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TITLE OF PAPER: PHYSICAL CHEMISTRY

COURSE NUMBER: C302

TIME: THREE (3) HOURS

INSTRUCTIONS:

There are six questions. Each question is worth 25 marks. Answer any
four questions. '

A list of integrals, a data sheet and a periodic table are attached

Non-programmable electronic calculators may be used.

DO NOT OPEN THIS PAPER UNTIL PERMISSION TO DO SO HAS BEEN GRANTED
BY THE CHIEF INVIGILATOR.



Question 1 (25 marks)

(a)

(b)

(©)

d

©

Why are molecular orbitals of heteronuclear diatomic molecules not labelled with g
and u subscripts? [3]

The ionization energy of CO is greater than that of NO. Explain this difference based
on the electron configuration of these two molecules. [5]

Sketch the molecular orbital energy diagram for CO and place the electrons in the
levels appropriate for the ground state. The atomic orbital ionization energies are O2s:
32.3 eV, O2p: 15.8 ¢V, C2s: 19.4 eV and C2p: 10.9 eV. The mo energies follow the
sequence (from lowest to highest): 1o, 20, 1=, 30, 1z, 40. ' [6]

The bond dissociation energies of the species NO, CF, and CF" follow the order:
CF" > NO > CF". Explain this trend using MO theory. , [6]

Show that the sp’ hybrid orbital, h = (s + 2”p)/3”, is normalized to 1 if the s and p
orbitals are normalized to 1. ' [5]

Question 2 (25 marks)

The transition J = 3 « 2 in the rotational spectrum of *C'°0 is observed at 11.5901 cm™.
The isotopic masses of '>C and '°0 are 12.000 u and 15.995 u, respectively.

(2)

(b)
(©)

(d

(e)

What is the separation between individual lines in the rotational spectrum of *C'°0?
(6]

Calculate the bond length in this molecule. [7]

What is the separation between the first member of the R-branch and the first member
of the P-branch in the fundamental absorption band? [3}

- What is the separation between individual lines in the rotational Raman spectrum of

Calculate the relative population of the J = 3 and J = 4 energy levels of 12¢1%0 at 25
°C. [6]



Question 3 (25 marks)

(2)

(b)

©
d

©

Explain why Einstein’s introduction of quantization accounted for the heat capacities
of metals at low temperatures. [4]

When a clean surface of silver is irradiated with light of wavelength 230 nm, the
kinetic energy of the ejected electrons is found to be 0.805 eV. Calculate the work
function and the threshold frequency of silver. [6]
Calculate the de Broglie wavelength of an ot-particle with kinetic energy 8.00 eV.
[4]

Show that f(x) is an eigenfunction of the operator A and determine the eigenvalue.

2
0] f(x) = 2cos3x A= %2—
()  f(x)=3x%% i=2 ‘ [6]
0z
~ A ~ d ~ d .
Evaluate the commutator lA, BJ where 4 = = x and B= e +x [5]

Question 4 (25 marks)

(a)

(b

©

d

The wavefunction and energy for a particle in a one dimensional box of length L are:
h2 n2-

- 8ml’
(i) For a 1.0 x 10%g particle in a box whose ends are at x =0 and x = 20.00 nm,
calculate the probability that the particle is between 16.000 and 16.001 nm if n =1

2 nax
x)=.—sin— andE
w(x) I I o

with n=1,2,3,...

and n=2. [4]
(ii) For an electron in a certain one dimensional box, the lowest observed transition
frequency is 2.0 x 10" s™'. Find the length of the box. [4]

For a particle in a cubic box of length L,
2

(iii)How many states have energies in the range 0 to P— ? [3]

(iv)How many energy levels lie in this range? [3]

2 1/4
Verify that y, = Nye™ *® whereq = (—kj is an eigen-function of the harmonic
m
. . . g hz d 2 1 2 . .
oscillator Hamiltonian, H = ————+—kx*. What is the eigen-value?
2mdx® 2

(7]

A point mass rotates in a circle with / = 2. Calculate the magnitude of its angular
momentum and the possible projections of the angular momentum on an arbitrary
axis. [4]



Question 5 (25 marks)

The infrared spectrum of HCN shows strong bands at 712.1 cm™ and 3312.0 cm™.

(a)
There is a strong Raman band at 2089.1 cm™. There are weaker infrared bands at
1412.0 cm’, 2116.7 cm™, 2800.3 cm™, 4004.5 cm™, 5394 cm™, and 6521.7 em™.
Some of the IR bands show PR band contour.
@) Identify these bands as fundamental, overtone or combination bands [6]
(ii) Suggest the shape of the molecule [1]
(iii)  Assign the fundamental frequencies to the vibrational modes. [2]
(b)  The Vibrational energy levels of Nal lie at the wavenumbers 142.81, 427.31, 710.31
and 991.81 cm™. | |
@) Show that they fit the expression £, = (v + %)V —-(v+ %)2 XV,
v=0,1,2... R [6]
(i)  Deduce the force constant, zero point energy, and dissociation energy of the
molecule. (Atomic masses; Na is 22.99 u and I is 126.90 u) [10]
Question 6 (25 marks) ‘
(a) One of the excited states of the hydrogen atom is described by the wavefunction
W= (2 ___r_]e—rIZa0
a,
@) Normalize y to 1. [6]
(ii) Evaluate the expectation value of r for the hydrogen atom with the above
wavefunction. [7]
(b) Specify and account for the selection rules for transitions in hydrogenic atoms. [4]
() * What atomic terms are possible for the electron configuration ns'np'? Which term is
likely to lie lowest in energy? [5]
((¢)) What values of J may occur in the term *D. How many states (distinguished by the

quantum number Mj) belong to each level? [3]



USEFUL INTEGRALS

1) J'x"dx= ! x™, n#-1
(n+1)
!
) fx"e“"‘dx = :1+1 a >0, n positive integer
a

3) J'sinz axdx =£—isin2ax+constant
2 4a

4) J'sinékie =—co0s8 +constant

(5)  dr=r’drsinBd6 dé



.General data and fundamental constants

Quantity ) Symbol Value

Speed of light c 2.997924 58 X 10° m s™
_Elementary charge e 1.602177X 10" C
Faraday constant F=N,e 9.6485 X 10* C mol"
Boltzmann constant k - 1.38066 X 102 J K
Gas constant R=N,k 8.314 51 J X' mol"

| 8.205 78 X 10 dm”® atm X' mol"
_ ’ " 6.2364 X 10L Torr K mol™ )

Planck constant h . 6.62608X10™Js
h=h22n 1.054 57X 10*Js
Avogadro constant N, 6.022 14 X 10* mol*
Atomic mass unit u 1.660 54 X 107 Kg
Mass . ﬁ . .
- electron - m, : ~9.10939X10* Kg
' proton m, 1.67262 X 107 Kg
neutron . m, 167493 X 107 Kg
Vacuum permittivity = g, = 1/c%p, - -8.85419X10%J' Cm?
- , - dne, . C111265X 101011 C? !
Vacuum permeability H, T 4 XI107T8C'm’!
' h - X107 T m? -
Magneton ° ) ' - S o '
Bohr up=eh/2m,  ° 9.27402X.10*J T
~ nuclear py=eh/2m, - 5.05079X 1071 T!
] . gvalue : ge 2.002 32 '
Bohr radius - a,=4ngh/me’ - 529177X10" m
Fine-structure constant a = p.e’c/2h - 7.29735X10°
" Rydberg constant R.=me*/8h’ce?  1.09737 X 10’ m"
‘Standard acceleration - o
of free fall - g 9.806 65 m s -
Gravitational constant G 1 T 6.67259X 10" Nm?Kg?
Conversion factors o
lcal = 4.184 joules (J) 1erg = 1X107]
lev = 1.6022X 10" 7 1 eV/molecule = 96 485 kJ mol™

-

Prefixes f P | n . p . m- ¢ d k M G
. . femto pico nano micro milli centi deci kilo mega giga
0% 10" 10 10°* 10° 10* 107 10° 10° 10°



.m.\_.:.\wuﬁ\ 1s28u0] ay; y11m adojost ay fo saquunu SSou 31) S21021PUL ()

£or ot 101 001 66 86 L6 96 $6 v6 £6 6 16 06
. a7 | ON | PW | wd | sT [ 3O | W@ | w) | wy | nd | dN n g | UL
(097) | (6s2) | (8s0) | (estd | (eso) | (1s2) | (eve) | (tve) | (eyT) | (vvT) | SO'LET | €O'BET | VO'IET | POTET SOLIOS OPIIIY 4 4
1L 0L 69 89 L9. 99 £9 9 €9 z9 19 09 65 8¢ .
ny | qx | wr | 13 | oH | 4a | qL | pD | ng | wg | wy [ PN | Ad ) §oLI9§ apluTtuL,
L6vel | v0eLl | €6°891 | 97°L91 | £6'¥91 | 05791 | £6'8S1 | STLSI | 96°151 | 9€°0S1 | (S¥1) | ¥Tvpl | 16°0p1 | 2170V
011 601 801 | L0l 901 501 01 68 88 L8
unf) o:D o:D wﬁD ::D tH B ud«** e 2 L
(L9) | (992) | (s97) | (zor) | (£90) | (zon) | (192) | (Lzd) | co9ze | cez
98 ¢8 8 €8 8 18 08 6L 8L LL oL SL bL £L L LS o¢ 95
uyl W od 1q qd IL | 80 | ny 3 1] sO | °" M Bl | JH | e, | ®d D 9
(zzo) | (010 | (607 | 86807 | T'LOT | 8C'VOT | 65007 | L6961 | 80°S61 | TTT61 | TO61 | 17981 | S8'€81 | S6°081 | 6¥'8LI | 16'8C) | €CLEN | 167TLI
b £ 43 13 0S 6 8Y Ly oy Sy by £y v v oy 6t 8¢ LE
ax I 2], qs ug ul | PD 3y Pd L b ny oL oAl aN || 1z A 18 qQ 5
6TIEN | 06'9T1 | 00°2T1 §'sLo1Ty | 1L°811 | T8%I1 | 19711 | L8°LOL | T¥'O0I | 16201 | LOJION | LO6'86 | 6'S6 | 906'T6 | vTT'16 | 906'88 | TO'LY | 89F'S8
9¢ S¢ Ve €€ K23 It 0t 67 8z Lz |- 9t 5T yT €z ka4 Iz 0z 61
)% 1q 28 sy ER) ) uz np IN 0D 2 Ul 1D A 1L 28 10 TN D | 14
08'€8 | v06°6L | 96'8L | zz6'pL | 1974 | £2L°69 | 6£59 | OpSED | 69'8S | £E6'8S | LY8'SS | BEE'VS | 9664S | THE'0S | 88'LY | 956'¥Y | BLOOY | B60'6E
8) L 91 9| b1 £l zl 1
1y 3 S d 1S v SILNAWITI NOLLISNVIL aw | eN €
8v6'6€ | €SP'SE | 90°T¢ | YL6'OE | 980°8T | 786'9T SOEVT | 0667CT
01 6 8 L 9 S Mur ‘ON WOy y c
IN~| A 0 N D | g < 10quig ag 8 [4
081°0Z | 866'81 | 666°S1 | LOOPI | 110721 | 118701 §6— ssew dlwoly 2106 | 1969
7 n I
ol 1 I
£00'Y : . 8001
VIIA | VIIA | VIA VA | VAL | Vil dall gl allA gaiiA | dIA gA aAl €1l VI VI | saontid
81 Ll 91 Gl 1 €1 7l [ ol | 6 | 8 L 9 3 4 3 z I
, SdNOoYUH .

SINTWIATA A0 FTIV.L DIAOIAd




