light, radiation visible light
electromagnetic wave

spectrum

Y
monochromatic light:

wave

u(x,t) = Asin[%{(x - ct)}

A AV AV =¢C
coherence, diffraction
Planck(1900)
photon
E = hv
AV Planck constant

black-body radiation
Einstein(1905)
photoelectric effect

photoelectron
E = h(v-yv,)

photon
Einstein
rest mass momentum
E2 — p2C2 +m2C4

:light velocity

E = pc



NN e

analogy

- ~ de Broglie
A
A = hilp

de Broglie wave: de Broglie(1924)

1927 1928

duality

Quantum Mechanics

Schrddinger equation(1926 Schrédinger)

Time-dependent Schrédinger equation
inCw(rt) = H¥(r)
a
partial differential

h =-J1—, ¥(r.t) wave function', x.,y,2)
27
Hami ltonian

2
H =P +V(r), p :_Ev, V= (ﬁﬁﬁj
2m i X'y a




v y complex conjugate

stationary states
Y(r,t) = exp(—iEt/n)d(r)

Time-independent Schrédinger equation
HD(r) = Ed(r)

Boog, Ty
» U a
_ax
ot
Newton
p=1(a)
dq .
= m— = m
P at q
dv
f@ = -9
q
. _v@
dq



H

Bohr correspondence principle
o @
causality

D(g) or'¥ (g9

uncertainty principle  Heisenberg(1927)
ApPAQ h

wave packet

a*-‘

Aq

(O<x<l)

2

—@(x) +k*®(x) = 0, (0<x<]1)
dx

dV(q)
dg

(12)



_ 2mE _ 8z’mE

kZ hg = h2 >O
®0) = @) = 0
13
®(x) = Csin(kx + 6)
15 o= 0
kl — nﬂ', n=1'2’3’...
n Quantum number
(16) (14)
2242 2K2
E, = nrh 7[? = hz
2ml 8ml

. (n
q)n(x) = Csm(TﬂX)
normalization

@,(x) o = 1

|

CZJ.ISinZ(%jdX — CZ,
0 I

y=rsin(wt + @, )
2 A

d Y ity = 0

dt?
Z= X+iy %\
ei* ¢

—/

v




Advanced Course

AD,q)
8 oA
dA(p.q) = g+, 0P
- oA . oA .
A(p,q) = PR 11
. OAOH A OH
A , = — = A,H Al
(p,q) 0 op & {AH}
{,}

Time-dependent Schrédinger equation
¥(r,t) = exp(Ht/in)¥, ¥, = ¥(r0) = or)

A

A2

>
I
Al
>
I
I
=
I
ik
>
T

Al A2



classical mechanics

hamiltonian
p2
H(p,Xx) = —+V
() = v
__X(de_Xj M (2%)
- “aw) & P PEh
(ﬁ% P
D m
X
(ﬁ_) dV(x) L
X dx B P
dvV(x) = —pdx = —fdx (f =p=mv=ma)

sophisticate
representation
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guantum mechanics

causality



duality

A A ApAX=h=h[2x
h Planck constant
Heisenberg uncertainty principle

A A AEAt = h
wave functionW
W = HY o (i* =-1)
Schrédinger equation
o - he
I X
Bohr correspondence principle
b = (pepyn) = (MMM)
oy i Xxid i a
n? o
= ———+V(X
W



¥ = exp(—iEt/)D(x)
HO = EOD

time-independent Schrddinger equation

10



2mE 87 mE
n2 h?

(0] exp A
ZO(X)+ed(x) = 0
A =+ie
o(x) = a exp(—i\/zx) +b exp(i\/Ex)
e’ = cosaxisina
o(x) = Acos(\/zx) + Bsin(\/gx)
®(0)=0, ®(1)=0

o(l) = Bsin(Vel) = 0

Jel = nz, n = 123..

e . he o
87°m 8ml?
nZh?
E = n=123,---
" 8ml? ( )

guantum number

®(x) = B sin(nTﬂXj

11



) )
b PP P P
eigenvalue ® & P
eigenfunction
o>}
eigenvector advanced course
Hilbert space Hli) = ;i)
ESS
2
.. P
2m
p2 B n2h2
2m 8ml?
02 = nh?
417

12



0’ v?h?  (v—1/2)'h?

|2 |2

p = |m _(V_T/Z)h (v=123-)
\J
2
L
2m
28.013x10°* 1'2
(—23 x 138066 x 1072 x 298.15}
6.02214 x 10
1.3838><102% kg m/s
0.1m
-23
yo= o 1880TIs ) hgganio®
h 6.626076x107*J -s
AV v 12 v AV
p = ? (V:...’_3,_2’_1’0,1,2,3,...)
p’ h
E = 2 = — = =2,-10,12, -
2m g IV (V )

xX1'y17z

(vx,v v, = ...,_2,_1,0,112,...)

13
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Schrodinger

AO Atomic Orbitals

e y
2 2 2
sz;2+§/2+;2
o N 1y 1| 1 o(. .0 1 7
a r/\a r re<|siné oo a0/  sin® 6 dp
hz(a 1)(@ 1)
H = — | —+=||—+=
2m\a r/\a r
h? 1 2/(. o 1 & 1 e?
— 2_——sm<9—+_2 > = —
2mr® | sin@ o9 a0/ sin® 0 Jp Arg, 1
m e &y
b = o (D410
' 2 r r

- 25050
_ ﬁ[1£+12+__+_
Ifrx r&8 ra r

12

a r
angular momentum



Il = rxp, p = iEV
2 2 12
p = P +r_2
2
1> = —-n° _Lﬁ(sineﬁ)+%a—2
siné o0 a0/  sin“ 6 dp
2 2 2
_ b I~ 1 e
2m  2mr?®  A4zg, r

Operator

b= (Pubyp) B o= 2L a =y

Il = rxp = (IX,Iy,IZ) = (ypz—zpy,sz—xpz,xpy—ypx)

h( o 0 6 O 0 aj
= —|Yy——-71—, 71— X— X——-Yy—
iVa g &« a’y &

h( é aJ ho
L, = —|X——y—| = ——
(N2 A2 ¢

commutator [A B8] = AB-BA



Hilbert

(m|

Eigenvalues Eigenfunctions

o) - A = e

o CDZé) = (¢ +27)

A = mm, m=0,+1+2,.

am o,
O(g) = Ae™
2 2
jo |d)| d¢:277A2 =1
1 im
(Dm(¢) = Ze 4
IZ Iz fim 16))
IZCDm = thDm
)

Vector Space

|m)
l,jm) = Amm)
Im) ket vector ket vectors
®m ®m*

bra vector



2z "
(mm) = _[0 O, 0, d¢ = 5,
o kronecker delta m,m

m,m'

0
34 ket vectors | m>

Advanced course

2 12 2 2
" =1"+1"+1,

=1 +il,, ©L=1-il
2 2 - 2 2 .
L= 122000, -1 = 124 il
2 2 - 2 2 -
L= 12 2= -1 L) = 124 il
2 2
12 = 1147 —inl,
2 .
= L1 +l,"+inl,
[IZ’Ii] = ihli

LI m) = (L1, 7l )m) = amz1),

m)

I,|m) = constantx|m+1), I|m) = constantx|m-1)

Spherical Harmonics I |,

Z[im) = A?I(1+1)Im)

L,[Im) = 7m|Im)
Im) = Ya(6:), (Im| = (~1)""|1.-m)
1=0123,--, m=—-I-1+1-1+2,---0,---,1

angular quantum number magnetic quantum



number

Il 3
1 3 5)
Yoo =4, Yy =4/——c088, Yy =,|——(3cos? -1
® 4rx 1 Ar 2 167r( )
Y,, = ! ——(5c0s° 6—3cosd)

Y, =- 3 singe", Y, =-— ,/E sin@cosge"
87 8r
21

Y, = - |——sing(5cos’ @ —1)e
. 647 ( )
Y,, = 15 Gin? gere, Ya :‘/@sinzecoseem‘
332r 32
Yy = — 2 sind gee
64

Radial Equation

(pf+ I ej(rem — E¥(r,0,9)

2m  2mr?®  4zg, v

Y(r.0.¢) = Yu(60.6)x(r)

{p,:hzl(ltl)_ 1 i}(l(r) = Ey(r)

2m 2mr Arey 1

1d?
p,’ =-n*=—r, y(r)=rx(r)

r dr?
2
_hzld_r
r dr?
K% d? h? 1 e®
(141 =5 _Ely(r) = 0
2m dr? ( )2mr2 4re, T }y,()



Laplace

A. Messiah, Quantum Mechanics, p415

g2 (n—1-1)1(21+1)!

Yo = Yu = X L2ME (
| | [(n+ 1)1 ()
2 2mE
S e
k)1
B - 3o A
P pry (p—s)!(k+s)!
2
1 n, a = 47[802?1 =0.529=<10"m : Bohr radius
Ka me
n=1234,---, 1=012,---,n-1

associated Laguerre polynomial
99p

principal quantum number E

ez ) mc? h?
E, = - 2 T T on2ma2
4re,hc)  2n 2n“ma

Eigenfunctions

Yim (I’, 0, ¢) = Ry (r)YIm (‘91 ¢)

R,(r) = a ¥ 2 M(i—;j ex

Y\ [+ )]

r [ 2r
(- e (2
na na



Table of first few Radial functions

r 2
p = —, gnl (,0) - Rnl (_pja3/2
a n
n=1 g, =267
V2 1 ) —5» V6 -
n=2 920 :7(1_510)9 , 921:E,0 ?
2J§( 2 2) -
n=3 =——|1-—p+— 3
O30 9 3 P 27 P
g ﬂ( L) g _ 2030
a1 27 P 6,0 , ) 955 P
20 10
16 0.8
1.2 0.6
(1.0 {2.0)
o8 \ 0.4 \
0.4 AV 0.2
0.0 S 0 £
) 2 4 6 I’ I
~02 4 8 12 16
0.16
Z7
/TN
{ kN
BN
0.08f—= 4
I 31N
!1/ X t\
I/ o=
b 182
/ "—;-.___*_
0.0 T [ — i
\\__ __.--—-"_‘-———-_-
-0.04 X 55 a

Bohr a



electron density distribution
(r.6.9)
X X
a0 o
dxdydz = ¥ ﬂdrd@dqﬁ = r’sinddrdédg
o0 op
a
2

a
o0

DR[O D[R

Jacobian

Yon(r, 6, ¢)\ r?sin@drdadg

rz[Rnl(r)]zdr
x|V,n(6,9) sin e
(ImI'm) = [d ejd(,zsv,m 0,0, (6,9)siN0 = 6,5,
0
,
rz[Rnl(r)]zdr r
n<3, 1<2
TT Bohr
Atomic Orbitals
3
m n=1,2,3,..
Il =0,1,2,..., n1
m  m=-1,-1+1,-1+2,...,0, .., I

| orbital quantum number



0.6

(1.0)

0.4

ozl
ya '\\\ 2.1) (3.2)
, \’>y—:7 -.--"’\_ L
0.0 S i e B =S5
10 20
0.2 :
V\ (2.0
0.1 / - (3;1),________“
0.0 7 e ,// — i
10 20
0.2
o1 {3.0}!
\
10 20
Orbital
|=0,1,2,3,4,"' - S1 pydyf!gl'“

s: sharp, p:principal, d:diffuse, f: fundamental

s orbitals or s states
lPlOO ’\PZOO ""1\Pn00 L > 13,25 ,, NS, -

p orbitals or p states

\{sz ’\Pslm ""’lljnlm AR N 2p,3p ETEIN (] JAEE
3 orbitals: ¥,,,, m=-1,0,1
Y10 cosd —z/r: np,
Yoia sin@e*’ | e*® =cosg+ising

singdcosg = x/r, sin@dsing=y/r

%(Tnl,—l + \Pnl,l) -np, %(\Pm,—l - anl,l): npy

d orbitals or d states



Y,,:nd, m=-2,-10,12
d. 'dxz—yz ,d,,d,,d,
Y,,:nd, m=-2,-10,12
Z2, X2-y2, Xy, yz, ZX p orbitals

f orbitals or f states

Y. :nff, m=-3-2,-10,1,2,3

n3m



Electronic Configuration of Many-electron Atoms

1
2
many-electron atoms
Z
Z
H = Zhi+ZVu
i=1 (i)
ho_ Pl 1 ze?
' 2m  A4ze, |n|
2
v, - L ¢
4re, ‘rj—ri‘
re Py K
(i,j) 2

HY(r, 1) = E¥(r,r,r;)

LP(rl, rzl...
E
Total
Hartree
lP(rvrz""’rz) = V/l(r1)‘//2(r2)"'Wz(rz)

25

e? — Ze?

structure of



‘P(Irl,rz,---,rz) = |¥), ¥(r) = |k), ¥(r)¥(n) = [K)

(Ple) = 1, (k) = S
E

E = (YHY) = (1h|1)+(12)V,,[12) + (13V5[13)+-+(1Z M, [1Z)

+(21V,] 21) + (2|h, | 2) + (23N 5| 23)+--+(2Z V,, | 2Z)
2N 20+ (221|224 (23, 234--+{Z]h | 2)
- (i)
= ((h, +v,)|D)+(2|(h, +V, )| 2)+-+(Z]|(h, +V,)|Z)
= 2y i)

(Y

3]

=
|

—

~
—

>
=

+

<
=
>~

~
~~—

v, k field

26



orbitals, trial function

self-consistent

self-consistent Hatree field

Hatree method

Z k Schrédinger equation

21 (Z-g )¢
P ( k) 1//k(rk,t9k,¢k) = Ekf//k(rkvekv¢k)

2m  Are, e
Orbitals 3 n,l.,m,
nk’lk
Orbitals Atomic energy levels
orbitals £ 4
£ 4 2
) I N
| R B Xe
:};: ___“""'"_d__‘E"’§ _________ Kl‘
“f{ --——————--E—-?— ------------- Ar
______ p‘——S"““"‘““"““Ne
Electron Spin SR S He
S
12 5 4 5 6 7 =
intrinsic angular
momentum spin quantum number

Dirac

27



s=(s,.5,.5,) I=(1,.1,.1,)

Eigenvalue of s* = #’s(s+1)
Eigenvalue of s, = #am,, m =

S
s=1/2

4 s =1/2, mg

m, =-1/2: down spin
m, = 1/2: up spin

Pauli exclusion principle

1 n,I,m,m, L
1/2, 3/2,5/2, ...
fermion
¥(r,.r,
¥(12,--,2)
k:(rk’o_k) oy
lP( Jioeosl )= —‘~P( i j )
‘//1(1) Wl(z) Wl(Z)
W(12,-.2) = %”’2:(1) WZ:(Z) wzfz)

V/z(l) ‘//2(2) ‘/’z(z)
Slater determinant

28



spin-orbitals

Yy

1
V2
i[a
V2
Atomic Orbitals v, ,
T oy, T
Loy, L
T oy, L
L oy, T

up spin
(k) = wilr)a(k)

bital down spin
(k) = v(r)Ak)

bitals
bital

~ ~ ~

rrrrr

v
v

Spin-o0
1s orbi
1so

29

(b-2)
(b-3)



_ 1 wa(r)a(l) wa(r)a(2)
D= Bl w(r)s2)
- %[a(l)ﬂ(z)!// (r)ws(r2) = A2y (r)wa (1 )]
(b-4)
N AV AV C)
Y2 = Blana®) wir)a?
= SA0a@p. (i) - AR (v ()]
¥, (1,2) ¥, (12 =
¥,(12) ¥,(12) 8
¥, = %[‘{ls"'\yﬂr] ¥s = %[‘P‘?_T“]
R LR ) o U A (AR A TACS)
¥ = [aA)- A [y () + vl ()]

w12 w12 ¥ (L2)

, (Ja(2)
75 [e@p(2)+ Ae(2)
AYAR2)
3
Triplet states
3 Total spin S=1, M;=-1,0,1
¥, (12)
75 [ep(2)- ABa(2)

30



1s, 2s, 2p, ...

Pauli ground state

excited states

122227 p
15 15
Hund Hund’s rule
L = L+L+-+1, L = I,+L,++l,
S = s, +S,+--+S, S, = S, +S,,++S,
J =L + S J, =1L, + §,
Eigenvalue of L* = 7°L(L+1)
Eigenvalueof L, = zM, (M = m +m,+-+m,)
M = —-L-L+1---0,---,L
L=1,=1
1 2 1=2 - L=1 Lt L=0
1 1>1 11=1H|2=l
D term P term Sterm
Eigenvalue of S* = 7°S(S+1)
Eigenvalueof S, = znMg, Mg = my+m,+-+mg,
Eigenvalue of 3> = 7°J(J+1),
(J = L+S,L+S-1--|L-9|)
Eigenvalueof J, = #M,, M, = M+ Mq
L=2,5=1 J

31



LS S=1 =3
2p =1

- = L=2
=2 1=2 -2 o,

15

J=1
LS
1s 2 1
€) 1s
L=0,5=0 2s 2
ns% Npe, NAko, nA4
1 L=0,5=0

LS

LS

L=0,1,2,3,4,5.. - S,P,D,FG,H,..
25+1(M =-S5, -5+1,...,9) L 25+

2 LS
Worr@ s Wori By Woro@ s WoroB s Wy 1@ Wy 1

z 9

15

Slater 7% My, Mg

Q(1+,1-) 2 0 i,

D(1+,0+) 1 1 . My
P(1+,0-) 1 0 L

D1+, —1+) 0| 1 OO0
P+, —1-) 0 0 .
D1—,04) 1 0 Ms O—O—-D Ms
o(1—,0—) 1| -1 1 &
P(1—, —1+) 0 0

P1—, —1-) 0| —1 L

@ (0-+,0—) 0 0 ) p
DO+, ~14) —1 1 3p4ip+ g

QO+, —1-) Sl 0

DO—. —1+) -1 0

00—, —1-) -1 | -1

O(—1+,—1-)| —2 0

32



207 1S(L=0,5=0)+%P(L=1,5=1)+D(L=2,5=0)
1=x<1=1 3x3=9 bx1=5 total 15
2porbitals 2
L=0,1,2 3
2 2p
L
L InLM) En
HInLM) = E, |nIM)
13 -
T [r——
I”
LS J,’
;'
i
! 1) .
fu i ¢ (r')
?‘ ‘l / Iy
B s)2(25) )2
d
1 (15)
(9)
AL-S
LS
J
A
= E, + E[J(J +1) - L(L+1)-S(S+1)]
A LS

33



Il
!
‘I
| 1Dy
,'! 1 T o i
* ' u’/’
1 (15) N\ 3)
N JUPRL - BRPRY e
\\\__L__ ________ _‘:” :
) N LTy
\\_3_1_)_—00”'71
0
THund ( S
[Hund's rule]
, 0
N (F.
b n I
! L
2
(- ) L
M
(Ls )
(repOrt)
2 p
Ca 3d4p
Na v

34
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(DHR %Y

2 b %@ HE(RHBICRSA FLTES b 5_EET)
i 1
i i {
oY 2y
4 ! #HRL X
i XML X T I—FTYX4A
Z1)w MEARAY > (KEDE2EET,)
—— Y raEEEART B
MAELEY)
(3)CD—30%Y

HR

CD 30

AUy RY
HE(ERICZRTIFLTE P EREET,)

HIRE

HEBBANE

v g B B A ki
(BEE2ZEL§T5%7) (ﬂ,uiwﬁéﬁnbﬁﬁﬂ)
FINFCTEELEY,
579 nm
589 nm
579 nm

577~579 nm 546 nm 435~436 nm

589 nm 589.6 nm 616 nm 568 nm 515nm 467 nm
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Z,

a’

Schrddinger

Molecular Orbital method MO
Valence Bond method VB

n 2 2 2
Woooy[Rl1zet 1 oze

Zp

- %_47%0 |r _47r50 |I’bi|

ai|
1 e’

+ —_—
(i'j)472'80

al

I _rbj‘

a, b

P(r,ry,--r,) n
1so 2po,, 2pn,, BSag ,
R

36
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00

- =
o
=y
~ 3
S
~—
=
<
o <
-3-2-1 0 1 2 3 -3-2-1 0 1 2 3
z(a.u.) z{a.u.)
Ccv
0.85
0.75
0.65
0.55
0.45 CvV:
0.35 (a)&
0.25 EL
(a) R=0.2a.u (b) R=2.0a.u.
e
= ®
< b
— —
N ~
3 S
- b=
@ —
S ®©
© S
S 2
- =
S =
[=)
2 g
o S
3 =

Cv: Cv:
(a)& (a)&
mL Bt
(¢) R=4.0 a.u. (d) R=8.0a.u.
Ha* @ lsog 8158 (CV 2% & O 1E)
0.0 +— T T T T
4f0'u 4po,
05 _SSU 3dn T
3pau
1 250y 3dog
SO'g —50 2pm
~ r 2pa,
~ costant x [,,(a) + ¢ (b)] 3
: L
¥ —1.00¢ Lsa
<
H
T —125F
IS
He —~1.50
united atom r
~175+
—2.000 é i é é 1.0
R (KZFIRERE) (an.)
He* 53 F 04 FEES R

37



VB

W
H, Heitler-London theory
¥(12) = constant><[¢1sa(1)¢1sb(2)+¢1sa(2)¢1sb(1)]
be.(K), (@a=abk=12) & o

H 1s

Y, = ¢1sa(1)¢lsb(2)’ Y, = ¢1sa(2)¢1sb(1)

lIJl
2 H, H, 1 2
Y, 2
Y, Y,
ER’
v
E, resonance energy
b4
v, ¥, resonance structure
2 Y.
1 i
Y, b4 . | q H\ /c\ /H
\C/ \c/ (‘: (ﬁ
(H: (l: /C\ /C\
o N’ Ny u c -
i H

38



MO

2
Hartree
h
Pt 1 (-Gl 1 (Z-G) 1 (2o
' 2m  4zeg, .| Are, | Are, Il
a,b,c, - Car GpiGey
h; ‘//i(i) = & l//i(i)
LCAO ---Linear Combinations of Atomic Orbitals---
Molecular Orbitals(MO)
Combinations of Atomic Orbitals(LCAOQO)
Y= ‘//i(i) = ¢ +a,4, +---+a,4,
?, (AO)
E=¢ = E(a,a,,.a,)
al , az o, a

Variation method

39
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Linear



Y, ¥, ¥, complete orthogonal set**
E,<E,<E,<
3 3 e, €, €5
€3
A= AetAe,+AL,
%
el
X
g
o= oY,
=
H‘P'zE"I"—>J.‘P'*H‘I"drzE'J.‘P'*‘P'dr
E' = Z|Ci|2Ei
E-E, = Y[[E-YklE, = Y/ (E -E)=>0
Z|Ci|2 =1
lc|=1c,=c;=--=0

40



LCAO
LCAO (MO)

Yhvdr = E[¥?dr (h=h
(h=h)

[ehwdr = a(ah, +a,hy,+-+ah,)

+a,(a;hy, +a,h,+-+a,h,, )

+a,(ahy, +ah, +- -+anhnn)

[#hgdr = hy, hy=h

hj hy (5 #k)
j‘PZdr = aa +a,S,++a,S,)
+a,(a,S,, +a,++a,S,,)

+a, (alsnl +a,S,,+ -+an)

[#6dr = s, (i#k), S, =8,

AO
3
E G E ... E _p
A, A, A,
2(ahy +a,h,+-+a,hy,) = 2E(a; +a@,S,++a,S,,)
1
hll_E hlZ_Sle hln_SlnE a
hlZ_Sle hzz_E hzn_san a, -0
h1n_SlnE th_SZnE hnn_E an

nontrivial solution

41



hll_E hlZ_SlZE hln_slnE

hlz_sle hzz_E hzn_san 0
hln_SlnE h2n_SZnE hnn_E
secular equation
2
T Hiuckel

approximation

appendix

<)
NP
m_.
3
1D
v
N

m=0, 1, +2, +3,...
o, w, 0, ¢,

g: gerade u: ungerade

Centre of inversion

B

Ty

. ..! The parity of an orbital is even (g}
if its amplitude is unchanged under inversion
in the centre of symmetry of the molecule, but

P.W.AtKins, odd (u) if the amplitude changes sign.
. . Heteronuclear diatomic molecules do not have
Physical Chemistry, a centre of inversion, and so the g, u
classification is irrelevant.
4th ed. p.400
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Electronic Configuration of Diatomic Molecules
MO 2 _

,
I B A ®
R

R

A B

MO(Molecular Orbital)
2
Y = a,¢, +azds

Pn s Os A AO(Atomic Orbital)

ho —E  h,, —SE
hy —SE  hg, —E

hAA < O! hBB < 0’ hAB < O

(hAA “E hg —SEj(aAj -
he —SE hg —ENag)
a,,ag MO

J"I’Zdr - a,’+a,’ +2a,a,S = 1
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E.,E (E+ <E )
E_ Ppn A
hBB hBB B
haa
E+
Ia
Fan 7<:\ Iy
haw = j¢Ah¢AdT R

A

p’ 1 2, 1 Zy'¢

2m  4rng, I, dre, Ty
Z.6 Zge AB
2
hoo P 1 Z¢
A 2m  Are, 1,
A
A
hadn = €04
En A P
1 (¢A2e(ZA'e)
Moo = Ex+An, A, = —47[80] 23 dr
A, A B
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2 homonuclear diatomic molecules
¢A: 1SA ’ZSA’prA12pyA12pZA
¢B: 1SB’ZSB1ZPXB’2pyB’2pZB
AO MO
E - a+pf _ OH_,B—aS
* 1+ S 1+8S
E - a-p _,B—aS
- 1-S 1-S
a=hy =hg, B=hy
S=0
E, =z a+p
E. =z ao-p
MO
@E=E,
_a+p ﬂ_s(“JﬁB) a,
1+S 1+S -0
ﬂ_S 0!+,B) _a+ﬂ 3
1+S 1+5S b
a, =ag
V. = (g + )
2(1+9)
(b) E= E
MO
1
= (¢
2(1—5)(A o)
AO MO
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\ -
a B _
Pa Ps
(@ { ] - ‘P+ -
a+3 ] _
1s MO
W v, = ﬁ(mwa)

Enhanced amplitude

(a)

! 1sa ! Lsg
M
®

O

() v

(&) The orbital overlap responsible for bonding in the hydrogen molecule-ion
and(b)the constructive interference in the internuclear region. (c) The orbital
amplitude in a plane containing the two nuclei. and (d) the corresponding electron

density. Diagram (b) is a side view of (c).

1
Y = —— (4, -
@ Y 209 (6n — ¢5)

MO

bonding molecular orbital
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density. Diagram (b)

antibonding molecular orbital

MO

1s 2s 2p

MO

28,0'92p
2s,0,2p

9
u

O
O,

o 1s
,1s

O
(o}

g9
u

O
(o}

2p
2p

7y
7[9

u
9

T
T

MO

1s

MO

2p

2s 2s

0,42p

o, 2S

o, 1s
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’ \ 2p,a+2P,n

— . R
i=ay O W

4 N . 2 2Py 2pyn ~ 2Dy8
o
2oy N KA
—— QYo
| S
I
a0 0 DY
\ f Pya ™ &PyB
1‘ : zpr/\+2pzli ¢ ¢
[ S —
7 0000
szA—szB
4
—_— 23 TS 25, 28
ZSA -~ 2SB
Og2s
2SA+ZSB
1SA_1SB
s &—0
—————
. T O—O
15:’\ als Sp
£ s ].SA'["].SB

B2 T ATFONTFHREOCMNEN

MO o,2s o,1s  o,2p
o,s 0,25 MO
MO 1o,, 20,

(loy) = Cu(oyls)+Cyy(oy25)+Cy(cy2p)
(20,) = Cy(0,15)+Cy(0,25)+Cpy(c,2p)
(30,) = Cu(oyls)+Cq(0y25)+Cy(o,2p)

Cll' C22’ C33
16,,20,, Lz, 1z,
2 MO
R
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MO

4f
4d
4p
4s

3d
3p

3s

2p

2s

1s

1
I
1
|
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1
1
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I
1
T
1
1
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1
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!
)

[
|
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|
1
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1
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1
1
t
1
1
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|
1

1 ogls
E o)e 15, :
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D 1 .
] : 1
lsag/ v !
o i
] 1 [}
! H ]
Hz I’lez Liz BEZ Nz 02
EH2ETHT O TFEEIEN
Bez, N2, 02
1s MO
MO MO

3ds,3dg

3pas3pp

SSA,BSB
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Atkins (Physical Chemistry 4th ed. p.396)
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Li 2 B€2 B2 C2 Nz 02 Fz
40,

2

- ~—=
1, m‘-ﬂ#:\#ﬂ%\%_—_#\

20,

lo

Fig. 14.11 The variation of the orbital energies of Period-2 homonuclear diatomics.

1

(1s, 2s, 2p,...)s, p, d, f,...
( )

S,P,D,F, ...

1
O, 7,0, ¢,

( )

5 IL A O, -
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Atkins(Physical Chemistry 4th ed. p.400)

Term symbols

The term symbols of molecules (the analogues of the symbols %P, etc, for atoms) are
constructed in a similar way to those in atoms, but now we must pay attention to the
orbital angular momentum about the internuclear axis. The total angular momentum
of all the electrons around the axis is denoted by the symbols X, IT, A, . . . corresponding
tothe S, P, D, ... of atoms.

A single electron in a o orbital has zero orbital angular momentum: the orbital is
cylindrically symmetrical and has no angular nodes. The term symbol for H," is
therefore X. As in atoms, we use a superscript with the value of 2S + 1 to denote the
multiplicity of the term. In this case, since there is only one electron, S = 1/2 and the
term symbol is 2%, a doublet term. The overall parity of the term is added as a right

subscript, and (if there are several electrons) is calculated using

gxg =g uxu =g uxg=u
For H," , the parity of the only occupied orbital is g, so the term
itself is also g, and in full dress is °X,. The term symbol is '%, for ’i’
any closed-shell homonuclear diatomic because the spin is zero ~

(all electrons paired), there is no orbital angular momentum
from a closed shell, and the overall parity is g.

A 1 electron has one unit of orbital angular momentum about

the internuclear axis, and if it is the only electron outside a .

Y
=

closed shell, gives rise to a IT term. If there are two © electronS  Fig.14.18 The + symmetry refers to the
symmetry of an orbital when it is reflected in .

(as in O,) the term symbol may be either X (if the electrons are piane containing the two nuclei.
orbiting in opposite directions) or A (if they are orbiting in the
same direction) . For O, it is known that X lies lower in energy than A , and so its
ground term is . We have already seen that O, is a triplet, and the overall parity is
(closed shell) xgxg =g
The term symbol is therefore 3Eg.
Finally, we add another superscript to a £ term symbol to denote the behaviour of

the molecular wavefunction under reflection in a plane containing the nuclei (Fig.
14.18). For O,, one electron is 2p,t (which changes sign under reflection in the

xy-plane) and the other is 2p,n (which does not) ; the overall reflection symmetry is
therefore

(closed shell) x (+) x (-) = (-)
and the full term symbol is 32;. The need for all this dressing of a basic symbol will
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become apparent when we deal with the spectroscopic selection rules in Chapter 17.

2
T g Ro(A) De(eV)
Ho* | 1oy, 23,* 1.060 2.793
H, log2, 12" 0.7413 4.747
He.* | logtlay, 22 ,¢* 1.080 2.46
He. 10'g210'u2, ISE"'
Li. KK2a,2, 12+ 2.673 1.05
Be: { KK20,220,2 1 X,*
B, [Besllmy?, 33~ 1.590 ~3.0
Cs [Bes 17,4, ll‘g’f 1.242 6.36
N»* [B82]17"u430’g, 1.116 8.86
N. [Bez |17y 30,2, '2 + 1.094 9.902
0.+ | [Bes]3og2lmytlay, 2l 1.123  6.77
0O, [Be:]30,21mytlng?, 38~ 1.207 5.213
F. [Be: 3021wy lmyt, JR)se 1.418 1.687
Ne: | [Be:]30,21m #1lm 130, 2

Re

De

Be,

B, O, paramagnetism

C, diamagnetism

2 heteronuclear diatomic molecules

MO 2 a,” = ag
A B
nonpolar bond 2
a,” # ag A B
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polar bond (partial

positive charge 4+, partial negative charge &-) B
A6+BB—
2 2
2 MO 2 g u A B
1
MO

2s

2so

1SA

1
lo °8

1so

1s

CO

AH
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x electron, Htickel approximation and Delocalized bond

MO (CH,=CH-CH=CH,) CeHs
T MO
T C
localize C delocalize
T
hybridized orbital
C2H4
1 120<
(1s?)2s2p?
superposition
1 2
= L|=(2s)+,|=(2
6 = |59 hen)
1 1 1
4, = \/:(25)—\/:(2px)+\/7(2py)
3 6
1 1 1
b = |29~ Len)- [Len)
h b b 120= y
? ¥
J-¢i¢jdr = é‘ij
2p, -
x
h b b 120=
sp? $
hybridized orbitals
5 3 s
sp Sp sp
{(2)sp*.2p,}
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C-H C-C

sp? ¢ H 1s
MO C
cMO ocMO c
(e}
sp? 2p,
MO
T
T
T
§ 3
sp? )
1sAO c 4
2
p—
2p, 2P MO trans-1,3
T T 1-2 34
1,2,3,4
2-3
2-3 180
1-2 34 Cc=C
2-3
T
T MO

al¢l + a2¢2 + a3¢3 + a4¢4
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h 1 4 2p,

Huckel approximation
J-¢i¢jdz- = 5ij (Sijzo)
hy = [ghgdr = a ()

B ({0) : between neighbours
0 : between non - neighbours

hy = [ghgdr = {

=0
0 p  a-E B
0 0 S a-E
T
o
B/Z\B B/Z
/ \a/
o
1 3
B (a-E)/ B =x
x 1 00
1 x 1 0 x 1 0 |1 1 0
= x1 x 1j-|0 x 1] = X(x3—2x)—(x2—1)
0 1 x 1
0 1 x 01 x
0 0 1 x
= x*-3*+1 = 0
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., - @-E _  5+1 5-1 45-1 5+1
B 2 2 2 2

E = a+\/§2+1ﬂ, V5 - 1[3 ——\/_ 1/3 \/§2+1

B

T

B‘ =|A+B|A-B|, A B:matrix
B A

p a-E 0 a, | 0
0 p  a-E a,|
0 0 B a—-ENa,
V5+1
E = + 5 B E,
-y 1 0 0)(aq
1 -y 1 0|a, J5+1

a,:a,:a,:a, = liy:y:l

Y = C(¢1 + 79, + 1 +¢4)

) 1
c(5+\/§):1, c = %
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1 V51, B+l ]
Y, = —|&+ , + 3 T Py
5+£(¢ > ¢ > P+ ¢
E, :a+*/§_1ﬂ, E, = a—Eﬁ, E, = o 541
2 2 2
MO VY, ,Y¥,,Y¥,
1 J5-1, B-1
Y, = L+ 2 3~ P
- ¢ 5 ¢ > )
1 J5-1, +5-1
Y, = ¢1_ ¢2_ ¢3+¢4
5-+/5 2 2
1 V541, 4B+l
Y, = (I ) 3 — @
. ) 5 9, + 5 )
MO 6
o= b d )
¥, = %[(¢2+¢3)_(¢5+¢6)]
S b 24 —
¥, = 2\/§(Z¢1+¢2 by =20, — s + &s)
A AR
R TR 4
¥, = 2\/§(Z¢1 by — 5 + 20, — b5 — 45
Vo= (B hrh )
MO
( )
MO =
‘Plz‘Pzz first excited state
YA, P, ( )
MO MO
2 HOMO Highest Occupied MO

MO V¥,

LUMO Lowest Unoccupied MO
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SFHuR L AS 8 1B |
BNCIGOICENNCAVAVAS,
COMOOB 0O
, Qo0 QOO
T OC OB HO OB
I ED N EPENRVICKSAN,
) (o 006

+ SRCAVAS
" g 3% 5000
:!:.Ji"\}b*'—__'y: j’:—l—

H- w p, ——
- v, -
KBRS B —EIH

HOMO ¥, LUMO ¥,
n HOMO  LUMO

T
T 1-2 3-4

T

a-E y/j _ 0
p a-E




Y, = E(¢1+¢z) P, = E(¢3+¢4)
1 , 1
Y, = E(@ _¢2) ¥, = E(% ¢4)
T
\sz, lI,bIZ
TC
N
] \Pa \Pa,
Y,
oa BT -
3
] 4 4 4 A
a I [ I [ v, ¥,
_| 2p, 4| 4 H ¥
a B [ v [ v
+—
localized MO delocalized MO

2E,+2E, ~4(a+f) =4a+258—(4a+4p) = 2(\5-2)p

delocalization energy

2p
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Appendix

b= SN b = ()
b= HBAE) 4 = (B
MO
LI 54\@[\1@—(6—2)\? +(J§—2)lpa'+lpb']
y, = ¥, +(V5-2), +(V5-2)w, -, ]
2 \/g J
y, = (V5-2)%, +w, -, +(v5-2)%,
2¢5-25"
Y, = (V5-2)%, +, +¥,~(v5-2)%,
2y5-2+51
MO

MO
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MO

MO
MO

MO

symmetric

R. B. Woodward & R. %

Hoffmann, The Conservation

of Orbital Symmetry

Ch

m C,
MO
- A S
S m C,
MO Symmetric — S A
A m G,
MO — A s
Anti-symmetric
V1 — s A
1,4-
2 3
1-2
3-4 T
1-4 c 2-3
1 4
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CH, H
\ Je R = Y
S HHW CH,
—_~CH, CH;& CH,
!
H CH,
CHs s, g
4 HHW REall LUBS .
CH, CH,

¥, HOMO ¥, LUMO
MO
Frontier MO(FMO)
FMO HOMO
HOMO 1-2 34
conrotatory 1-4 c cMO

4

FMO
LUMO LUMO 1-4 cMO

disrotatory

T4 g (1) ] di:
hv
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MO  cis- MO

” 47 —
=7 A
T

g
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2p,

HOMO LUMO

MO

2p,

43

12

12 23 34

S cosw

34

12
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2p,

w TT/2

B'(Ll-cosw)

MO

/2

MO

14

~ f'(1-cosw)

2p,

14

14

pcosw

12 34

B

23

B'(Ll-cosw)
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TEVILHTORERT 1L
TO 2p, (REEHL : HBFEH
0=B"(1-cosw)w=0%&MRTx2)

RIEMEETE U5 RGHEED

SEEREETA U B KD
KEBEF 1L 412835 2p,DE REBEF 1L 4128132 2, 0E
%) ORT RS B(L-cosw) %) ORETF © &S - B'(1-cosw)

- . fal‘-‘ ) !
SruTF ORERT1EAD LU TILORERFLIE 4D
ol s 1 LmEES B = B'(1-cosm/2) ofi & 1 S - B’ =—B'(1-cosm/2)

«-E B 0 B
P a-B P 01 0 123~
0 p  a-E B
B, 0 p  a-E
B, = fcosw B, = f'(1-cosw)

MO
MO 119
o= C,fy +Cofh, +Cyfbs +Cu 4, 1197
m S MO
S A ¢,=c, C,=C
= =G MO
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0 p a-E B Cy
B, 0 B a-E)c,
MO
S MO
6=¢,  ¢=¢ 1257
a-E+p, o C, R
yon a-E+p)\c,
Eus1 < Euso
B = @ +§{[1+ £(1—cos o))+ i- £1-cosw) +4cos’ a)}
Ew, = @ +§{[1+ £(1-cosw)]—J[L- £1-cosw)[ +4cos’ a)}
E=p'1B 1.27
c-C 344 kJmolt C C 615 kdmol™
2B~ 344 kdmol™?  2B+2[3~ 615 kdmol™
134 135 136 o ¢
MO
E=Eu Cis11  Casi2
Costr * Casrr = —[L— E(1—cos )]+ L - £(L—cosw)[ +4cos®  : 2cosw
MO
Wi = b+ 00)+Cosno (¢ +44)
E=Egs, Cisz,1 Cus2.2
Cosot - Caspp = 2€08@ : [L— E(1—cosw)]—y/[L— £(L- cos @)[ +4cos®
MO
¥, Casza (B + B4 )+ Cos (¢, +¢5)
A MO
c=-¢ 6= -G 1257
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(a_

E-4, o Ci)| _ 0
B a-E-p)\¢c, -

134 B—>-=B, B, > b,

d
\PSl ! EdSl ! CdSl,l

S A
B—o>-B P,—>pB, S—>A

Egn < Egnz
= a_(EdSZ _0‘)
= a_(Ed81 _0‘)

MO

= Coms (¢1 — ¢, )+ Can,2 (¢2 - ¢3)
= Cga21 (¢1 -9, )+ Canz,2 (¢2 - ¢3)
MO

Caar1 - Cgmr2 = Cys2a - ~Casa2

Caa21 - Canz,2 = Cys1a - —Cas12

TU/2

Eg=a+

MO w 0
MO

J5+1 J5-1 J5-1

2

\Psdl:\Pp \Psdz:\ysv \P/il:\Pz’ \P£2:T4

w TU/2
EdSl

=a+cfEg,=a+pEy=a-pEu,=a-3f

d _ d _ d % d _ %
Yy, =0, Y5,=7n, Yy=7* Y, =0
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El, E2
t t 219.244, %%

Ew —a B —a
Ew,—a Eyp-a

X, 1 COsw

€] 135.5 kdmol™

&=1.27
-219.244, I | I |
403 0.2 0.4 06 08 1
0, )(t A,
o 23 B 12 34 fCcosw 14
~ f'(1-cosw)
123~ B, =—p'(1-cosw)
ﬂz _ﬂz 2
C,
2 MO
v o= Ciph +Cy0, +C305 +C,0, 119"
S A c=-c,
C,= -G, c=¢ 6= G
S MO 2
c=-¢, C=-¢ 1257
a-E+ c
A o
By a-E-p)\c,
B
EcSl < ECSZ 6‘081,1 6‘081,2 6‘cSZ,l 6‘082,2 MO \PSCl

Eo = a+§{[—1+é‘(l—COSa))]+\/[l+5(1—005(0)]2+4cosza)} 149

B
2

Es, = a-

{[1—5(1—c05a))]+\/[1+ E(l-coso)f +4C052a)} 150
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\Pgl = Cuig (¢1 -9, ) +Ces12 (¢2 - ¢3)
\sz = Ccsz,1(¢1 - ¢4 )+ Ccsz,z (¢2 - ¢3)

Cestr - Costp = [L+ E(L—COS@)]+ JIL+E(0—cosw)f +4cos’ @ : 2cosw

Cespy - Cegpp = —2C08@ : [L+ E(L—cos )]+ [L+ £(L—cosw)] +4cos® @

A MO 2
B—>-B B, >-p,
MO
Ew = a- (Ecsz _a)
B = a- (Ec51 —a)

Yho= Coualt 4+ Con (4, + 1)
LP/iz = Cea2s (¢1 +9, )+ Cenz,2 (¢2 + ¢3)

Cearr - Comr2 = Cesaa - ~Ces22

Cea21 - Cenz2 = Cegag - —Cesao
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0
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ground state
70
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m
(W F (WS, ] SxSxSxS=5
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m 70
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