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b) 
The ground state wavefunction has the form of an exponential decay 

𝜓(𝑟) =
1

ඥ𝜋𝑎଴
ଷ
𝑒
ି
௥
௔బ  

Therefore, 𝜓(𝑟) will be very small when 𝑟 is large with respect to the constant 𝑎଴. 
 
If the separation 𝑅 between the two nuclei are large compared to the Bohr radius, ie, 𝑅 ≫ 𝑎଴, the 
overlapping between two wavefunctions 𝜓஺(𝑟) and 𝜓஺(𝑟) are negligible. 

  
Therefore, 𝑆(𝑅) → 0. 
 
If 𝑅 is small, the overlapping region would be significant. Thus, 𝑆(𝑅) = ∫𝑑𝒓𝜓஺

∗(𝑟)𝜓஻(𝑟) would be non-
zero. 
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c) 
It can be shown that 

𝑆(𝑅) = 𝑒ିோ(1 + 𝑅 +
𝑅ଶ

3
) 

in atomic unit (unit of length is 𝑎଴). 

 
You can see that 𝑆(𝑅) is decreasing with 𝑅. 
 
At 𝑅 = 2, which is close the the equilibrium separation of 𝐻ଶା 

𝑆(𝑅 = 2) = 0.586 
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(a) In 3 - dimensional space ,

the

degrees
of freedom of  a  molecule consisting of

N atoms Ts 3N
. Among the 3Ndegreesof freedom

,

there are 3degreesof freedom for the translational motion of  the molecule 's

center - of - mass and 2 degrees of freedom for the rotational motion

of the molecule along 2 axes
.

You might ask why there are 2 but not 3 degrees of freedom for

rotational motion
.

It Is because
,

for a linear molecule
,

rotation

along its own axes leaves the molecule unchanged and it is not

a rotation .

U '

B

A

G-

Rotation along
this axis leaves

the molecule unchanged

Therefore
,

the remaining degrees of freedom comes from the vibrational

motion of the molecule and we have 3N - 3 - 2 = 3N - 5 vibration

normal modes
.
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(b) J =  I = 380cm
- I

= 38000 in

- I

w = 2 = 7.163×10
"

s

- '

µ = [ ÷ + Mt )
-

I

= 2.518×10-26 kg

k = Wye = 129.189 Kgs
- Z

(c)

Symmetric C- O stretch
② ② ⑥

② ② ⑥

Bending along y or z direction

( assume the molecule is along
x-axis )

② ② ⑥

② ② ⑥ Asymmetric C - O stretch
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The last three vibrational modes of CO2 are IR active because they involve a change in molecule's dipole moment.
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(d) For non - linear  molecules
,

we have 3 degrees of freedom for the rotational

motion along 3 different axes
. Together with the 3 degrees of

freedom for the translational motion of molecule 's center - of - mass
,

we have 3N - 3 - 3 = 3N - 6 degrees of freedom left for the

molecule 's vibrational motion
.

(e)

O

Symmetric stretching

H H

O

Antisymmetric stretching
H H

O

Bending
H H
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These three modes of H2O are IR active because they involve a change of molecule's dipole moment.





