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QUESTION 1 [25 MARKS]

a) A pariicle is moving in one dimension between x = a and x = b. the potential is

such that the particle cannot be found outside these limits and the wave function

in between is w = A/x
).  Find the normalization constant (5]
ii).  Calculate the average value of X I5]

b) Which of the following functions below are eigenfunctions of the operator d/dx?

For each eigenfunction give the eigenvalue.

i), exp(ikx)
i).  Bcos(4x)
iii).  exp(-ax®)
v). k [5]
c) The x component of angular momentum of an orbiting electron is Ly =zpx — Xp..
i).  Find the quantum mechanical operator f,x 2]
i), Evaluate the following commutator: [Y,EJ [3]

d) For a particle in a box whose ends are at x = 0 and x = 0.2000nm, calculate the
probability that the particle’s x coordinate is between 0.16000 and 0.16001nm if

o () :

QUESTION 2 [25 MARKS]

Given that a particle in a one dimensional box has the wavefunctionn
. _
W =[3]2 sin[ﬁ), n=1,2,3... for 0<x<L
L L
a) Derive the expression for the energy of the particle [7]
b) If the particle was now confined in a 3 dimensional cubic box, what woutd be the

energy expression? [4]
¢) If now the cubical box has dimensions Ly =Ly =L./2, what would be the energy




when _
D, mx=1n=2,n=2
). ne=1,ny=1,n;=4

What can you say about the two energy levels? {7]

d) .
). Distinguish between the terms “state” and “energy level” of a system.
ii).  For a particle in a cubic box of edge L, how many states have the energies
in the range 0 to 13h%(8mL%)?

iii).  How many energy levels lie in this range? [7]

QUESTION 3 [25 MARKS]

a) How did the study of heat capacity of metals consolidate the Plank’s hypothesis
that energy is quantized? [8]
b) .

). Wiite down the expression for a one dimensional harmonic oscillator,
defining all terms. | [3]

i), Assuming the vibrations of N, molecule are equivalent to those of a
harmonic oscillator with a force constant k =2293.8 N/m, what is the zero
point energy of the vibrations of this molecule. (the mass of the nitrogen
molecule is 14.004u) (7]

¢) The rotation of H'®’I molecule can be pictured as the orbital motion of an H atom
at a distance 160 pm from a stationary iodine atom. Suppose the molecule
rotates only in one plane.

). Calculate the energy needed to excite the molecule into rotation [4]

i)  Whatis the minimum non-zero angular momentum of the molecule?

(3]




QUESTION 4 [25 MARKS]

Lithium and chlorine both have two naturally occurring isotopes whose abundance and

atomic masses are given below:

Isotope Abundance /% Atomic mass/u
oL 8 6.0151

h 92 T 7.0160

%Cl 75 34.9688

¥l 25 36.9651

Naturally occurring LiCl consists of a mixture of four possible isotopic combinations. A
sample of natural LiC! was vaporized at 1500 K and a microwave spectrum obtained.

The lowest frequency line was found at 1.24 710 cm T,

a) Why is the spectrum taken in the gas phase? (1]
b) To which isotopic combination, does the lowest frequency line correspond?
[4]

c) Calculate the LICl bond distance in this compound. [6}

d) Assuming the bond distance is independent of isotopic substitution and rotational
state, calculate the frequencies of the next three lines seen in the spectrum. To
which isotope does each line correspond? _ [11]

e) Which of these four lines (i.e. the 1.24 710 cm T and the three in (d) above

should be most intense? The least intense? Explain. : (3]

QUESTION 5 [25 MARKS]

a) Describe the fundamental vibrational modes of H,O and CQ». For each molecule
indicate which modes will show infrared activity and why. [8]
b} Explain the difference between a “hot band” and an “overtone band” in

infrared spectra. How would you distinguish the two experimentally? [5]




c) The anharmonicity constant for ®CI'F is 1.25 x 10 * and the fundamental
frequency is 793.3 cm™. The isotopic masses for Cl and '°F are 34.9688 u and
18.9984 u, respectively.

). Calculate the energies of the first four vibrational levels. [4]

i). Calculate the difference in energy between the v = 25 and v = 26 levels
using (1) the harmonic oscillator model and (2) the anharmonic oscillator
model. Comment on the difference of your results from the two
calculations. 16]

ii).  Calculate the bond force constant in this molecule. [2]

QUESTION 6 [25 MARKS]

a) The energy levels of a hydrogenic atom are given by the following equation:

RHhCZZ . .
En=- o where Ry is the Rydberg constant, Z is the nuclear charge and n =

). Calculate the wavelength of a photon emitted when an electron goes from
n =3 to n = 2 in the hydrogenic atom He" [4]
i). What is the wavenumber of the first line in the Lyman series of He™? (For

Lyman series, ng—m, with nj =1, nz = 2, 3...) (3]

'b) The wave function for a 2s orbital of a hydrogen atom is
) ,
= N(2 —r/a,)e 2%, Determine the normalization constant N.  {6]

Wy
¢) State whether the following transitions are allowed or forbidden in a hydrogen
atom. In each case, give a reason for your answer.
). 3d—2s

i, 3p—>1s [4]




d) What is the lowest term symbol for Ti** if the first two electrons to be lost are the
4s electrons. [5]
e) Calculate the magnitude of the orbital angular momentum of a 4d electron in a

hydrogenic atom [3]

Total Marks 1100/




Useful Integrals

[ x2e ™ dx = %

-1

2 [x3e % dx =0

nl
an+1

3. J, xMedx =
4. [ sinfdf = —cosf + constant
5. dt = risinfdrdfd¢

6. [x"dx=—= nz-1

an+1

~

2 2 . _ ?_
Jy cos?0singdt = -




General data and fundamental constants

- Quantity

Speed of light
‘Elementary charge
Faraday constant
Boltzmann copstant
(Gas constant

. Planck constant

Avogadro constant
Atomic mass unit
Mass
electron
proton
neutron

. Vacwim permitiyity

Vacuum permeability

Magneton
Bohr
nuclear
_ gvalue -
Bohr radius -

Lo Fine-structure tonstant
-+ Rydberg constant ) '
Standard accelerafion.

- of fee fall

| Ee -
-8, = dme h/m e?

Ca=pe’/2h
Ri=me"8hcs *

Symbol

Hy = ﬂﬁ/ﬁ.m:
My = eli/2m, )

Value

2897924 58 X 10° m st .
1.602 177X 10M C
9.6485 X 10' C mol!
138066 X 102 7K
8314 51 7K mo}”!

- 820578 X 102 dm® atm K ol

60,2364 X 10L Torr K rnol!
6.626 08 X 107 ] 5

1.054 57 X 10% T

L 6.022 14 X 10% mol™
1.660 54 X 10V Ky

£ 9.109 39 X 107 Kg

167262 X 107 Kg
1.674 93 X 107 Kg - _
8.85419 X 10 I Q!
L1265 X 10" 1 CP !
A X 107 T2 C2 !

4 X 107 T2 5

927402 X 10™7 'l“"
505079 X 107 5 T
2.002 32

5291 77X 10" m.

- 7297 35 X 107

L09737X 107 m" .

9.806 65 m 2

B
Gravitational constant = = G

--Conversion factors

Teal: = 4184 joutes ()
eV = "16022X1077T
Prefixes - £ p o n

fernto plco.. pano
oY 10 100

6.672 55 X 10" N m* K g

1ezg
1 eV/molecule

e - ¢

micro milli centi
1 O-G l O-J 1 D-S‘.

107

1 X107 ig

= 96485kT molt
d ¥ .M G
deci  kilo mega giea

i 10® {64

R T S




.. PERIODIC TABLE OF ELEMENTS -

GROUPS

| )2 3 4 506 [ 718 9 [ 12 [ 13l [is Tas T 17 T 18
BERIODS | 1A IIA . | 11iB ve | vB | vig [ vig | VIHB | 1B B | waA [ 1va | YA | via | VIA | VIIA
- S o P o 4,003

[ A o : o o , e

6941 1 9002 | T e e Atormic mass—3 10.8k1 [ [2.011 | 14.007 | 15.999 | [8.998 | 20.180

7 Li' | Be 4 B S : L o Symbol .%;WHW O N O r “Np

S L P P T o Alomic No. ™7 5 6§ |9 B9 10
- 22.990 | 24305 |- . L. L S SR L 26.982 | 28.086 | 30.974 | 32.06 | 35.453 | 39.543

3. p MNa b Mg .o . TRANSITION ELEMENTS . : Al | S p S ClL | Ar

o e nM ) S Do L ‘ S s 14 15 16 17 18
. | 39.09 | 40.078 | 44556 | 47.88 | 50.942 | 51.996 | 54.938 | 55.647 ] 58.933 | 53.69 | 63 sxg 6539 .1 69.723 | 72.61 | 74.922 | 78.96 | 79.904 | $3.80

4 KX .| Ca Sc i V. | Cr Mn | TYe | Co Ni Cu Zn | Ga Ge As | Sec Br Kr

19 "} 20 - 20 22 23 ] 24 25 26 | 27, 28 29 30 3! 32 33 34 33 36
85468 | 87.62 | £8.906 | 91224 | 92.906 | 95.94 | 98.507 | 101507 | 162.90 | 106.42 } 107.67 | 11041 114.82 | 11871 | 12075 | 127.60 | 126.90 | [31.29
5 Rb | Sr Y Zr | Nb | Ma Tc Ru | R | Pd | Ag | Ccd |- Sn Sb Te I Xe
37 | 3% 39 40 41- | 42 43 44 45 46 47 48 | 49 50 s 52 53 54
132.91 1 137.33 | 13891 | 17849 | 18095 " 183.85 | 18641 | 1902 | 192.22 ] 195.08 | 196.97 | 25059 | 20432 2072 | 20898 | 209) | @i0) | (222
5 Cs Ba | *La HHf Ta | W Re Os v 1 Pt Au | Hp Tl Pb 1 Bi Po At Ru
55 | ss 57 7273 4 ) 15 76 77 78 79 80 | 4l 82 [ B3 | 84 85 16
23| 22603 | (227) | 61) | (262) | (63) | (@62) | (265) | @66y | 257 .
7 r | Ra | **Ac| Rf Ha | Unh | Uns | Uno | Une | Uun | | . )
87 | §3 89 o4, | 105 | 106 107.{ 108 109 1o
R 14012 1 14091 | 14424 | (145) | 15036 [ 15156 | 15725 | 158.93 | 162.50 1 16493 [ 16726 | 15555 117353 17497 .
*Lanthanide Scries Ce | Pro | 'Nd ' Pm | Sm | Eu | Ga | Tb Dy | Ho | Er | Tm | Y¥b | Lu
‘ R 58 59| 60 61 62 63 64 | 65 66 67 68 69 70 71 :
4 . ” . : P2
**Aclinide Series 232,04 1 231.04 | 1803 1 237.05 | (44) | @43) | @47) | 24D | D) @52y | @57 | (258) | (259) | (260)
- : Th | Pa- U Np Pu Am | Cm Bk Cf Is Fm Md | No Lr .
90 91 | 92| o3 94 95 96 97 | ‘o8 99 160 101 2 | 103

() indicates the mass number of the Isolope with the longes! half-life. .



