
CH
�

E
�

M
�

I
�
S

�
T
�

R
�

Y
�

 2
�

7
	

3



BO
�

RN
� -OPPEN

�
HEIMER APPRO

�
XIMATIO

�
N

�
 AN

�
D SPEC



TRO

�
S
�

C



O
�

PIC



 TRAN
�

S
�

ITIO
�

N
�

S
�

F
�

o� r�  a si
�
n� g� l

�
e�  e� l

�
e� c� t

�
r� o� n�  i

�
n� t

�
e� r� ac� t

�
i

�
n� g�  w� i

�
t

�
h

�
 an�  e� l

�
e� c� t

�
r� o� m� ag� n� e� t

�
i

�
c�  w� av� e� , we � sh

�
o� w� e� d

�
 t

�
h

�
at

�
 t

�
h

�
e�

int
�
e� rac� t

�
io� n Hamilt

�
o� nian w� as:

1. p�)
� →�

  
′ = − ⋅ + [ ]H

!
t

� e�
mc A

"
r� p� A

"
r�( )

�
( ( )

�
2

→� →� →�
⋅

g� av� e� , in t
�
he�  d

�
ip� o� le�  ap� p� ro� ximat

�
io� n, t

�
he�  t

�
ransit

�
io� n p� ro� b

#
ab

#
ilit

�
y:$

2.
  
P

c�αβ αβ
π% µ= 2

3 2

2→�  w� he� re�     
  
µ ψ&αβ α'= ∫ ψ& βd

�
r

→�
(-e   r)

→ →�

F
�

o� r�  a sy$ st
�
e� m�  of � c� h

�
ar� g� e� d

�
 n� u( c� l

�
e� i

�
 (c� h

�
ar� g� e� s e� Z

)
I)

�
 an� d

�
 e� l

�
e� c� t

�
r� o� n� s, t

�
h

�
e�  H

!
am� i

�
l

�
t

�
o� n� i

�
an�  an� d

�
 t

�
r� an� si

�
t

�
i

�
o� n�  d

�
i

�
p� o� l

�
e�

ar� e� :

3.
  

′ = ⋅ + ⋅[ ] − ⋅ + ⋅[ ]

î





∑ ∑H t
� e�

mc Z A R p� p� A R A r p� p� A rI I I I I* i i i i
i

( )
�

( ( )
�

( )
�

( ( )
�

( )
�

2

→� →� →� →� →� →� →� →�

4.

{

ψ& ψ&αβ α' β
+= 

,


-
. − 


∑ ∑∫ eZ� R er� d

�
RI I

I
i

i

µ( )
/

e0ˆ

   
→� →�→�

µ( )
1

Nˆ  

µ d
�

r
→�{

T
2

o�  e� v� al
�
u( at

�
e�  t

�
h

�
e� se�  r� e� su( l

�
t

�
s w� e�  u( t

�
i

�
l

�
i

�
z3 e� d

�
 t

�
h

�
e�  B

4
o� r� n� -Op� p� e� n� h

�
e� i

�
m� e� r�  A

"
p� p� r� o� x5 i

�
m� at

�
i

�
o� n� :

5.   ψ
& χ6( ,  )

�
( ;  )

�
( )

�
r R r R Re NUC

7≈ ψ 8

Steps 6-10 d
�

e� r� i
�
v� e�  t

�
h

�
e�  e� q9 u( at

�
i

�
o� n�  for 

:
χ6 (R

;
)

�
  an� d

�
 i

�
l

�
l

�
u( st

�
r� at

�
e�  t

�
h

�
e�  H

!
am� i

�
l

�
t

�
o� n� i

�
an�  t

�
e� r� m� s t

�
h

�
at

�
 ar� e�

n� e� g� l
�
e� c� t

�
e� d

�
 (ap� p� r� o� x5 i

�
m� at

�
e� d

�
 as z3 e� r� o� )

�
 w� h

�
e� n�  (5)

�
 i

�
s u( t

�
i

�
l

�
i

�
z3 e� d

�
.

6. Se� p� arat
�
e�  <  as <  = HN

=
UC

>  + He? @  w� he� re�  
  
H M

ANUC
7

I
I

I
= − ∇∑

2
2

2

7
B

. an� d
�

 H
!

e? @  = (k
C

i
�
n� e� t

�
i

�
c�  e� n� e� r� g� y$  o� f

:
 e� ′s)

�
 + (e�  – e�  r� e� p� u( l

�
si

�
o� n� )

�

+ (e�  – Z at
�
t

�
rac� t

�
io� n)

�
 + (Z – Z re� p� u( lsio� n)

�

8. ψe? @  is d
�

e� fine� d
�

 b
#

y$  He? @ ψe? @   = E(R)
�
ψe? @

f
:
o� r�  t

�
h

�
e�  k

C t
D
h

E
 e� l

�
e� c� t

�
r� o� n� i

�
c�  st

�
at

�
e�  H

!
e? @ ψk = E

F
k(R

;
)

�
ψk

N
G
     O

H
T

I
E
J : H

!
e? @  af

:
f

:
e� c� t

�
s χ6  o� n� l

�
y$  m� u( l

�
t

�
i

�
p� l

�
i

�
c� at

�
i

�
v� e� l

�
y$  ⇒  H

!
e? @ ψχ6  = χ6 H

!
e? @ ψ (se� e�  (7

B
)

�
 ab

#
o� v� e� )

�
.        



C
K

HEMISTRY 2
L

7
M

3
N

B
O

ORN-O
P

PPENHEIMER A
Q

PPROXIMATION.R  .R  .R2
S

9
T

. U ψkχ
V  = χV HNψk + ψkHNχV  + χV HeW ψk = Tψkχ

V
 

apX pX rY oZ x[ i
\
m] at

^
e_

,(r  R
`

) 

as 0 ψkH
a

NχV  + χV E
b

k(R
`

)ψk + Tψkχ
V

ψk[HNχV  + Ek(R)χV  = TχV ]

wc he_ re_  T = ToZ t
^
al e_ ne_ rgd ye  (e_ le_ cf t

^
roZ nicf  and

g
 nuh cf le_ ar moZ t

^
ioZ n)

10
i

.     HNχV  + Ek(R)χV  = TχV  determines χV

       ψj (r, R) = ψj k, v  ψk χV k,v≈ (r k  R) ( R
`

)  

T
l

h
m

e_  e_ l
n
e_ cf t

^
rY oZ no i

\
cf  e_ no e_ rY gd ye  oZ f

p
 t

^
h

m
e_  k

q t
r
h
s
 state, E

b
k
t (R

`
), pX rY oZ vu i

\
d

g
e_ s t

^
h

m
e_  pX oZ t

^
e_ no t

^
i

\
al

n
 f

p
uh no cf t

^
i

\
oZ no  for 

p
t

^
h

m
e_  m] oZ t

^
i

\
oZ no  of Z t

^
h

m
e_

nuh cf le_ i.  The_  qv uh ant
^
uh m nuh mb

w
e_ r v re_ fe_ rs t

^
oZ  t

^
he_  nuh cf le_ ar st

^
at

^
e_ s assoZ cf iat

^
e_ d

g
 wc it

^
h t

^
he_  kt

r
h

s
 e_ le_ cf t

^
roZ nicf  le_ vu e_ l.

E
b

vu al
n
uh at

^
i

\
no gd  

  
→
µαβx

H
a

NχV k,v + E
b

k(R
`

)χV  = k,v χV k,v

 i
\
no  t

^
h

m
e_  B

y
.O. apX pX rY oZ x[ i

\
m] at

^
i

\
oZ no

ψj αx  =ψk1χV k1,v1 ψj β =ψk2χV k2,v2

e

ψ
  

z

z
µ ψj µ µ ψj

χV µ χV χV χV µ

αβ α β= +

= +{
∫
∫ ∫ ∫ ∫

( )

, , , ,

N

k v N k v k k k v k v k e k

d
g

Rd
g

r

d
g

R
`

d
g

rY d
g

R
`

d
g

rY1 1 2 2 1 2 1 1 2 1 2ψ ψ ψ

→ → → → →

→ → → → → →

I
|
. E

b
l

n
e_ cf t

^
rY oZ no i

\
cf  t

^
rY ano si

\
t

^
i

\
oZ no s (k

q
1 ≠ k

q
2)

  
ψ ψk k d

g
r1 2 0

i
=∫

→

{{, 1 , ψ

  

zµ χV χV µαβ = ∫ ∫k v k v k e kd
g

R
`

d
g

r1 2 2 1 2

−Franck
}

Condon
~

factor
p

        

 

 
 egral_electronic_ transition

^
moment] int

\

ψ
→ → → →

II. N
�

uh cf le_ ar t
^
ransit

^
ioZ ns (v1 ≠ v2) in same_  e_ le_ cf t

^
roZ nicf  st

^
at

^
e_  (k1 = k2

�  = k)

e (,1, 2  
zµ χV µ χV χV χV µαβ = +{∫ ∫ ∫k v N k v k v k v k kd

g
R

`
rY R

`
rY R

`
rY R

`
d

g
rY, , ( ; ) ; ) ( ; )1 2 ψ ψ

→
d

g
R

`
  

→ → →→→



C
�

HEMISTRY 2
�

7
�

3
�

B
�

ORN-O
�

PPENHEIMER A
�

PPROXIMATION.�  .�  .�3
�

1, 2,
  
µ χ� χ�αβ� = −

�


�
� 

∫ ∑∑∫k v k v I I i�
I

k �eZ� R e� r r R r R d
�

r( ; ) ( ; )ψ ψ
→ → → →

d
�

R   
→

 

m� u� st
�
 b

�
e�  a f

�
u� n� c� t

�
i

�
o� n�  o� f

�
 R

�
 o� r�  o� t

�
h

�
e� r� w� i

�
se�  i

�
n� t

�
e� r� g  r� al

¡
 i

�
s z¢ e� r� o� .  µk R

�
( )

→

1 , 2  
µ χ£ µ χ£αβ¤ = ∫ k v k k v¥R

¦
d

§
R

¦
, ( )

 d
�

i
�
p¨ o� l

¡
e�  m� o� m� e� n� t

�
 o� f

�
 k

© th

e� le� c� t
�
ro� nic�  st

�
at

�
e�  as a fu� nc� t

�
io� n o� f R .

is  µk R
�

( )
→

→→ →

{


