _

order in bonding orbitals in antibonding orbitals
(9.33)
Y =cilsy £ ca2p. 7 (9.34)
Y = c1(lsa + 1sp) + c2(2sa + 2sB) + ¢3(2p2a + 2p2B) + - - (9.35)
My =my +mp +--- (9.36)

My =mg +mga+ -+ (937)



Chapter 10

Bonding in Polyatomic
Molecules

VBe—H = C19¥Be(25) T C2UBe(2p) + C3VH(15) (10.1)
oy = —— (25 + 2p.) (10.2)
sp — \/é Pz .
= \[28 + 2pz (10.3)
1 1 1
— 92— 2+ —2p, 10.4
Vo \/g -5 f D (10.4)
1 1 1
= — — 2D 10.5
3 \/3 \@ -5 P (10.5)
1
b1 = 5(25+ 2y + 2py + 2p;) (10.6)
Py = ( 5 — 2py — 2py + 2p2) (10.7)
1
g = 5(25 + 2p; — 2py — 2p.) (10.8)
1
V= 5 (25— 2ps + 2y — 2p2) (10.9)
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¢1 = c1lsmg, + c22py 0

¢2 = c3lspy, +ca2p. 0

Y = c125 + c22p, + c32py

1 = 0.45(2s) 4 0.71(2p,) + 0.55(2p.)

1y = 0.45(2s) — 0.71(2p,) + 0.55(2p.)

Y = c1lsy, + colsy, + 3257 + ca2pp A + C52py A + C62D2 A

Ve = c12p2 A + c22p. B

Hiy — ESn Hio— ESp | _ 0
Hiy — ES12 Hyp — ES2
a—F I6] —0
B a—FE |
4
i = cii2p;
i=1
Hy1 — ES11 Hio— ES12 Hiz— ES13 Hiy— ESis
His — ES1p Hy — ESy» Hy3 — ESyy Hyy— ESy | _ 0
Hyi3 — ES13 Hoz — ESy3 Hzz — FES33 Hzy — ES3y
Hyy — ES14 Hoy— ESyy Hsy— ES3y Hyy — ESyy
a—F B 0 0
15} a—F 15} 0 _0
0 I6; a—F 3 -
0 0 J6] a—F

(10.10)

(10.11)

(10.12)

(10.13)

(10.14)

(10.15)

(10.16)

(10.17)

(10.18)

(10.19)

(10.20)



z 1 0 0
4 1 =z 1 0 o
Bl % 1 4 1170 (10.21)
0 0 1 =z
gt =322 +1=0 (10.22)
+
2= 3 2*/5 (10.23)

Er = 2(a+1.61883)+ 2(a+ 0.61883)
= da+44728 (10.24)

Egeloc = Ex(butadiene) — 2E, (ethene) = 0.4725 < 0 (10.25)

Y1 = 0.3717 - 2p.1 + 0.6015 - 2.2 + 0.6015 - 2p.3 + 0.3717 - 2p.4
Ey = a+ 1.6188

Yo = 0.6015 - 2p,1 + 0.3717 - 2p,20.3717 - 2p,3 — 0.6015 - 2p4
FEy=a+0.6180

(10.26)
3 = 0.6015 - 2p,1 — 0.3717 - 2p,0 — 0.3717 - 2p,3 4+ 0.6015 - 2p.4
Ey = o — 0.6183
g = 0.3717 - 2p,1 — 0.6015 - 2p,o + 0.6015 - 2p,3 — 0.3717 - 2p,4
Ey=a— 16183
a—F J6] 0 0 0 J6]
15} a—F 15} 0 0 0
0 B a-E B 0 o |
0 0 8 a-E 3 o |=0 (10.27)
0 0 0 g a—E
0 0 0 0 J6] a—F




Ex

Ei=a+20

20— 62t + 922 —4=0

Ey=FEs=a+p

Ei=FEs=a-0

EGZOé—Qﬁ

2pz1 + 2pz2 + 2pz3 + 2pz4 + 2pz5 + 2p26)

2p22 + 2pz3 - 2pz5 - 2p26)

2pzl + 2p22

2pz3 -

2pz4 -

= (222 — 2p23 + 2pz5 — 2p26)

§2p22 -

2pz2 + 2]’23 - 2pz4 + 2pz5 -

§2pz3 + 2pz4 -

%2])25 -

2p26)

=2(a+28) +4(a+ B) = 6a + 83

%szS + %21726)

%2pz6)

(10.28)
(10.29)
(10.30)

Fi=a+ 2,8

E2 o+ ﬁ

E3 =a-+ ,6

E4 o —

E5 = —

E6 = — QB

(10.31)



Chapter 11

Computational Quantum
Chemistry

Pi(Da(l)  (1)BA) - PypD)a(l)  Pyp(1)8(1)
bo... N) = % ¢1(2?04(2) ¢1(2:)5(2) ¢N/2(:2)04(2) ¢N/2(:2)5(2)
P1(N)a(N) i(N)BN) - ¥njp(N)a(N) (¢N/2)(N)5(N)
11.1
n+1/2
Snlm(r, 0, ¢) = ([(2571)!]1/2 Tn—le—CrYzm(g, ¢) (11.2)
Gt (7,0, 6) = Ny L™ Y™(0, ¢) (11.3)
?1s (T) = d)i;I‘O(r’ 1'24) (11'4)
P15(r) = ¢SF (r,0.4166) (11.5)
3 1/2
qb?sTO(T? <) = SlOO(Ta C) = (7‘(‘) e_CT (116)
a\¥* _
¢iF(7°, a) = Groo(r,a) = <2ﬂ_> e " (11.7)
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3
Prs(r) = D didty (r,a1s)

=1

= 0.4446¢5T (r,0.1688) + 0.5353¢5F (r,0.6239) + 0.1543¢$F (r, 3.425)
(11.8)
M
Vi =Y Chidk (11.9)
k=1
N
Z(Fij — E;Sij)cji =0 (11.10)
j=1
|Fij — EiSij| =0 (11.11)
B2s(r) = ¢52 0 (r, 1) + dg31 O (7, C2) (11.12)

Ynmo = 154(1)1sB(2)+154(2)1sg(1)+1s4(1)1sA(2)+1sp(1)1sp(2) (11.13)



Chapter 12

Group Theory: The
Exploitation of Symmetry

¢1 =
P2 =
P3 =
P4 =
¢5 =
P6 =

=0 (12.1)

O, &8 R OO
—_— 8 kR O OO
8 R OO O =

_— o O O R
OO O =8 =
SO =8 = O

2% — 62 + 922 —4=0 (12.2)

(Y1 + Y2 + Y3 + Pa + 5 + )
1 — P2 + 3 — g + s — Pg)
(201 + b2 — 3 — 2hs — 5 + Ys)
(Y1 + 299 + b3 — g — 2005 — )
(201 — Y2 — Y3 + 2¢hs — b5 — ¥)
5 (W1 2 — s — Yu o 25 — W)

é\ H&\ -

3 o ~a\~

—

(12.3)
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0 | z-2 | 0 0 0 0
1
0 0 | z+1 x; 0 0
1
0 0 | x; z+1 | 0 0
1i
0 0 0 0 | z-1 2$
1_
0 0 0 0 | 2$ z—1
1 1—
z+1 xg z—1 2$
2 7 5 T
9 2 2
E(x+2)(w—2)(x+1) (x—1)"=0
N
2
Y di=h
j=1
N
2 _
Y di=h
j=1
N A
> (B =h
7j=1

u-v = |ul|v]|cosd

u-vV =1ujv] + ugvy + uzvs

u-v=uvy + usvs +ugvy =0

(12.4)

(12.5)

(12.6)

(12.7)

(12.8)

(12.9)

(12.10)

(12.11)

(12.12)



n
u-v = Zukvk
k=1

STxiR)xj(R)=0  i#j
R

> nR)xa(R)x;(R) = i#
classes
Y xi(R) =Y n(R)x;(R) = J# Al
R classes
(length)® = > "[x;(R)]?
R
SR =
R
Y n(R)G(R)P =h
classes
Y xi(R)xi(R) = Y n(R)xi(R)x;(R) = héi
R classes
X(R) = Z a;x;(R)
J
w =3 Y x(R(h)
R
=3 SRR = 1 3 xR
R classes

Hij = /¢;‘ﬁ¢jd7' and  Sj; :/¢;¢jd7
S, = / & psdr
RS;j = /R@kR%dT =Sij = /¢;‘k¢jd7

Ro; =xa(R)$; and Ro; = xu(R)g;

(12.13)

(12.14)

(12.15)

(12.16)

(12.17)

(12.18)

(12.19)

(12.20)

(12.21)

(12.22)

(12.23)

(12.24)

(12.25)

(12.26)

(12.27)



Sij = Xa(R)xo(B) [ 676, = xalR)s( RS,

Xa(R)xp(R) =1 for all R

Riy = [(Re})(RI)(Ro))dr = 1, = [ 6if10;dr

= Xa(R)xa, (R)xp(R)Hijj

~ ~ ~

Xa(R)xa,(R)xp»(R) =1 for all R

Py = (1 — s — a+ 1) o 1 —
P,y = § (1o — 3 — g + 12) o b — 3
Pa,pr = (1 + a4 tha + 1) o 1 + 1y
Pa,thy = (02 + s + 3 + ) o g + 13
Pg,ib1 = Pp,ihy =0

(4 z—-1)(a?—2—-1)=0

(12.28)

(12.29)

(12.30)

(12.31)

(12.32)

(12.33)

(12.34)



Chapter 13

Molecular Spectroscopy

AE =E, — E = hv

E, = (v+ 3)hv v=0,1, 2, ...

. h
B =
8m2cl
- =0,1, 2
Byy=G@)+F(J) = (v+ 1o+ BJ(J +1) "‘"]:0’ U

(13.1)

(13.2)

(13.3)

(13.4)

(13.5)

(13.6)
(13.7)

(13.8)

(13.9)

T (13.10)



Av=+1 (absorption)

AT o1 (13.11)

ﬂobs(AJ = +1) = Ev+1,J+1 - Ev,J

- (v+§>ﬁ+B(J+1)(J+2)— <v+;>ﬂ+BJ(J+1)

= U42B(J+1) J=0,1,2, ... (13.12)

Dobs(AJ = —1) = Eyy1.7 1 — Eyg = —2BJ J=1, 2, (13.13)
Eyy=0(v+3)+ ByJ(J +1) (13.14)
vr(AJ =+1) = Eij+1— Eoy

3. = 1. -
= §V+Bl(J+1)<J+2)—§V+B()J(J+1)

= U+42B1+ (3B —By)J+ (B —By)J? J=0,1,2, ...
(13.15)

vp(AJ=—-1)=Ey j 1—FEoj = ir—(B1+Bo)J+(B1—By)J*> J=1,2,3, ...
(

3.16)
By =B.—a.(v+1) (13.17)
F(J)=BJ(J+1) = DJ*(J + 1) (13.18)

F(J+1)—F(J)
9B(J +1) —4D(J +1)3 J=0,1,2 ... (13.19)



1 (d2V 1 (d3V
V(R)—V(R,) = = () (R—Re)*>+ = () (R—Re)*+ -
21 \ dR2 Ren, 3! \ dR3 Ren,

ko v 3 M
= = — — 13.20
2:c + 630 —1—241: + ( )

G(v) = Te(v+3) —Fele(v+ 3>+ v=0,1,2 ... (1321
Tobs = G(v) — G(0) = Dev — Zelev(v + 1) v=1,2 ... (13.22)

Etotal = ljel + G(U) + F(J)
Dol + Ve(v + 1) — Zele(v + 3)2 + BJ(J + 1) — DJ*(J + 1)
(13.23)

Tobs = Te + (30, — 2300 — (30 — 13000) + ol — #Lo00' (v + 1) (13.24)

Dobs = Do + 00 — Z0' (v +1) o' =0, 1,2, ... (13.25)

Jj=1
N
Iy = ij[(xj — Zem)? + (25 — 2em)?] (13.26)
—
JN
L. = ij[@j xcm>2 + (y; — ycm)2]
i=1

(13.27)



F(J,K)=BJ(J+1)+(C - B)K?

F(J,K)=BJ(J+1)+ (A - B)K?

AJ=0,+41 AK =0 for K #£0
AJ=+41 AK=0 for K =0
v =2B(J+1)

B(J+1) = 2Dy K*(J +1) —4Ds(J +1)*

Nvib Nvib 2
1 0V
AV = V(gi,q,-..,qn,,) — V(0,0,...,0) = = ()
Nvib Nvib
1
= 3 fijdiqj + -
i=1 j=1

1 Nyib
AV =23 FQj
j=1

Hyp == ) =55 1+5 2 FiQ;
o1 2k Q5 25 !

Hyp, = ) Hypj = <—2 + Fij)
j=1 o\ 2mdQy 2

Pyib (@1, @2, - - - Quib) = Yvib1 (Q1)Wvib,2(Q2) - - - Yvib, Ny, (@ Ny, )

Nyin
Eun =Y hvj(vj + 3) each v; =0, 1, 2, ...
=1

N ov
v — in e
ot

E = Egcos2nvt

(13.28)

(13.29)

(13.30)
(13.31)

(13.32)

(13.34)

(13.35)

(13.36)

(13.37)

(13.38)

(13.39)



HY = —p \E = —p -Eq cos 2mvt (13.40)

- ov
HY =ih— 13.41
ih 5 (13.41)
H=H9 4+ A = FO _ 1 .E cos 2rvt (13.42)
A L O
)y = jh =2
H%) =ih T (13.43)
Uy (t) = Pre B/ and Wy(t) = ihpe 1 E2H/M (13.44)
\If(t) = al(t)\Ifl(t) + ag(t)\lfg (t) (13.45)

ar(HOW, + ay(t) HOWy + ay () HOU, + an(t) HOW,

. 0¥y Loy da; | das ~(13.46)
- oL 2T L 4 i, 2
al (t)ZfL dt + a2 (t)’th dt + ih 1 dt + ih 2 dt
7 1O, — w4 i, 292
CL]_(t)H \I]]_ + CLQ(t)H ‘1’2 = Zh\l’lﬁ + Zh\IJQE (1347)

(Il(t) f?/);ﬁ(l)\lfldT—{—ag(t) flﬂ;ﬁ(l)\lfgd’r

(13.48)
=inh [wswidr +in %2 [ yswsir

ih% = a1 (t) exp [_"‘(Elh_EQ)t} / W5 HOydr + ag(t) / Y3 H podr
(13.49)
a1(0)=1 and a2(0)=0 (13.50)
. d —i(By — E))t L
zh% = exp [l(lh”} /¢2H(1)w1dr (13.51)



das i(EQ — Fy + hV)t i(EQ - F — hV)t
i & (#2)12F0- {eXp [ - ] + exp [ - ]}
(13.52)
(12)12 = /¢§uz¢1d7' (13.53)

az(t) o< (pz)12Eo0-
y {1 — expli(Ey — E1 + hv)t/h] n 1 —expli(E2 — E1 — hv)t/h] }

FEy— FE1+ hv FEy— FE1 — hv
(13.54)
E2 — E1 ~ hv (1355)
in?[(Ey — By — 2
sin”[(Es 1 — hw)/2h] (13.56)

as(t)as(t) o< (Ey — B — hw)?

2 7 ,
(MZ)J,MJ,,M,:,J/ / Y (0,6)*YM(0,¢) cos Osin0dfds  (13.57)
0 0

YM (6, ) = Nyp PM (cos 6)e™? (13.58)

MM ! |M| |M|
(NZ)J,M;J’,M’:NNJ,MNJ’,M’/O dpe' ™M= )¢/_1daz zPj" (z) Py ()

1
() gy v = 20Ny Ny /_1 dme}M'(x)P“]ka) (13.60)

(27 + D)zPM (@) = (7 = |M| + )P @) + (T + M) P () (13.61)

Yu(q) = NoH, (o' 2q)eo0 /2 (13.62)



(ue)oor = | NNy Hy (@ 2g)e ™2y (q) H (o Pg)e™ " 2dg  (13.63)
d
pe(q) = po + (d“) q+-- (13.64)
470

o0
(h2)ow = Nvafuo/ Hy(a'?q)H,(a'q)e™" dq
— 00

d [ee)
+ NN, (M) / HU/(al/gq)qu(al/zq)e_o‘quq
dq 0J—o0

(13.65)

EHy () = vHo-1(8) + 5 Hu41(€) (13.66)

(= S (S) [ Ho(©) [0 (©) + G Hun(6)]| et

(13.67)
Kz
I0—>1 :/¢0(Q17Q27"’7QNV1‘D) My wl(QlaQQW"7QNvib)dQ17Q27”'7QN\,ib
Kz
(13.68)
Yo(Q1,Qa, .., Q) = ce MU RGN Oy, (13.69)
RT/]O(QL Q27 ERRR) QNvib) = wO(Qla QQv R 7QNvib) (1370)

1(Q1,Q2, ..., Qnyy) = Yo(Q1)Y0(Q2) -+ Yo(Q—1)¥1(Q5)Vo(Qj41) - - - Yo(Qvib)
c’QjefalQf*aQQ%ﬂ'*anibQ?Vvib (13.71)

Ri1(Q1,Q2, ..., Q) = XQ, (R)¥1(Q1,Qa, ..., Qi) (13.72)



Rlp1=1Ip1 = /(3¢0)(Rux)(Rw1)dQ1dQ2 e dQuin

= XAl(R)Xuz(R)XQj(R)/¢0Mx¢1dQ1dQ2---dQvib

= X (B)xp, (R)xq@; (R)Io—1 (13.73)



Chapter 14

Nuclear Magnetic
Resonance Spectroscopy

o, 1 (1 2 cog _ 1 (1 2
Sa—2<21+1)ha S0 2<24;1>hﬁ i)
S,a = iha S‘zﬁ = _ihﬁ
/a*(a)a(a)da = /ﬁ*(a)ﬁ(a)da =1
(14.2)
/a*(a)ﬁ(o’)da = /a(a)ﬁ*((;’)do’ =0
p=iA (14.3)
i = % (14.4)
= % (14.5)
= q(r; v) (14.6)
p= %L (14.7)
n= QNﬁI = gnONI =1 (14.8)
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V=—unB
F = q(v x B)
V=—u.B,
V =—B.1,
H= —’yBZfZ

H¢ = —vB.1.4) = Ey
E=—-hym;B,

AE = E(m;=-1/2) — E(m; =1/2) = hyB,

B
y =12z (Hz)
2
w =B, (rad-s1)
Belee = —0Bg
2my w
By = =
Ti-0)  H(1-0)
7By
= — 1 —
VH o ( on)

resonance frequency of nucleus H relative to TMS

g =
spectrometer frequency

VH — VTMS
= = 7 ) %108
Vspectrometer

(14.9)

(14.10)

(14.11)

(14.12)

(14.13)

(14.14)

(14.15)

(14.16)

(14.17)

(14.18)

(14.19)

(14.20)

(14.21)

x 109

(14.22)



- B
81 — 6y = <M> X100 = — 120 (5y—oy) x 105 (14.23)

Vspectrometer 27y, spectrometer

61 — 6y = (09 — 1) x 10° (14.24)
ﬁ = —730(1 — Jl)le — ")/B()(l — UQ)fZQ (1425)
N N A hJia. =
H = —’}/Bo(l — 0’1)[21 — ’}/Bo(l — O'Q)IZQ -+ 711 -Is (14.26)
f{(O) = —’}/Bo(l - O'l)le - ’)/Bo(l - O'g)fzg (1427)
N hJio~ =
HWY = h—QHIl Iy (14.28)
o1 = ala(?) s = H(1a(?) a0
P2 = a(1)5(2) Y = B(1)B(2)
E;=E" + / dridrys HD g, (14.30)
HOy,; = EJ(())%. (14.31)

HOp = HOa1)a(2)

= —’)/Bo(l - 01>Izla(1)a(2) - ")/Bg(l - O’Q)Izga(l)a(Q)

_ _Wa(l)a(g) — W@(l)a@)
= EOq(1)a(2) = EOy, (14.32)
B = —nyB, <1 _ A ‘2“’2> (14.33)
O =B (14.34)



H, 11

h’yBo

B = 5 (02— 01)
E = nyB, (1 _ 2 ‘; 02)

il : iz = fxlfxz + fy1fy2 + fz1fz2

= hJ12 /dTldTQOé Oé ( ) leZQQ(l) (2)

h h?
_ Jl? /d ma(1)a(l) /dTga*(Q)a(Q)
hJ12
4
hJ
H, 20 = H, 33 —%
hJ
H 44 %
N h . ih
. . i
Ixﬁ = 50( Iyﬁ = —504
o1 +o hJ
By = —hwg <1_ 12 2> 412
h h
h h
o1 +o hJ
E4:h,1/0 (1— 12 2)+ 412
7Bo
V) = ——

2T

(14.35)

(14.36)

(14.37)

(14.38)

(14.39)

(14.40)

(14.41)

(14.42)

(14.43)



2
V13 = Vo(l — 01) — %
p (14.44)
Vo 4 = V()(l — 0'1) + 712
V34 = Vo(l — 0'2) + %
. . - hdaa -
H=—By(l —04)l.1 —vBo(1 —04)l.2+ 2 Il IQ (14.45)
HO = —yBy(1 — 04) (L. + I.0) (14.46)
an - hi:‘f“ i 1, (14.47)
b1 = a(1)a(2) by = %{au)m) — B(1)a(2)]
b3 = ji[au)ﬁ@) F8Ma@)] e =B1)BR)
(14.48)
B = EO4ED
= //dndea o™ { ~vBy(1 — O'A)(Izl + jzg)} a(l)a(2)
—{—//dTNlTQO& Oé thA (lel 2+Iyll 2 +IZ1I22) ( ) (2)
(14.49)
B = —~By(l—oa ( ) /dm a(1) /dTga*(2)a(2)

hJAAh /dﬁa (1)/(17'2(1*(2)04(2)

hJaa
4

= _h730(1 —0a)+ (14.50)



~ hJaa

E
3 4

hJaa
4

E4 = h"yBo(l — JA) =+

~ N “ hJio ~ “
H = —yBy(1 — 01)1.1 — vBo(1 — 03) Lo + h—;ﬁl Iy

$1=a(1)a(2) ¢2 = a(1)5(2)
¢3 = B(1)a(2) ¢4 = B(1)5(2)

Y = c1¢1 + ca02 + €303 + cay

B fdeldTQw*I:Id)
[ [ dridrayp*y
Hy —FE Hyo Hys Hyy
Hi»  Hyp—E  Hy My | _
His Hos H33 — FE Hsy
Hyy Hoy Hsy Hy — FE
Hi]’ = //dTldqub;(ﬁ(ﬁj
—di —do + hATJ - F 0 0
0 —d1 +doy — %J —F %]
0 b di—dy - —E
0 0 0

(14.51)

(14.52)

(14.53)

(14.54)

(14.55)

(14.56)

(14.57)

(14.58)

(14.59)

o O O

d1+d2+%—E
(14.60)



o1+ o2 hJ
- _ 1— nJ
Ex ho( 2 ) 4
hJ h
By =—— —5vi(on —02)* + 7
hJ h
E3_—I+§[V0(0'1—02)2+J2]
o1 +o hJ
E4_hy0<1— 12 2) T
J
V1—>2:V0(1—U1)—§
J
V3—>4=V0(1—01)+§
J
V1_>3=V0(1—02)—§
J
vo_y =19(l —02) + 3

(14.61)

(14.62)






Chapter 15

Lasers, Laser Spectroscopy,
and Photochemistry

rate — —d]\st(t) — Buapy(12) N1 (1) (15.1)

B d]\c[ilt(t) - d]\cr;t(t) = Bi2py(v12)N1(1) (absorption only)  (15.2)
dNs(t) I

- = Ag1No(t) (spontaneous emission only) (15.3)

- d]\;i(t) = Bo1py(r12) Na(t) (stimulated emission only)  (15.4)

_dNi(t)  dN(t)
dt  dt

= Biapy, (v12)N1(t) — A21 No(t) — Ba1py (v12) Na(t) (15.5)

_dNy(t) _ dNa(t)
dat dt

=0 (15.6)

8mh v

C3 ehlllg/k‘BT _ 1

pv(V12) = (15.7)

75



(12) = Agi
priviz (N1/N2)B12 — By

N; = ce Fi/kBT

No

Fl — e—(EQ—El)/kBT — 6—hl/12/kBT
(12) = Agy
pl/ 12) — 3126hV12/kBT . 321
Bis = B
8hrv?
Aoy = =3 2 By

Ba1py(v12)No > Biapy(v12) Ny

L dNy(t)  dN()
dat dt

= Bpy(vi2){N1(t) — Na(t)} — ANa(t)

B v No a. —
Ny(t) = Bpy (v12) Notal 1—e [A-‘:-QBpV(VlQ)]t}

- A+ 2Bpl,(V12)
Ng(t — OO) _ BPV(VIQ)
Niotal A+ 2BPV(V12)
Ny Ny 1

= < —
Niotal N1+ Ny 2

Niotal = N1(t) + Na(t) + N3(2)

dNo (t)
dt

=0 = A3aN3 — A1 N2 + p,(v32) B3aoN3 — p,, (v32) B3a N

N3[Asy + B3sap,(v32)] = No[Aay + Bsap, (v32)]

(15.8)

(15.9)

(15.10)

(15.11)

(15.12)

(15.13)

(15.14)

(15.15)

(15.16)

(15.17)

(15.18)

(15.19)

(15.20)

(15.21)



N3 Agi + Bsopy(vs2) (15.22)
Ny Aszp + Bsap,(va2)

o — number of molecules that undergo reaction

15.23
number of photons absorbed ( )

ICN(g) + hv — I(g) + CN(g) (15.24)






Chapter 16

The Properties of (Gases

=
s PV_ V. a
RT —b RT
RT A
pP=_ =
V-B TYV2V(V+B)
p_ RT B «
V-3 VV+8)+8V -0
s RT—» , BRT A\ AB
V_PV_<B P T1/2P>V—T1/2P 0
3 RT 2 a— ab
A (L

VP 3V V4 3ViV ~ V. =0
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(16.1)

(16.2)

(16.3)

(16.4)

(16.5)

(16.6)

(16.7)

(16.8)

(16.9)

(16.10)



RT. —2 a —3 ab

7o _ 2 == 16.11
3Ve=0b+ P 3V, P and V, 22 (16.11)
o A2/3R1/3 A \2/3
Ve=38473B, P =0020894——-m—, and T, =0.34504 (BR>
(16.12)
PV. 1/ a 27bR\ 3
= —(—=5) (30 = =0.375 16.13
RT. R<2762>( )< 8a ) 8 ( )
P.V. 1 (0.029894A%/3R/3 [BR]?/3
= 3.84730) | —————~ | = 0.33333
RT. R < B5/3 ( f) 0.34504A2/3
(16.14)
27(RT,)? RT,
6ap, " 8P, (16.15)
R2T? RT,
A =0.42748—="° and B = 0.086640 (16.16)
P, Pe
3 /= 1 8
<PR + 2) <VR - ) =2Tr (16.17)
Vi 3 3
\% 9
Z=="0 - = (16.18)
V -3 8VRTR
v 1.2824
__ VR - = (16.19)
VR —025992  7/5(VR +0.25992)
PV By (T) | Bsv(T)
Z="—=1 - 16.20
RT L V2 * ( )
PV 9
By (T) = RTByp(T) (16.22)

Boy(T) = —21 Ny / [e=/ksT _ 1172y (16.23)
0



) 3p3 1
U r)=——— <
d.d (47r€0)2 <3kBT) 76

Hinduced = O

9 2
- wios Haaq
Uinduced (1) = _(47750)27“6 - (4meg)?r®
( ) 3 < I > ajag 1
Udisp\T ) = — = 6
disp 2\ I + I ) (4meg)? 16
O 2 +2aﬂ2 43 lo”
6 3(47T€o)2kBT (47150)2 4 (471'50)2

00 r<o
0

u(r) = r>a0

(16.24)

(16.25)

(16.26)

(16.30)

(16.31)

(16.32)

(16.33)

(16.34)

(16.35)

(16.36)



Bay (T)

—27TNA/ [eu()/keT _ 1132y
0

—27TNA/ [0 — 1]r2dr — 27TNA/ [0 — 1]r2dr
0 o

2m0° Ny (16.37)

00 r<o
u(r) = —¢ o<r<Ao (16.38)
r> Ao

o Ao
—27TNA/ [0 — 1]r2dr — 27TNA/ [e5/*8T — 1]r2dr
0 o

—27rNA/ [0 — 1]r2dr
A

g

23Ny 2703 Ny

()\3 . 1)(es/kBT o 1)

3 3
213N,
%[1 — (N — 1)(e/keT 1)) (16.39)
P = fi_%
V—-b Vv
RT 1
(l—ﬁ) V
a
Boy(T) = b — — 16.41
v (T) AT (16.41)
o0 r<o
u(r) = _C% s o (16.42)
T
203Ny 2wNacg [ ridr
Boy(T) = -
v (T) 3 ksT Jo 16
213Ny 2m03 N
_ IO YA STO VACG (16.43)

3 3ksT



Boy(T) =B (16.44)

 RT3/2

By (T) =6 — BT (16.45)






Chapter 17

The Boltzmann Factor and

Partition Functions

h2
a
=2 = f(Eb EQ)
ai

aZf(El—Ez)
%Zf(Ez—Ez) and ;f:f(El—E3>

@2 _ B(E1-Ey)
ai

W _ BE~E)
a;
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(17.1)

(17.2)

(17.3)

(17.4)

(17.5)

(17.6)

(17.7)

(17.8)

(17.9)

(17.10)



a; = Ce PEi (17.11)

. —BE;
Y- ara2)
J
e PE;
pj = S BB (17.13)
QN,V,B8) =Y e PRNY) (17.14)
e—BE;(N,V)
pi(N,V,B) = Q(N.V.3) (17.15)
1
p= T (17.16)
eij(er)/k'BT
pi(N,V,T) = ONV.T) (17.17)
E. N’V *ﬁEj(N,V)
(B) = Y py(N,V, B BN, V) = 3 E - e - (17.18)
.j J ) 9
(meurvpy (826‘6’%‘“’”)
op Nv  QN,V,f) B NV
1
- - Z:[_EA(N7 V)]efﬁEj(N,V)
QN V. <
3 E;(N,V)e PE(NV)
R AR U719)
1
(E) =~ ( 81/16,Q>NV (17.20)
(E) = kgT? (6;rlTQ>NV (17.21)
Q(N,V,B) = 4V O (17.22)

N!



= R+R<

9 3/2
7rm> v

q(V, ) = <h25

Nahv  Nphve Bhv
2 1 — e Phv

(8;?>N,V N (gg>1\r,v

monatomic
R .
( ideal gas )

0 e~ Bhv
R+ Nahv o <1_ﬁh>

Uz%RTJrRTJr

Cy

Cv

[\Cl[SV]

5
2
_ Op Nahv 0 e Phv diatomic
T2 kT2 9B \1-—e O ideal gas
5
2

hv 2 e_h’//k?BT
k:BT) (1— e—hu/kBT)2
—Bhv/2 3N

1 — e Phv

J— hl/ 2 e*hl//k‘BT
CV = 3R ( ) (1 — e—hl//kBT)2

ROV = (5)

an e_BEj (va)

() =Y nvs) (<5 ) = 2 (-5 )y e v

n-r(59),

Q(N7 Va T) = Ze—ﬁfff Z e_’BEI; Z e_ﬁai .
g J k

= @V, T)a(V,T)q.(V,T)---

(17.23)

(17.24)

(17.25)

(17.26)

(17.27)

(17.28)

(17.29)

(17.30)

(17.31)

(17.32)

(17.33)



Q(V7 T) = Z €7ﬁsi = Z eiEi/kBT

QN V.T) = [q(V. )]V (

Q(N,V,T): Z e—ﬁ(6i+ej+gk+...)

i’j)kr“

q(‘/, T) = Z e_sj/kBT
J

6—8j/k‘BT

<€> :%:53’(](‘/’71)

e—€i/ksT e—ci/ksT

independent, distinguishable
atoms or molecules

[q(V, TV <independent, indistinguishable
atoms or molecules

7Tj:

gV, T) ~ ¥, e=i/mT

(17.34)

(17.35)

(17.36)

(17.37)

(17.38)

(17.39)

(17.40)

(17.41)

(17.42)

(17.43)

(17.44)



£ = &,Zt'rans 4 €;Ot 4 5%11) + 5?1‘30 (1745)

q(V) T) = (transYrotqvibYelec (1746)
__gtrans
Gorans = Y e & /KT (17.47)
J
e*5§rans/kBTe_5;'Ot/kBTe—E\];ib/kBTe_eleleC/kBT (17 48)
Tijkl = .
Y Gtransqrotdvibfelec

trans __grot __~elec _ ~vib
(Zi et /kBT) (Zje e /kBT) (Zle €5 /kBT)e eyib /kgT

ib
™Y =) Tk =

il GtransqrotdvibYelec
vib vib
C_Ek /k‘BT 6_616' /kBT
= = . 17.4
qVIb Zk e_s‘lélb/k"BT ( 7 9)
_ vib/kBT
vib vib € “k
€ = €
< ) Zk: F Qvib
01n qyip 01n qyip
= knT? = — 17.
B T 95 (17.50)
0ln Qtrans Oln Gtrans
trans\ __ k T2 () - — <> 17.51
(e'rans) B a7 y 23 § ( )
01n grot Oln qrot
rot —k T2 o _ _ o 17.52
(€Y = kg T 93 ( )
gV, T)= Y e silkel (17.53)
(stajtes)
(le\fels)
Grot (T) = 3 (2 + 1) W+ /20kT (17.55)

J=0






Chapter 18

Partition Functions and
Ideal Gases

Q(‘/a T) = Qtrans(vvv T)Qelec(T) (18'1)
h2
Enemyn: = 5 (R24n24n2)  nenyn.=1,2, ... (18.2)
00 5 o oo ﬁh2
— —PEngnyny — _ 2 2 2
e = Z 716 = 21 Zl 2—:1 o [ 8ma? (nx Ty +nz)]
N, Ny ,Nz= Ng=1lny=1n,=
(18.3)
3
ﬁh2 2
rans(V, 1) 18.4
T s
00 22 3
Gtrans(V. 1) = (/ e n®/ma? dn) (18.5)
0
2rmkgT\ /2
Qtrans(va T) - (h2B) %4 (18.6)
81n Gtrans
ran: = k T2
<5t a s> B ( T )V
= kgT? ( 0 { InT + terms independent of T])
oT v
= 2kpT (18.7)
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Gelec = deieiﬁsmr (188)

1

Qelec(T) = Ge1 + ge2€_ﬁ682 + - (18.9)
f2 9626_B662
Qelec(T)
B 9626_/6862
" gel + gepe P2 + gegePees 4.
36_/6862
- 1+ 367ﬁ662 + 26713863 -+ .- (1810)
Qelec(T) R el t+ 96267&562 (1811)
_ (QtranSQelec)N
QINV.T) = —— 7 (18.12)
2rmkpT %/
Qtrans(va T) == (7TTTlB) Vv
h2
(18.13)
Gelec (T> = Gge1 t+ 962675862 + -
0lnQ Olng 3 N geogepe o2
U=k T2( ) = Nk T2( ) = S NkpT+de2ce2¢ = .
" or N,V E orT \% 2 b Gelec
(18.14)
olnQ Odlng
P = kT = NkgT
b (3‘/ )N,T b <5V)T
0
= NkpT [W(lnv + terms not involving V)
T
NkgT
— ‘f (18.15)

€ = Etrans t Erot + Evib t+ Eelec (1816)



lav. DI

QIN.V.T) = =,

q ( V7 T) = (transYrotqvibYelec

Q(N’ v, T) _ (Qtrans(IrotQVierleC)N

N!
27 (my + mg)kpT 1%/
Qtrans(V, T) = |: ( 1 h2 2) B %
Jelec = Gel BDE/kBT —+ 9626_662/kBT
1
€U:(U+2>h1/ ’U:O7 1’ 2’
e—,@hu/2
(:IVib(T) == m
o—Ouin/2T
¢vin(T) = T om/T
d1n gyip Ovib Ouib
2 vi vi vi
(Byi) = NkpT?— 2> = Nk < by

)

Gy — W) _ <®wb>2 o~ Ou/T
T |

6*ﬁhl/(1}+%)

fU:

Qvib

1 — e_evib/j—‘)2

fo = (1 _ e—ﬁhl/) e—,@hm) _ (1 _ e—9v1b/T> e—U@vib/T

7@Vi T_ —Bh
foso=¢ /T — o=FBhv

Qrot(T) = Z(QJ + l)e_/BRQJ(J'H)/ZI
J=0

(18.17)

(18.18)

(18.19)

(18.20)

(18.21)

(18.22)

(18.23)

(18.24)

(18.25)

(18.26)

(18.27)

(18.28)

(18.29)

(18.30)



K2 h

ot = —— = —— 18.31

Orot 2Ikg ~ kpB (18.31)

Grot(T) = > (2J + 1)e~ Orer/IHD/T (18.32)
J=0

Gro (T) _ / e—@rotl‘/de
0

T 82 IkpgT
= o= = il h2B Ot < T (18.33)
rot
(27 + 1)e=OwrJU+D/T
fr =
Qrot
= (2] 4 1)(Oroy/T) e~ Oret/IHV/T (18.34)
T \Y/?2 1
Jimp & (29 t) -3 (18.35)
T
Grot(T) = 26 (18.36)
ro
T
Qrot(T) = Jrs) . (1837)
Q(Va T) = (QtransqrotqvibYelec
_ 2 MkgT 3/2‘/_. T _ e—Ovin/2T . eDe/kBT
h? 0010t 1 — e Owin/T Jel
(18.38)
7T 3 @Vi @vi ~Ovin/T
U=5RT + RT + R— LR : _b;@Vib/T — NaD, (18.39)
Cy 5 Ouib\? e OwnT
72t (F) Ty A



. N
Q(N, Vv, T) _ (QtranSQrotQVleelec) (1841)

NI
orMkgT|>/?
Qtrans(V, T') = {hQB} % (18.42)
Gelec = geleDE/kBT + - (18.43)
cn=3 (v +3)hwy v =0,1,2 .. (18.44)
j=1
« —Oyib, /2T
e ¥
Gvib = (1845)
j1:[1 (1 — e_evib,j/T)
[ Ouibi  Ouib o~ Ovib,; /T
Ey, = Nk V2. V2 18.46
’ szl< 2 * 1 — e Ovini/T (18.46)
= @vib,j 2 e‘evibvj/T
Cvyib = Nkp Z l( T ) (1= ¢ Owa/T)2 (18.47)
7=1
h .
Oyibj = il (18.48)
kg
8m2IkpT T
rot — = 18.49
(ot oh? 000t ( )
h2
r,j — | = Av B7 18.
O ST J C (18.50)
J(J +1)h?
Ejg=—""77I—
21 (18.51)
g7 = (2J +1)? J=0,1,2, ...
Grot (T) = Y (2 + 1)%e7 " II+1)/21keT (18.52)
J=0
71/2 T \3/2 '
Grot(T) = — ( ) spherical top (18.53)
g Orot



1/2 T T 1/2
@t (T) = U <@ ) <@ ) symmetric top (18.54)

g rot,A rot,C

xl/2 T3 1/2
rot (1) = tric t 18.
th( ) o (@rot,A@rot,B@rot,C) ASYIRELHE ToP ( 8 55)
2eMkpT\*? T (e Owalt D ke T
) = () v g H BT | 9
(18.56)
U 3 2 /00, Ovib,j /T D,
NesT 2 27 ; < 5T T cBuni/T _ 1>  kgT (18.57)
Cy 3 2 Ovib,j 2 Ovib,;/T
Nk 227" jzl ( T ) (€9l T — 1)2 (18.58)
q(V,T) = (27TM kBT>3/2 V.”l/2 T 1/2. et guyeDe kBT
7 h? o @rot,AQrot,B@rot,C j=1 (1 — €_®Vib’j/T) c
(18.59)
U 3 3 0 /0um, Ovib /T D,
N7 =3T3t ; ( or T By T 1) ~ T (18.60)
Cy 3 3 i vib,j €®Vib’j /T
N/{:B - 5 2 + Z ( ) Ovib,; /T _ 1)2 (18-61)

A = e—oz(n—l—l)2 . e—anQ _ e—anQ {e—a(2n+l) _ 1} (1862)



Chapter 19

The First Law of

[ ]
Thermodynamics
w = —Pug AV (19.1)
Vi
w = —/7 PoedV (19.2)
Vi
2 —_
/ dU = Uy — Uy = AT (19.3)
1
2 2nRT 2dv
Wrey = _/1 PganV__/l ?dV——HRT/I 7
— _nRTI L2 (19.4)
Vi
2
/ ow = w (not Aw or wy — wy) (19.5)
1
2 —_
/ dU =Uy, — Uy = AU (U is a state function) (19.6)
1
2
/ bw=w (not wy —wn) (path function) (19.7)
1
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= - tion)
) (path func
T
2 q (not go
bq =
\/1

dU = 6q + dw
AU =q+w
AUA =0
B
= _6Qrev,A = % VQ
§wrev,A .
Vz dv = —RT1 In Vl
_RTy /v T
= —Qrev,A =
Wrev,A o
GQrev,B = 0
e (Tyar
Cy (
T> (aU) dT — A
Ve=J. \ar ),
U = /T T
o ) 1 Ty év (T)d
- AT [
v,C =
qre v yar
Grev,c = 0+ -
+ Grev,
= (Grev,B
C
o N oy m)ar
— -
0
T+
ReUar
Cc = T
+ Wrev,
B
= Wrev,
c =
Wrev,B+ ) év (T)dT
= /1\11

(19.8)

(19.9)

(19.10)

(19.11)

(19.12)

(19.13)

(19.14)

(19.15)

(19.16)

(19.17)

(19.18)

(19.19)



— RT

Cv(T)dl = ——dV (19.20)
2 Cy(T) Vo qv V
—7—dl'=—R | — =-Rln= 19.21
w/Tl T Vl V n Vl ( )
(T2)3/2 . E (monatomic) (19.22)
T Vs ideal gas :

SV A (19.23)
U= pj(N,V.B)E;(N,V) (19.24)

j

¢—BEj(N,V)
pi(N,V,B) = m (19.25)
dU =Y p;jdE; + ) Ejdp; (19.26)
j j

dU = p;(N,V,B) (%)N dV + > E;(N,V)dp;(N,V,5)  (19.27)
J J

dU = dwWrey + Oqrev (19.28)
N, oF;
OWrey = Zj:pj (N,V,B) ( T )N dv (19.29)
Sqrev = > Ej(N,V)dp;(N,V, ) (19.30)
J
_ OE;\ OF
pP= zj:p](N,V,ﬁ) <8V>N_ <(8V>N> (19.31)
_ Vs
AU =qg+w=q— /7 PoidV (19.32)
Vi

AU = qv (19.33)



gp = AT + Py VV2 AV = AT + Py AV
1
H=U+PV
AH = AU + PAV (constant pressure)
qp = AH

AH = AU + RT Angas

Cv=<aU) NAU_QL
14

T )y~ AT — AT
C _<8H> ~ BH _ ap
P=\or)p~ AT ~ AT
H=U+nRT (ideal gas)
dH dU
diT—diT‘i'nR

Cp—Cy =nR (ideal gas)

H(Ty) — H(T}) = TTQ Cp(T)dT

T
H(T) — H(0) = /0 Cp(T")dT’

Tfus

T
H(T) — H(0) = CH(T)AT + AwsH + | CH(T")dT’

0 Trus

ArL[ = Hprod — Hyeact

A, H (reverse) = —A, H (forward)

(19.34)

(19.35)

(19.36)

(19.37)

(19.38)

(19.39)

(19.40)

(19.41)

(19.42)

(19.43)

(19.44)

(19.45)

(19.46)

(19.47)

(19.48)



C(s) + O2(g) — CO2(g)
2 C(S) +2 02<g) — 2 COQ(g)

2C(s) + Ha(g) — C2Ha(g)

AcH = yA¢HO[Y] + 2A¢HO[Z) — aA¢HO[A] — bA¢H®[B]
AH(Ty) = ylHy(Th) — Hy (0)] + 2[Hz(Ty) — Hz(0)]
— a[Ha(T2) — Ha(0)] — b[Hp(T2) — Hp(0)]

Hx(Ty) — Hx(0) = 0T2 Cp.x(T)dT

ArH(Tl) = y[Hy(Tl) — Hy(O)] + Z[Hz(TQ) — Hz(O)]
—a[Ha(T1) = Ha(0)] = b[Hp(T1) — Hp(0)]

Hx(Th) — Hx(0) = OTI Cpx(T)dT

T
AH(Ty) = AH(T) + [ ACH(T)dT
Ty

ACP(T) = prvy (T) + Zsz(T) — LLCRA(T) — bCp7B (T)

(19.49)

(19.50)

(19.51)

(19.52)

(19.53)

(19.54)

(19.55)

(19.56)

(19.57)

(19.58)






Chapter 20

Entropy and the Second
Law of Thermodynamics

6Qrev = dU — 6wrev = CV(T)dT + PdV
RT
= Cy(T)dT + Lv dv (20.1)

OGrey . Cy(T)dT nR

T T + Vdv (20.2)
ds = (SqTeV (20.3)
]{ ds =0 (20.4)
6QI‘GV _

2% —o (20.5)
6QreV,A = %dv (206)
6QreV,B =0 (207)

2 Cy(T) Va
dl' = —Rln = 20.8
- 0y (20.8
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A 1 Tl i Tl V
v Qv v
= — = Rln—
vw V %1

ASB+C =ASp+ ASc = O—l—RlnE = Rlnﬁ
Vi Vi

6qrev,D = dUD - 6wrev,D = UV (T)dT + PldV

6qreV7E = dUE = év(T)dT

Up + Ug = constant
VA = constant VB = constant
S =57+ 5B
dUA = bqrey + SWrey = TadSa

dUp = 6Qrev + dwrey = TBASB

dS = dSa+dSs

_dUx n dUs
- Ta T
1 1
dS=dUp | — — —
’ <TB TA>
ds >0 (spontaneous process in an isolated system)
ds =0 (reversible process in an isolated system)

ds — dSpI‘Od + dSeXCh

0
dSprod + ?q

(20.9)

(20.10)

(20.11)

(20.12)

(20.13)

(20.14)

(20.15)

(20.16)

(20.17)

(20.18)



— 6Qrev

as T

6Qirr
T

oq
ds > -2
S_T

as >

oq
> —
AS > 0

Al Al
[[ (a17a27a37"'): | | | = |
atlaslas!. .. Hj a;!

S=kglnW
S =kglnQ)

AnixS/R=—y1Iny; — yolnys

2 Oqrev
AS = /1 e

2 §q 2 Sw V2 qv Vs
AS = V= —* —nR — =nRIn-—=
A 1 T " w V " nV1
nN NBr
AS = —nny,RlIn ———2— —np,, Rln ———2—
N NNy + MBry Bra TNy + MBry
B N
AleS = _Rzyj In Yj
j=1
Ty
AS =Cyln—
VlflT1

AS = AS,+AS.
(Th + TC)2
4T

(20.19)

(20.20)

(20.21)

(20.22)

(20.23)
(20.24)
(20.25)

(20.26)

(20.27)

(20.28)

(20.29)

(20.30)

(20.31)

(20.32)



AUeHgine = W + Grev,h + Grev,e = 0 (20.33)

6Qrevh 6Qrevc
A engine — ’ = = 20.34
Seng T + T, 0 (20.34)
T T, — T,
flici =1—-—== 20.
efficiency T T (20.35)
0ln @ 0ln@
U:kT2< ) :< ) 20.36
b oT Jnv 9B Jnv ( )
olnQ
P=k T( > 20.37
BEov e (20:37)
Al
Sensemble = kpln =——— =kgIn Al — kg > Inay!
= kpAlnA— kA — kBZaj Ina; + kBZaj
J J
= ksAlnA—kg) ajlna; (20.38)
J
Sensemble = kBAlIl.A - kB ij-Alnij

J

kgAln A — kg ijAlnpj — kg ijAlnA
J J

(20.39)
Ssystem = _kB ij lnpj (2040)
J
o—BE;(NV)
pi(N,V,f) = (20.41)

QN,V, )



S = —kBijlnpj
J
e PE;

J
= —kB Z 0 (-BE; —InQ)
j
o—BE;
_ ﬂkBZEJG i +k:Ban ZeiﬁEj
;@ @ %
U
= — +kglnQ (20.42)
T
1
sszT<8 nQ) +hpInQ (20.43)
8T N7V
- 3 2rmkpT\ /% —
§=3R+R Kth) V] — kpln Ny! (20.44)
- 5 2rmkpgT\*/? V
dS = —kg» Inp;dp; (20.46)
j
dS = kg Y E;j(N,V)dp;(N,V, ) (20.47)

J

dS = Bkpdgrey (20.48)






Chapter 21

Entropy and the Third Law

of Thermodynamics

dU =TdS — PdV
(35) _COv
or), T
a5 1 oUu
(av)T =7 [“ (av)J

ou ou
dU = (M’)VdT+ <8V)Tdv

AS =5(T) - S(Th) = /T2 L (constant V)

e T

dH =TdS + VdP

(o0), =7 1(57), 7]

AS = S(Ty) — S(T}) = /TT2 CP(;:)CZT

<85) _ Cp(D)
P

(constant P)
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(21.1)

(21.2)

(21.3)

(21.4)

(21.5)

(21.6)

(21.7)

(21.8)

(21.9)



9]

T / /
S(T)=S(T=0) +/ C’p?/)dT (constant P)
0

S=kglnW

S = —kBijlnpj
J
"1 1
SOK)=-kg) —In—=kgln
j:ln n

S(T) = /0 T Cp(T")dT’

T!
Qrev

AtsS =
trs Ttrs
AtrsI_I

AysS =
trs Ttrs

/Tfus Cp(D)dT | AnsH / Tan Cp(T)dT
0 ,Tfus T
AHyp | /T CE(T")dT’

T Tfus

+

/
Tvap Tvap T

_ /T Cp(T) )dT" 12#;3 / T
0 507

T/
_ 12a'RT® _ Cp(T)
503 3 3

B olnQ
S—kBan+kBT< T )NV

Q(N,V,T) Ze §(NV) ke T

(21.10)

(21.11)

(21.12)

(21.13)

(21.14)

(21.15)

(21.16)

(21.17)

(21.18)

(21.19)

(21.20)



1 Zj Eje_Ej/kBT

_ —E;/kpT
S—kBln%:e T > e BT (21.21)
T N
Q(N,V,T) = W]’V,)] (21.22)
2rmkpT\ %2
q(V,T) = (th) V- ger (21.23)
2 MkgT\>/? T  e—Oun/2T
Q(V’ T) - <hQ> V'J@ t ' 1 — e=©vin/T 'geleDE/kBT (21'24)
Iro
orMEkgT\%2 T |35 ¢=Own/2T
V1) = (T ) Vg | 11 e | gae™ /T (2129
Tro jzl
3/2  _1/2 3 1/2 [3n—6 __@,, /2T
(v = (T (T O | Dkt

’ h? o 0460500 i 1 — e Ovin/T
(21.26)
S = Nkg + NkgIn {q(V, T)} + NkgT (8lnq) (21.27)

T )y
S 2rMkpT\%/? Ved/? Te o
- — l l _1 1 — v1b/T
R HK % ) Na | Tl e )
Ouib/T

b/T g (21.28)

€Ouin/T _ 1






Chapter 22

Helmholtz and Gibbs
Energies

dU = 6q + dw
dU <TdS (constant V')
dU—-TS)<0 (constant 7" and V')
A=U-TS
dA <0 (constant 7" and V)

AA =AU —-TAS
AA=AU-TAS<0 (constant T" and V)
AA =AU —-TAS
AA = Wyey (isothermal, reversible)

d{U—-TS+PV)<0 (constant T and P)
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(22.1)

(22.2)

(22.3)

(22.4)

(22.5)

(22.6)

(22.7)

(22.8)

(22.9)

(22.10)



G=U-TS+PV

dG <0 (constant T' and P)
G=H-TS
G=A+PV
AG=AH-TAS<0 (constant T" and P)
AG = w,py (reversible, constant T" and P)

dA = —PdV — SdT

(7). = (),

V2 P
AS = (8) av (constant T')
1% 8T 1%
_ Va qv Vv
AS=R /7 — =RlIn Q (isothermal process)
Vi V Vl

oUu oP
(av)f ‘P”(aT)V
oOP oV
— =T == e
Cp—Cv <8T>V(8T>P
OV\2 /0P
co=cv=-1(5), (5v),

oo L <‘9V)
~ v\or),

(22.11)

(22.12)

(22.13)

(22.14)

(22.15)

(22.16)

(22.17)

(22.18)

(22.19)

(22.20)

(22.21)

(22.22)

(22.23)

(22.24)



o ()
N oT ) p

v
TV
Cp—Cy =2
Va
AA=— Pdv (constant T)

Vi

Va
AA = —nRT/ v —nRT In L: (constant T')

1% V Vl

dG = —-SdT' + VdP

~(6n). = (r),

P
AS = — /P12 (g;)PdP (constant T')

OH ov
(ap)T—V‘T(aT)P

dU =TdS — PdV

oUu oUu
dU = [ — d — d
v (aS)V S+<5V)s v

oUu oU
%Y 7 %) —_p
(65>v and <5V>s

oP
— R _P
dU = [1 ( ) ]dv + Cydl

1
ds = de + PdV

03 1 03
—_— = — - :P
(8U)V 7 and <6V>U

(22.25)

(22.26)

(22.27)

(22.28)

(22.29)

(22.30)

(22.31)

(22.32)

(22.33)

(22.34)

(22.35)

(22.36)

(22.37)

(22.38)



dH =TdS + VdP
dA = —SdT — PdV
DA DA
(57),=-s = (5),=-"
(o), = (o7)
ov)r oT )y
dG = —SdT + VdP
oG oG
<8T)p =-S5 and (WD)T =V
(57), =~ (7)
oP)r  \oT)p
dU = TdS — PdV
dH = TdS + VdP
dA = —SdT — PdV

dG = -SdT' 4+ VdP

) Pid
S(P') — S(1 bar) — —/1 . (‘;;)Pdp

1 bar /91
= / <8T>pdp (constant T')

pid

95
o
—~~
—
o
&
=
|
2

. 1 bar p
pid :—/ —=dp
(P*) - o

(22.39)

(22.40)

(22.41)

(22.42)

(22.43)

(22.44)

(22.45)

(22.46)

(22.47)

(22.48)

(22.49)

(22.50)

(22.51)



o 1 bar av R
S°(at 1 bar) — S(at 1 bar) :/ [() - ] dpP
oT P P

Pid
PV BQV(T)
- P
Rt TRr U
dBoy

S°(at 1 bar) = S(at 1 bar) +

Py
AG = VdP (constant T')
Py

— Pqp Py
AG = RT — =RT'In—
P, P . nPl

G(T,P) = G°(T) + RT In(P/1 bar)

<6G/T) __H
or )Jp T2

(aAG/T) __AH
or )p T2

TUS
H(T) - H(0) = /0 " O (T)AT + ApsH
Tva

+ [ T OWT)AT + AvapH
Tfus

T
+ / C%(T")dT’
Tvap

Trus O'% (T) Apus H
S(T) = P ar s
( ) /0 T ar+ Tfus

Tvap CL(T Avar H
o [ O T gpy A

Ttus T Tvap
T Cg (T’)
P
vap

G(T, P) = G°(T) + RT'n ;

x (1 bar) + - --

(22.52)

(22.53)

(22.54)

(22.55)

(22.56)

(22.57)

(22.58)

(22.59)

(22.60)

(22.61)

(22.62)



aa) _
_ — V
(37,

— _ i P
G(T,P)=G(PY,T)+ RT'In S + Bar(D)P +

G(T,P)=G°(T) + RTIn% + Bop(T)P +

G(T, P) = G°(T) + RT'In -

fo

pPe RT 2RT

f(P, T) — P exp [BZP(T)P + ng(T)P2
foo P

AG, = GY(T, P) - G(T, P)

AG1 = RTIn ];

Bsp(T)P2
Bsp(M)P” |

Bsp(T)P?
Bsp(M)P” |

. ]

(22.63)

(22.64)

(22.65)

(22.66)

(22.67)

(22.68)

(22.69)

(22.70)

(22.71)

(22.72)

(22.73)



Chapter 23

Phase Equilibria

g 1
dG = (gi) dn® + @Gl) dn'
nc/pr ") pr
(oey (o
onsg PT 87”&1 PT

)

g 1
pe = (8Gg> and p' = <8G1>
on PT on PT

dG = (& — p')dn®

p(T, P) = 1i’(T, P) (equilibrium between phases)

dG =

(23.1)

(23.2)

(23.3)

(23.4)

(23.5)

(23.6)

(23.7)

(23.8)



P 5" -5  AwS

o _ - 2 23.9
dr Vﬂ — Va Atrs‘/ ( )
dP  AyH
- = — 23.10
AT TALV ( )
P Swpll (23.11)
ar pvE-v)
1dP  dinP AypH
Lalr — 23.12
PdT dT RT? ( )
b AvanH [ 1 1 AvanH (T — T
In—= = =Y (=~ ) = P ( > 23.13
2 R (T2 Tl) R \ 0D (23.13)
AvapH
InP = “RT + constant (23.14)
A B C
mMP=—-———+—InT+ -T+ K+ O(T? 23.15
n BT + 7l + 7 + K +0(T%) ( )
4124.4
In P(torr) = - - 1.816301n 7T + 34.4834 (23.16)
P> AgnH
o = P o7 (23.17)
dpP! | AvapH
o7 = P s (23.18)
dPs/dT  AgwH
= — 23.19
dP'/dT ~— AypH ( )
AgubH = Apys H + Ayap H (23.20)
olnQ
U= kpgT? ( ) 23.21
B T )nyv ( )

S = kT <8IHQ> +hplnQ (23.22)
oT N,V




A= —kgThhQ

0A 0A 0A
A = (22} ar4 (&8 o2
<3T)N,V - (8V>N,Tdv+ <3N>T,VdN

0A
= —-8dI — PdV — dN
* (8N>TV
dA = —SdT — PdV + (M) dn
(971 TV

- (50), (50)
o on T,P_ on )y

MZ—kBT<aan> :—RT(81HQ>
V,T V,T

on ON
p = —RT(lng—InN—-1+1)
= —RTln(‘]/\’[T) (ideal gas)
g\ V
— _RThnl|(Z) 2
u=-rrn () 5]
q kBT}
= —RTh|(=)—
g f “Kv) P

- —Jﬂﬂn{(g)kBT}+fﬂﬂnP

w(T,P)=p°(T)+ RTIn P

MG%nRTng)@ﬂ

P
w(T, P) = p°(T)+ RT In =

(23.23)

(23.24)

(23.25)

(23.26)

(23.27)

(23.28)

(23.29)

(23.30)

(23.31)

(23.32)

(23.33)



[ = —RTan )kBT}+RTlnP°

<la <la

kT
= —RTI1 23.
R n[( )Po} (23.34)
qV,T) = e*EO/kBT[l + e (e1—0)/kpT 4 o—(e2—e0)/kpT .. ]
e~eo/kaT 0y ) (23.35)
uw’(T)—Ey = —RTIn [(

<L <SS
N——
IER
oS,

_ —RTan ) RT] (23.36)

2mmkpT\ /2 T 1
0 _ B . .
1 (V7 T) B ( h? ) v Ot 11— e~ Ovin/T

(23.37)



Chapter 24

Solutions I: Liquid-Liquid
Solutions

oG oG
dG = () dT+(> dP
or Pmni,na opP Tn1,m2

oG 0G
+ <) dni + <> dns
ony PTno Ong PT.ny

dG = =5dT + VdP + pidng + padne

oG —
i = (T, Pyny,ma) = (871) =G,
J T,P,nz‘#j

- oY
Yj = Yj(T, P, nl,ng) = <8n>
J T,P,T’L,L#J

dG = prdny + pedng
G(T, P,n1,n2) = pini + pans
V(T,P,ni,n2) = Ving + Vang
pj =Gy =H;—TS;
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(24.1)

(24.2)

(24.3)

(24.4)

(24.5)

(24.6)

(24.7)

(24.8)



d,uj = —gde + dep

niduy + nodus =0 (constant T and P)
x1dp1 + odus =0 (constant 7" and P)
'LLJYap _ M;ln

i = W = p(T) + RT In P
15(1) = i (vap) = u3(T) + RTIn P}

P.
In * J
p;" = p;(l) + RTIn —PJ*

Pj=xz; P}

™ = p5(1) + RT In

Piotal = Pi+Py=a1P +29P5 = (1 —29) P + x2P5

= P +ay(Py - PP)

1
n. Yz — Tq

nVvVap Tgq — T2

AnixG = G™(T, P,ny,ny) — GI(T, P,ny) — G5(T, P, ny)

ApixG' = ™ + nopd™ — nap — nop
= RT(m Inzy + n9ln .’Eg)

(24.9)

(24.10)

(24.11)

(24.12)

(24.13)

(24.14)

(24.15)

(24.16)

(24.17)

(24.18)

(24.19)

(24.20)

(24.21)



i 8AmixGid
ApixSd = — <> = —R(nilnz; + nglnwzg) (24.22)
Pni,no

oT
id 8AmiXGid
AV = [ Zomx =0 (24.23)
oP
T,ni,n2
Amix H'Y = A G + TAL S =0 (24.24)
P1 — xlpl* as xr1 — 1 (2425)
P1 I ]{JH’liL'l as r1 — 0 (2426)
P, — x; P! as x; — 1
’ 7 ’ (24.27)
Pj — .TUjk‘HJ‘ as iL‘j —0
Oln P dln P
:1;1< - 1) da:1+:1:2< - 2) dwy = 0 (24.28)
ox1 Jrp Ora Jrp
dln P Oln P
a:1< - 1) :xg( - 2) (24.29)
or1 Jrp Ora Jrp
/ / / "o
l,, _ n,l, -l—n/% _ % l’/g (24.30)
n ny +nyg  To— Xy
sln * F)j
J
" =+ RTInz;  (ideal solution) (24.32)
Py = 21 P} exp(aas + Bxs + -+ ) (24.33)
p1 = pi + RTInz + aRTx3 + BRT S + - -- (24.34)

™ =yt + RT Ina; (24.35)



a; = — (ideal vapor)

a;
J
J .

€

r1dIna; +xodlnags =0

a; = —- (ideal vapor)

P;
In __ J
p;" = p; + RTIn z

In * HZ"kH7‘
= g RTIIR (= 0)
kn,,
f’;

,u;f + RT In + Rij (l‘j — 0)

ku,j

Pj?“

pi™ = p¥ + RTIn —* + RT Ina;

P:
aj = —- (ideal vapor)
kg

,uj-ln =p; + RT'naj = pj + RT Inx; + RT In~;
AnixG/RT =nilnz; +nglnzy + nylny + nolny,
AnmixG/RT = z1Inzy + 22Inzo + 21 Iny; + 22 In7ys

AnmixG/RT = z1Inz1 + 29 In 29 + ax29

Amixé

w

RT
= —(x1Inz + z2lnxe) + 129
w

(24.36)

(24.37)

(24.38)

(24.39)

(24.40)

(24.41)

(24.42)

(24.43)

(24.44)

(24.45)

(24.46)

(24.47)

(24.48)



d(AminG/w) RT

Inz; —In(1—=z1)]+ (1 —221) =0 (24.49)
ox1 w
GE = ApnixG — Apix G4 (24.50)
@E/RT =zx1lnvy; + 22 lny, (24.51)
G"/RT = am122 (24.52)
P1 = 1‘1P1*6aa€ P2 = nggeax% (2453)
2 2 N+ N-
U= 2Vi €11 + : €29 + Sb €12 (24.54)
2(Ny + No) 2(Ny + No) N1+ Ny
1
w = zNp €12 — 5(611 + €22)] (24.55)
U — 2’611N1 ZGQQNQ _ U)NlNQ (24.56)
2 2 NA(Nl + NQ)
leNQ
=G _ 24.57
Gsoln Gldeal + NA(Nl + Ng) ( )
wNaANINY
=G; - 24.58
Gsoln Gldeal (nl T n2) ( )
= (GG> _ <8Gideal> +w (0”1”2/8(”1 + ”2)) (24.59)
Iy /) 7.pny ony /) 7.pn, n1 o
p = pi+ RTInx + wrl
= ut+ RTIn(zyev®3/BT) (24.60)

Py =z, Prev*s/RT (24.61)



Py = 2o P} e""i/RT

AnixG =
mixG = RTInx1 + noRT Inxo — 2w

(nox + nya3)

_ BmixG
(n1 + no)RT =aulnz +@inm - Yl
2kgT
_ BmixS
(1t B —z1Inx — 22 Inas

AnixH ZWT1T2

(n1+n2)RT 2T

(24.62)

(24.63)

(24.64)

(24.65)

(24.66)



Chapter 25

Solutions II: Solid-Liquid
Solutions

P,
ay = Fi (Raoult’s law standard state) (25.1)
1
P
a2 = - 2 (Henry’s law standard state) (25.2)
H,x
n2
= 25.3
mn 1000 g solvent ( )
no m
= = 25.4
T fns 1000 g-kg ! o (25-4)
My
s = m (25.5)
55.506 mol-kg—1 + m
agym —m as m —0 (25.6)
P
aA2m = 2 (257)
kH,m
n2
= 25.8
“~ 1000 mL solution ( )
asge — ¢ as c—0 (25.9)
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Py

agc =

kH,c
T _ no N C
2 Tl +ny (1000 mL)p — M .
M,
CM1

(1000 mL)p + c(M; — My)

m

Ina; =lnzy =In(l —z9) & —z2 =

_ me
55.506 mol kg1

Ina; =
(55.506 mol-kg™")dIna; +mdlnas = 0

mp—1
i == 1+ [ (C2) d
0 m

15— ph
RT

lna1 =

(8111@1) CH, -H,  AnH
P,xq

oT RT?2  RT?

Tfus A £ F
1 — us dT
na /T RT?

fus

ATfus = Kfm

— $2 = R TleS T2 R TT —

fus

AtsH [Toe dT  ApoH ( 1 1

Afusﬁ Tfus - Tles
R Trus TE

fus

~ 55.506 mol-kg—!

Tfus

(25.10)

(25.11)

(25.12)

(25.13)

(25.14)

(25.15)

(25.16)

(25.17)

(25.18)

(25.19)

(25.20)



- m N Mim
"~ 1000 g-kg ! 71000 g-kg~!
—==_1m
M,

%)

A,Tfus = Tftls — Trs = Krm

My R(Tftls)Z

K; = 15/
P 71000 g kg T ApoH

ATyap = Tvap — Tl = Kym
Ml 1%(1—‘\;‘;)@)2

Ky, = P/
> 71000 gkg ! AypH

@3 (T, P) = p§™(T, P + 11, a1)
oui T
=V
<8P>T !

wi(T, P) = p™(T, P +1,a1) = (T, P+ 1) + RT Ina,

PHIT__
/ V'dP + RTIna; =0
P

OV* + RTlna; =0

II = cRT

M2 = Vifiy + V-
po = ps + RT Inag

py =pS + Rl nay

p— =pu2 +RTna_

(25.21)

(25.22)

(25.23)

(25.24)

(25.25)

(25.26)

(25.27)

(25.28)

(25.29)

(25.30)

(25.31)

(25.32)

(25.33)

(25.34)



az = ata’” (25.35)

az = a4 =a’ra” (25.36)
ay = af = (mTm’7) (v ) (25.37)
miy = mim” (25.38)
VL= (25.39)
as = a. = miyY (25.40)
vme

Ina; = — 25.41
B = 55506 (25.41)

mp—1
lnfyi:gb—l—l—/ <¢ p )dm’ (25.42)

0 m

¢ = 1—(0.3920 kg"/2-mol~"/2)m!/2 + (0.7780 kg-mol~!)m
— (0.8374 kg*?-mol=%/2)m3/% + (0.5326 kg?-mol~2)m?
— (0.1673 kg2 -mol~>/?)m>/? + (0.0206 kg>-mol~3)m?

0 <m < 5.0 mol-kg™* (25.43)

vm vmMy
= =~ 25.44
T2 7000 g kg ! . 1000 g-kg (25-44)
_— vm
My
AT = vKem (25.45)
ATy = vKpym (25.46)

Il = vMRT (25.47)



2
K‘/ -
In Y5 = qj

~ 8megerkpT
Inye = —|g+g-|-———
ny+ ‘quq |87T€05rk3BT
2
W2 — 28: %5 (NJ>
=1 EoETkBT V
s qu'cj

K% = N4(1000 L-m~%) >
j=1

1SN
Io = 52%%‘
j=1

2 _ 2¢*N4(1000 L-m™?)
eoerkT

coerkpT

I./mol-L~*

pi(r)dr = —g;r*re™"" dr

1 304 pm

% (¢/mol-L—1)1/2

Inyy = —1.173|24 2 |(L./mol-L~1)1/2

_ 1.173|zp 2 |(Io/mol L)1/
1+ (I./mol-L—1)1/2

Invyy =

1.173|Z+Z—|(Ic/ mOI’L_1)1/2
1 — C
no T+ (I mol Lz 7

Inyy = ln’yil + IH’YHS

14 22)1 /2 — g — 2?2
n’yel_ﬂf(+x) r—-x

1 =
+ 4 pd3
9 2 3 3
y—-y"+ =y
In~HS = 4 38

-9

(25.48)

(25.49)

(25.50)

(25.51)

(25.52)

(25.53)

(25.54)

(25.55)

(25.56)

(25.57)

(25.58)

(25.59)

(25.60)

(25.61)






Chapter 26

Chemical Equilibrium

vaA(g) +veB(g) = vy Y(g) + vzZ(g) (26.1)
dna = —vad€ dny = vyd€
dng = —vpdE dng, = vzd¢ (26.2)
—_———— ————

reactants products

dG = Z,ujdnj = padna + ppdnp + pydny + pzdny (constant 7' and P)
J

(26.3)
dG = —vapadS — vpupdé + vy pyd§ + vzuzdg
= (vypy +vzpuz —vapa —vpup)dé  (constant T and P)
(26.4)
oG
() = Vypy + Vzjiz — VAUA — UVBUB (26.5)
o6 ) r.p
oG
() = AG = vypy + vzl — VAIIA — VBIB (26.6)
98 ) rp
AG = AG° + RTInQ (26.7)
AG(T) = vypy (T) 4 vzpz(T) — vapa(T) — vepp(T) (26.8)
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Py /PO)™ (Py/P°)"

_
= Baf Py (Paf P (26:9)
oG
(£E>TP::A4;=0 (26.10)
AG°(T) = —RT In (P‘ZZP%]Z) = —RTInKp(T) (26.11)
Py* Py cq
PYY Py
KP(T) = (PEAP]ZVB>EQ (26'12)
PCls(g) = PCl3(g) + Cla(g) (26.13)
Kp(T) = oL (26.14)
Ppcy;
Kp(T) = o P (26.15)
r B 1- gqu ‘
P =cRT and P° =c¢°RT (26.16)
i = (BY/PO)(Py/P0)”
U (Pa/Poya(PR/ PRy
(CY/CO)VY(CZ/CO)VZ . vy +vz—vA—UB
(eafeyrtenfeym )
= K (RT)"ytvze—va—ve (26.17)
_ ey /)™ (ez/ )"
K. = (ca/C°)PA (cn /)7 (26.18)

ALG® = iy ArGOLY] + vz ArGO[Z) — A AfGP[A] — v AGP[B]  (26.19)

G(¢) = (1-¢Gn0,+ 2Gro,
= (1- 8GR0, + 26GR0, + (1 — €)RT In Px,0, + 26RTIn Pyo,
(26.20)



G(¢) = (1-&)GR,0, 2GR0, + (1—-€RT In i ;§+2§RT1n 12f§ (26.21)
G = (1—&)(97.787 kJ-mol™1) 4 2¢(51.258 kJ-mol 1)
1-¢ 2§
(%?)TP = (2)(51.258 kJ-mol ') — 97.787 kJ-mol ! — RT'In ;2

+2RT In 12455 + (1 —&RT (ig) [—1 ig - (11;;2
o () [ g]
AG(T) = A,G°(T) + RT In ig:ﬁéz (26.24)
Qp = igiéz (26.25)
A,G = —RTInKp+ RTInQp
= RTIn(Qp/Kp) (26.26)

AG = AG°+RTInQp
P2
= 4729 kJ-mol " + (2.479 kJ-mol 1) In =292 (26.27)

N2Ogy
OAG°/T AH®
Oln K p(T) din Kp(T)  AH®
< o )P e (26.29)



Kp(Ty) /Tz A H°(T)dT
In = _ 26.30
Kp(Ty)  Jn RT? ( )
Kp(Ty) A H° ( 11 )
In = — — = — 26.31
Kp(Th) R T T ( )
Ts
AHO(Ty) = A H(Ty) + ACH(T)dT (26.32)
T1
AHO(T) = o+ BT +~T? 4+ 6T3 + - - (26.33)
o 8 v 8T
T=——+=InT+=T+—+A4 26.34
In Kp(T) ar TRRTH T+ o5+ (26.34)
T AH®(T)dT
In Kp(T) = In Kp(T; _— 26.35
nKp(T) =In Kp(T1) + . RI? ( )
vy py + vzpz — vapa — vgpB =0 (26.36)
0lnQ qa(V,T)
= —k T( ) = —kgTIn ——= 26.37
127N B ONA N B Ny ( )
NNy dg! (26.38)
NXANEB QZAQ]I_;,B
vy Uz vy 1/

PP (qa/V) A(gs/V)vB

3/2 _oH ol
K(T) — m# 40M2Ql2\ (1 — ¢ */T)(1 — ¢ O/T)
M, M, (©:11)2 (1- B,@§I/T)2
2DHI _ pHa _ pl»
o 0 Q 26.40
X exp T (26.40)
Kp(T) = (an,0/V) (26.41)

(kBT)'/2(qu,/V) (90, /V)'/?



am,(T.V)  _ (2me2szT>3/2v< T )(1_6952/%1@1}?2/’@

v W 201
—  2.80 x 10%2ePo /T 13 (26.42)
190,(T,V)  _ (W>3/z 1% ( I ) (1— -6V /T) 13,00 /kuT
Vv h2 2@r02
= 279 x 103D /knT =3 (26.43)
3/2 1/2 3 1/2
a0(T V) _ <27TmHokBT> T r
174 h2 o @EQO@%QO@EQO
3
> H(1 _ C*GUHJT"O/T)A@D??O//CBT
j=1
— 5.33x 10%D0 7 /T =3 (26.44)
Kp =518 x 107" Pa™! = 5.18 x 10° bar /2 (26.45)
q(‘/’T) — Ze_gj/kBT:e_ao/kBT—i-e_El/kBT—'—--.
j

e—so/kBT(l + e_(sl_so)/kBT + .- )
e=s0/kBT 0y ) (26.46)

Olngqg
_ _ 2
U — (B)=NkgT (aT )V

0
= Neg+ NkpT? (821;‘1) (26.47)
\%

Olnq®
oT

]
I

H°(T) = Hy + RT? ( ) + RT (26.48)
\%



(T, P) = p°(T) + RT In -
W(T, P) = 1°(T) + RTn f

(T, P) = u3(T) + RTIn f;

L vy gvz
AG =AG°+ RTIn - X2
fx*fs

AG°(T) = —RTIn K

Kp(T) = <f§Yquz>
eq

VA pU
fat 1s°

pi = p;(T) + RT Ina;

_ axX av?
AG =AG° + RTIn %
ap ap

Q aq{Y CL;Z

a al:\A aEB

AG=AG°+RTInQ,

AyG° = —RTIn Queq

ay'ay’
Ka = VA UB
Ax 0B ) o

AG°=—-RTIhK,

(26.49)

(26.50)

(26.51)
(26.52)

(26.53)

(26.54)

(26.55)

(26.56)

(26.57)

(26.58)

(26.59)

(26.60)

(26.61)

(26.62)

(26.63)



(g’;)T _v (26.64)

du = RTdIna (constant T') (26.65)
1 L.
Ina = ﬁ/l VdpP' (constant T') (26.66)
1%
Ina=—=(P—-1 26.67
na= (P 1) (26.67)
Ka, _ aH;0+ACH;CO0— _ aH;0+@CH;CO0— — 1.74 x 10—5 (2668)
ACH3COOHAH,0 ACH3COOH

. - 1.74x107°

CH30+CCH3CO0~ _ ><2 (26.69)
CCH3COOH TE

1.7 x 1076 mol3-1.73
Cpare B = 1O (26.70)
gas







Chapter 27

The Kinetic Theory of Gases

At 2a/uyy T (27.1)
&z
N N mu? m N )
P=) P = 2 =) g, 27.3
R e e
1 N
() = % 22 e (27.4)
j=1
PV = Nm(u?) (27.5)
(uz) = (uy) = (uZ) (27.6)
(W?) = (u3) + (uj) + (u3) (27.7)
(12) = (1) = (1) = 3 (u?) (27.5)
PV = éNm<u2> (27.9)
%NAm<u2> = gRT (27.10)
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1

§M<u2> =RT
3RT
2\ __
3RT\ /2
241/2 _
Wi = (527
B (3RT)1/2
Urms = M
B <5RT>1/2
Usound = 3M

h(ug, Uy, uy) = f(ux)f(uy)f(uz)
u‘u:u2:ui+u§+ug

h(u) = h(ux,uy, uy) = f(ux)f(uy)f(uz)

Inh(u) =In f(ugz) +In f(uy) +1n f(u,)

Olnh(u) _dln f(ug)
( Ouy )u w.  dug

(8lnh> _dlnh(@u) _%dlnh
O /)y,  du \Oug - u du

dIn h(u) _ dln f(uy) _ dln f(uy) _ dln f(uy)

udu Uy AUy, Uyduy, U, dU,
dl ;
nf(uj) =7 j:xayaz
’U,jdu]'
fluj) =Ae™™ j=ay,z

| e, =1

(27.11)

(27.12)

(27.13)

(27.14)

(27.15)

(27.16)

(27.17)

(27.18)

(27.19)

(27.20)

(27.21)

(27.22)

(27.23)

(27.24)

(27.25)



o0 2
A/ e edu, =1
—o0

o0 2 o0 2
A/ e Medu, = ZA/ e e duy,
—00 0

00 00 1/2
A/ ff"“‘?fdu:C = 2A/ 677“3duz =2A <W> =1
o 0 4y

fu) = (1) e

T ) 1/2 rco
(u?) = Rﬁ =/ u? f (ug)duy, = (Z) /_ uf,efwg‘dugc

I(V) o e—mCQ(V—VD)Q/Qng‘BT

F(u)du = f(ug)dug f(uy)duy f(u;)du,

(27.26)

(27.27)

(27.28)

(27.29)

(27.30)

(27.31)

(27.32)

(27.33)

(27.34)

(27.35)

(27.36)

(27.37)

(27.38)



m 3/2 2 2 2 knT
F(u)du = (2 p T) e~muztuy )2kl gy du, du, (27.39)
TKB

F(u)du = 4 m_ —mu?/2ksT 97.40
(u)du = 7T<27rkBT> u’e u (27.40)

(W= [~ uPu)du =4 ( " )3/2/00 Serm ATy (27.41)
U—OUUU—WQF]CBT Oue U .

m \3/2 1 (2T 8kpT\ /2 SRT\ /2
W=t (sz) 5 () =Con) =(ar) @2

B <2l~cBT>1 <2RT>1/2 (27.43)
- (=2 -
F(e)de = ( >3/2 26 gepmpr 4
B 2kpT (2me)l/2
o
_ 1/2 —e/kpT
(rhpT )32 e’'“e de (27.44)
in 0d6d
AN = p(Audt) cos - F(u)du - Sm47¢ (27.45)
7
dz 112/)( n )3/2u3em“2/2kBTdu-cosesined9d¢ (27.46)
€0 2wkl ’
00 w/2 2w
Zeoll = 4ﬁ / wF (u)du / cosOsin0dd | do (27.47)
™ Jo 0 0
1 dN (u)
= =t 27.4
Zooll = 4 =Py (27.48)
dN 8kgT\ /2
== = = 27.4
= po(u) pa( p— ) (27.49)



za = po(u) = 2Y2po(u)

- RT
212N\ oP

probability of a collision = opdx

n(x) =nee 7P*
n(x) = nee /!
s — M) L,
o Ny dx
= %e‘x/ldaﬁ

1 1 2 _ 0w o
ZAA = oP*A = §U<Ur>l’ = Wp

ZaB = oaB(Ur)pAPB
oAn = 2 d = (8kpT/mp)'/?
AB—2(0A+UB) an (ur) = (8kT'/mp1)

2
dZap ufe_“ur/QkBTdur

— Auie_NUE/QkBT

8kpT\ /2 o0
TABPAPB ( b > = A/ ude /2T gy,
g 0

2
_ 2A<"/‘BT>
I

(27.50)

(27.51)

(27.52)

(27.53)

(27.54)

(27.55)

(27.56)

(27.57)

(27.58)

(27.59)

(27.60)



dZ u\3/2 2N\ 1/2 ,

AB = OABPAPB (M) <7‘r> efﬂur/QkBTugdur (2761)
B SN2/ 1 \3/2

dZap = OABPAPB (W) <k,‘BT) €T6—€7~/’€BTd€T (27.62)

8kpT\ />
ZaB(€r > €c) = OABPAP ( B > (1 + ec) —¢c/kpT
B T ksl ¢ (27.63)



Chapter 28

Chemical Kinetics I: Rate

Laws
VAA +vgB — Y + 17 (28.1)
dna = —vad€ dng = —vgd§
(28.2)
dny = vyd€ dny = vgzd€

na(t) = na(0) — vag(t)

np(t) = np(0) — veé(?)

(28.3)
ny (t) = ny(0) + vy&(t) nz(t) = nz(0) + vz&(t)
dnalt) _ _, dE(t) dnp(t) _ _, de()
dt dt dt dt (28.4)
dny(t)  dE(t) dnz(t)  d&(t)
a Y at a7
Tanalt) _dIA)_ wadel)  1dno@) _dB)_ wd()
Vo dt dt Vot Vo dt dt Vo dt
Ldny(t) _ d[Y] _ vy dé(t) Ldng(t) _ d[Z] _ vz dé(t)
Vo dt a — V dt Vo dt d ~ V dt
(28.5)
oy LA LdB 1Ay vdiz) vde oo

va dt _I/B dt

vy dt vy dt T Vdt



) = k[NOJ?[Oo]
u(t) = |
(1) = k[A]"A[B]

b, 2HBr(g)
(g) + Bra(g) —
Hy

1/2
kl[HQ][BI‘Q]

—1
) + k" [HBr|[Brs]
v(t) = .

Vi
vy,
By Y +

VB

I/AA—I—

= KA [B™

— K[
. k‘”[A]mA
- ma B]mB
AIAL _ papma
A ~ _VAAt
vadt

(28.7)

(28.8)

(28.9)

(28.10)

(28.11)

(28.12)

(28.13)

(28.14)

(28.15)

(28.16)

(28.17)

(28.18)

(28.19)

(28.20)



Al
ln[]o kt

In[A] = In[A]o — kt

In2  0.693
A

A+B LI products

—W:k[A]z
1 1
ﬁ:m+kt
1
t1/2—m

A+B K, products

(28.21)

(28.22)

(28.23)

(28.24)

(28.25)

(28.26)

(28.27)

(28.28)

(28.29)

(28.30)

(28.31)

(28.32)

(28.33)

(28.34)



In([A] = [Aleq) = In([Alo — [Aleq) — (k1 + k1)t

A = B
k4
_ dﬁ] — k1[A] — k_[B]
_ dg?] — (ky + k_1)[A] — k_1[Alg

k1

ki [Aleq

H'(aq) + OH (aq) = H0(l)

Bl _ g

Ky

k-1

kq

(28.35)

(28.36)

(28.37)

(28.38)

(28.39)

(28.40)

(28.41)

(28.42)

(28.43)

(28.44)

(28.45)

(28.46)

(28.47)



A[B] = A[Boe™ B A1 — A[Boe /7 (28.48)

_ ! (28.49)
ki + k4
k1
A+B =P (28.50)
k1
dp] _ k1[A][B] — k_1[P] (28.51)
dt
A[P] = A[P]pe™ /7 (28.52)
. 1 (28.53)
kl([A]Z,eq + [B]2,eq) + kfl
dlnk _ E, (28.54)
dT ~ RI?
Ea
—InA— 28.55
Ink=InA T ( )
k= AeFalRT (28.56)
k=aT™me F/ET (28.57)
dink
= RT? 28.58
By = RT*= (28.58)
dp
— = k[A][B (28.59)
5 = FIAIB]
A+B=AB' —P (28.60)

[ABY] /¢ B [AB#]c° '
K= Ajedye = AB (28.61)




i (V)
Ke = (ga/V)(gB/V)
% = 1 [AB]

v K}

CO

k:

2rmikpT)/?
Gtrans = (hB)(s

¢ _ @amtksT)Y o (g /V)e?

‘ h (ga/V)(gB/V)

rmtksT)' o (di/V)e?
he? (aa/V)(gs/V)

1/2
_ o _ mi *° fmiu2/2kBT _
<Uac> = /0 uf(u)du = (27TkBT> /0 ue du = (

kBT (@ /V)e®  _ keT
he? (ga/V)(gs/V)  hee °

AG° = —RThn K}

kBT _A¥co
k:(T) — s e A*G°/RT

AYGe = ATHC — TAtSe

k(T) = %eAiso/Re—AiHo/RT
c

dlnk 1 dang

dr T+ dr

(28.62)

(28.63)

(28.64)

(28.65)

(28.66)

(28.67)

2mmt

(28.68)

kpT )1/2

(28.69)

(28.70)

(28.71)

(28.72)

(28.73)

(28.74)



dlnk_l+AiU°
dl T  RI?

dink  A*H° 4+ 2RT
ar RT?

E, = AYH® + 2RT

2
C

A= ERBT aisesn
he®

(28.75)

(28.76)

(28.77)

(28.78)

(28.79)






Chapter 29

Chemical Kinetics I1I:
Reaction Mechanisms

NO2(g) + CO(g) ™ NO(g) + COs(g)
NOs(g) + NO»(g) - NOs(g) + NO(g)

NO3(g) + CO(g) <25 NOs(g) + CO2(g)

k1

A+B — C+D
k_1

k1

A+C = B+C
k-1

(29.1)

(29.2)

(29.3)

(29.4)

(29.5)

(29.6)

(29.7)

(29.8)

(29.9)



[Bleq k1
= KC = —
[Aleq k1
[Bleq ko
= KC = —
[Aleq k_o
kR
k_q  k_o

(29.10)

(29.11)

(29.12)

(29.13)

(29.14)
(29.15)

(29.16)

(29.17)

(29.18)
(29.19)

(29.20)

(29.21)

(29.22)

(29.23)



k1A
[I]ss = 116[2 ]
_ ﬁ —kit
[1] = T [A]oe
d[Tss k? kgt
dt - k2 [A]Oe

2NO(g) + Oa(g) 2% 2NO,(g)

9 dt = kobs [NO] [02]
b,
NO(g) + O2(g) «—= NOs(g) fast equilibrium

k_1

NO3(g) + NO(g) 2, 9 NOz(g) rate determining

(29.24)

(29.25)

(29.26)

(29.27)

(29.28)

(29.29)

(29.30)

(29.31)

(29.32)

(29.33)

(29.34)

(29.35)

(29.36)

(29.37)



1d[NO)

5= g = k2[NO3][NO]
1d[NO
5 [dt 2l _ ko K 1[NOJ2[Oy)]
&,
NO(g) + NO(g) —= N3O2(g) N202(g) is in steady state

o

—1

N2Os(g) + Oa(g) =2 2NOs(g)

;d[l;TtO] — 1 [NOJ + k_1[N20)]
d[N;tOQ] = —k_1[N2Os] — k[N2O][Os] + k1 [NOJ?
1d[1§?2] = k3 [N205][00]
;d[i?ﬂ _ ’ZIT[NOF[OQ] = kyK.1[NOJ?[0)]

CH;3NC(g) 222 CH;0N(g)

d[CH3NC]
dt

= —kobs[CH3NC]

d[CHsNC] _

dt obs [CH3NC]2

(29.38)

(29.39)

(29.40)

(29.41)

(29.42)

(29.43)

(29.44)

(29.45)

(29.46)

(29.47)

(29.48)

(29.49)

(29.50)

(29.51)



5 = kalAT] (29.52)
d[f] = 0 =k [A][M] — k1 [A"][M] — ky[A”] (20.53)

s _ ki [MJ[A]
[A7] Fy + Ei[M] (29.54)

dB] _ d[A]  kiko[M][A]

at — dt k;f;ﬁfl[M] = kobs[A] (29.55)

_ ki [M]
Fobs = 7 k{il[M] (29.56)

kks
Fobs = 7 (29.57)
Fobs = 1[M] (29.58)
Hy(g) + Bry = 2HBr(g) (29.59)
1d[HBr]  k[Ha][Bry)'/2

2 dt 1+ k’[i{Br]TBrg]—l (29.60)
d[if "] — ko[Br]{H:] — k_[HBr]H] + ks[H][Brs) (29.61)
dc[zlﬁ = k2(Br][Ha] — k_o[HBr][H] — ks[H][Bro] (29.62)
d[dBtr] = 2k [Bro][M] — 2k_1[Br]*[M] — ko[Br|[Hz] + k_o[HBr][H] + k3[H][Brs]
(29.63)
df;“ = 0 = ko[Br][Ha] — k—2[HBr][H] — k3[H][Br,)] (29.64)
d[clzr] — 0 = 2k [Bra][M]—2k_1 [Br]2[M] — ks [Br][Ha] +k_o [HBr] [H] + ks [H][Brs)]

(29.65)



[Br] = \/E[Brz]l/2 = /K1 [Bra]'/?

H) = ko /K1 [Ha[Bry] '/

[H] = ko[HBr| + k_3[Bra]

1d[HBr]  ky\/Kei[Hs][Bra]'/?
27 dt 1+ (k_o/ks)[HBr|[Bry] |
ds] kS|
dt K+[9]
k1 ko
E+S =~ ES =~ E+P
k_1 k_2
I8 ) - ke
_ d[is] — (ka + k_1)[ES] — k1 [E][S] — k_o[E][P]
2] — kalBs) — b [E]P)
[Elo = [ES] + [E]
_ d[gts] = [ES](k[S] + k—1 + k2 + k_a[P]) — k1[S][E]o — k—a[P][E]o
- k1 [S] + k_o[P]
[ES] = k1[S] +1/€—2[P] +2k—1 + k2 [Elo
_dS] . Kik[S] — k_1ko[P] B
YT o T k1[S] + k—a[P] + k_1 + ko 0
_dlIS]  Kkika[SIo[Elo  k2[Slo[Elo
o dt ki[Slo+ k-1 +ke  Kmn+ (S
d[s]

_ad e
o~ F2lElo

(29.66)

(29.67)

(29.68)

(29.69)

(29.70)

(29.71)

(29.72)

(29.73)

(29.74)

(29.75)

(29.76)

(29.77)

(29.78)

(29.79)



Chapter 30

Gas-Phase Reaction
Dynamics

A+B LN products

d[A]

S = kA

v = ZAB = 0(Ur)pAPB
k= o(uy)

k= (1000 dm®-m™3)Nao (u;)

k(uy) = upor(uy)
J— /0 dun f (up) e (uy) = /0 duyus f ()0 (ur)

3/2 s9N\1/2
_(_F 4 3 —pu2/2kpT
uy f (uy)duy (kBT> (77) use du,

1/2 1/2
Uy = <2Er> and du, = ( L ) dE,
2 2uEy
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(30.1)

(30.2)

(30.3)

(30.4)

(30.5)

(30.6)

(30.7)

(30.8)

(30.9)



9 \3/2 /1 \1/2
Urf(ur)dur = () () Ere_Er/kBTdEr

kT H
) 3/2 1 1/2 roo
_ () () / dE,Ere BT s (B
kgT wm 0
0 E. < Ey
or(Ey) =
7Td2AB Er Z EO

_ 2 1 E.E. —E:/ksgT,_ 12
k (kBT) (/ur) d e Tdap

Eo
_ (81;;]er>1/2 WdZABe_EO/kBT (1 + kioT)
= (u)oe Fo/ksT <1 + ki%)
0 B < Ey
T s (1 - g‘)) E. > E

1/2
b — (SkABT> 7_‘_diBeon/kBT _ <ur>ae*Eo/kBT
w

MATA + MBIB

R =
M
w — maUA + mMBUB
cm M
1 2 1 2
KErcact = imAuA + imBuB
1 1
KEreact = *Mu?;m + 7:““’1?
2 2
R _ mCro +morp

M

mcuc + mpup
ucm M

(30.10)

(30.11)

(30.12)

(30.13)

(30.14)

(30.15)

(30.16)

(30.17)

(30.18)

(30.19)

(30.20)

(30.21)



KEprod

1 1
:*MQ 7/
9 ucm+2:u

12
Uy

maua +mpup = mcuc + mpup

1,,20 1

2

SH Uy

= 5/111? — AEy

F(g) + D2(g) = DF(g) + D(g)

F(g) + D2(v = 0)(g) = DF(v)(g) + D(g)

Etot = Etrans + Eint - El

trans

Etot = Etrans + Erot + Evib +

1
Eloc = 5

Eloc =

Eloc

Eelec = E‘grans + Eﬁot + Exlzib + Eélec

Lo

+E

2 _ 2
PUs 1oc = 5 Uy COS™ X

2
1 b?
- 1— ——
2luur ( dQAB

b2
=F|1——
( diB)

(&)
Fo=E (1———
5

b2

max

Eloc _

Ep
-t (1-3)

1-b?/dig

Ey

B 1- br2nax/d2AB

)

/
int

(30.22)

(30.23)

(30.24)

(30.25)

(30.26)

(30.27)

(30.28)

(30.29)

(30.30)

(30.31)

(30.32)

(30.33)

(30.34)






Chapter 31

Solids and Surface
Chemistry

A=A;C—AB
A = d/(cosa — cos ag) = nA
a(cos a — cos ap) = nh\
b(cos B — cos By) = kA
c(cosy — cosvyp) = I\

acosa = hA
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(31.1)

(31.2)

(31.3)

(31.4)

(31.5)

(31.6)

(31.7)

(31.8)

(31.9)



a(cos B — cos By) = kA
a(cosy — cosvyp) = LA

A=2 (d) sin 0
n

n2\?
da?(h? 4 k2 +12)

sin? 6 =

27 i e ink 0 ink
f :/ dgf)/ sin@d@/ p('r’)sm "r2dr = 477/ p(r)sm "2y
0 0 0 0

I o |A]?

kr kr

A1l = Agg = g((:0804 —cosag) = A

>

A1g = z(cosa — cos ap)

Mhx

Ay =—

a
o, A Ahz/a  2mhx
¢ =27 N = s T T,

A = ficoswt + facos(wt + @)

A= fleiwt + f2€i(wt+¢)

— [fleiu)t + f2e’i(wt+¢)”flefiwt + fzefi(wt+¢>)]
= f24 fifee"® + fifoe 4 f2
= fP4fi+2fifocosd

F(h) _ fl +f26i¢ _ fl +f2€27rihx/a

(31.10)

(31.11)

(31.12)

(31.13)

(31.14)

(31.15)

(31.16)

(31.17)

(31.18)

(31.19)

(31.20)

(31.21)

(31.22)



F(hkl) — Z fjeZWi(h:tj/a+kyj/b+le/C) (3123)
J

hkl Z f] 27rz(ha: +ky +lz ) (3124)

F(hl) = fe[l+ (=1)"F 4 (=)™ 4 (=)™
LD (CD)R (DR (<L) (31.25)

F(hkl) = 4(f+ + f-) h,k, and [ are all even
(31.26)
F(hkl) =4(f+ — ) h,k, and [ are all odd
a rb rc )
F(hkl) = / / / p(x,y, z)e?mihelatky/b+z/0) qo. dy d (31.27)
0o Jo Jo

F(hkl) o</ / / (2, y, z)e2mihe/atky/b+=/0) qo.dy d (31.28)

l‘ Y, 2 Z Z Z F hk’l —2mi(ha/a+ky/b+1z/c) (31‘29)

h=—00 k=—00 l=—0

F(hkl) = A(hkl) + i B(hkl) (31.30)

I(hkl) o< |[F(hkl)|? = [A(hkl) + iB(hkl)][A(hKl) — iB(hkl)]
= [A(hkD)]? + [B(hkl)]? (31.31)

kq = 75 Le ™ BaasH/RT (31.32)

T = moelads H/RT (31.33)



fay ko [A-S]

A(g) +S(s A-S(s Ko=—=—— 31.34
rate of desorption = vq = kgqfog (31.35)
rate of absorption = v, = ka(1 — 0)op[A] (31.36)
1 1
Z = 1.
1+ KA (31.37)
1 1
=14+ — 1.
0 + DDA (31.38)
dB] _ ) P (31.39)
dt = fobsl A .
d([;z] = k‘l [A(ads)] = klaA (31.40)
d[B] oo K [A] o0b P
=k =k 31.41
At~ T KJA] T 14 0Py (3141)
dc[l]f] = k100bPa = kobsPa (31.42)
d[B]
UB) o0 = kope 1.4
o k109 b (31.43)
2CO(g) + O2(g) — 2CO2(g) (31.44)
ksbcobg, Peo Py’
. o070 (31.45)
(1 + 502 P02 + bCOPCO)2
ksbcobel 2 Poo Po/
v 870070, 707 0y (31.46)

14 b%)/jpéf + bcoPco

CO(g) + 3Ha(g) 5 CHy(g) + HoO(g) (31.47)



D=2D —AFEp/RT
o€ (31.48)

Tms — 1/2
Tems = (4Dt) (31.49)



