UNIVERSITY OF SWAZILAND

SUPPLEMENTARY EXAMINATION 2009/10

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 data sheet and a periodic table are attached

Non-programmabile electronic calculators may be used.

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



Question 1(25marks)

(a) The energy levels of a hydrogenic atom are given by the following equation:
R, hcZ?

2 3
]

E =- where R ; is the Rydeberg constant, Z the nuclear chargeandn=1,2,3,...

(i) Calculate the wavelength of a photon emitted when an electron goes fromn=3 to

n = 2 in the hydrogenic atom He". {4]
(ii) What is the wavenumber of the first line in the Lyman series of He"? (For Lyman series ,
n; - n, withny=1,andm=2,3, ...) 3]

—rila,

(b) The wavefunction for a 2s orbital of a hydrogen atom isy,, = N(2-r/a,)e
Determine the normalization constant N. [6]

(c) State whether the following transitions are allowed or forbidden in a hydrogen atom. In
each case give a reason for your answer.

(i)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]

Question 2 (25marks)

(a) Describe the physical origins of linewidths in the absorption and emission spectra of
compounds. (9]

(b) At what speed of approach would a red (660 nm) traffic light appear green (520 nm)? [5]

(c) Estimate the lifetime of a state that gives rise to a line of width of 100 MHz. [5}

(d) In the vibration-rotation spectrum (v=0—1) of HF, the rotational constants are slightly
different in the v = 0 and v = | states; their values are found to be B, = 20.6 em™ and
By =19.8 cm™. Calculate the percentage increase in bond length on going from v =0 to
v=1. [6]

Useful data

1
Vobs uv[lisr’c} 6E=E, oV = 53 cm™
T 7/ ps




Question 3 (25 marks)

(a) (1) Given that the energy of a particle of mass m confined in a one dimensional box
2.2
of fength L is -—’-E? , write down the expression for the energy if the particle is
m

now in a three-dimensional cubical box of lengths Ly =L, =L~=L {31
2
(i1)  How many states have energies in the range 0 to E 7 How many energy levels
are in this range? 31

(iii)  Suppose the cubical box has the dimensjons L, = L, = L,/2, what would be the
energy when (1) n,=l,ny,=2,n,=2 (2) ny=l,ny=1,n,=4
What can we say about these two energy levels? 4]

(b) (i) Calculate the energy levels of the n-electron network in octatetraene, CgHjo,
[CH,=CH-CH=CH-CH=CH-CH=CH,], using the particle in a box model. To
calculate the box length, assume the molecule is linear and use the value 140
pm for the C-C conjugated bond-length and add an extra bond length at each
end of the molecule. [5]
(i)  What is the wavelength of light required fo induce a transition from the ground
state to the first excited state?

(3]
(c¢)  The zero point energy of a particle in a box is not zero. Give a physical reason and a
mathematical reason for this observation. [5]
Question 4(25 marks)
(a) Briefly explain the relationship between the Heisenberg uncertainty principle and the
commutation of operators. [5]
(b) Given that 4 = gx_ and B = x? find the commutator[ 4, B]. [5]
(c) A particle is in a state described by the function y(x) = 0.632¢> + 0.775¢2*. What is the
probability that the particle will be found with momentum 24 ? (4]
(d) Consider the function f(x) = 2 w<x<w
@) Normalize f(x) [6]
(ii)  Find the average value of x 5]



Question 5 (25marks)

(a) The force constant of "Br°Br is 240 N m™ and the atomic mass of "°Br is 78.9183 u.
Calculate
(i) the fundamental vibrational frequency v and [3]
(i)  the zero point energy of °Br; [3]

(b) The fundamental line in the infrared spectrum of *C'%0 occurs at 2143.0 cm™, and the
first overtone occurs at 4260.0 cm™. Calculate
3] the fundamental vibrational frequency, V', and the anharmonicity constant, ¥. [5]
(i)  the exact zero point energy of CO. i3]

(c) Given that the fundamental vibrational frequency 7 = 4138.32 cm™ and the rotational
constant B = 20.956 cm™ for 'H'F, calculate the first three lines in the P and R branches
in the vibration-rotational spectrum of HF. (6]

(d) How many normal modes of vibration does the molecule BF; have? Sketch two of its
bond stretching modes (non-degenerate) and indicate whether they are infrared active or

not. [5]

Question 6 (25marks)

(a) Use molecular orbital theory to explain why the binding energy of N is less than that of
N> whilst that of O is greater than that of Os. (6]

(b) Give the valence bond description of the bonding in ammonia, NHs. 141

(c) Use molecular orbital theory to assign the following bond lengths and binding energies to
the following species.:
Species: H;, Ha, He;, He;
Bond lengths (pm): 74, 106, 108, 6000

Binding energy (kJ/mol): << 1, 241, 268, 457 [7]
(a) Consider the ions NO” and C;
§)] Draw the molecular orbital energy diagram for each for each species [4]
(ii))  Write down the electron configuration and give the multiplicity of the ground
states. [4]
(i)  Which ion should have the longer bond length? [
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a n+t

L x"e ®dx = a > 0, n positive integer

Isin 6d6 = —cos8 + constant

dT=r’sinfdrd@dd



General data and fundamental constants

Quantity Symbol
Speed of light c
Elementary charge e
Faraday constant F=N,e
Boltzmann constant k
(Gas constant R=N,k
Planck constant b
h=h2n

Avogadro constant N,
Atomic mass unit u
Mass

electron m,

proton m,

neutron m,
Vacuum permittivity g, = 1/,

4ne,

Vacuum permeability Ho
Magneton

Bohr pg = el/2m,

nuclear py = eh/2m,

g value ge
Bohr radius a, = 4ne h/m,e?
Fine-structure constant a=pec/Zh
Rydberg constant ' R. =m.e"/8h’ce?
Standard acceleration : v
of free fail g
Gravitational constant G
Conversion factors
lcal = 4.184 joules (J) 1erg
lev = 1.6022X 10™J 1 eV/molecule
Prefixes f p n u m -

femto pico npano micro milli

10" 10"

10 10°  10°

Value

299792458 X 108 m 5™
1.602 177X 10" C

9.6485 X 10°* C mol”
1.38066 X 102 J K

8.314 51 TX! mol™

8.205 78 X 10? dm® atm X mol™
6.2364 X 10 L. Torr K™ mol
6.626 08 X 10™*Js
1.05457X 10*7Ts

6.022 14 X 10® mol”

1.660 54 X 107 Kg

9.109 39 X 10% Kg
1.672 62X 107 Kg
1.67493 X 107 Kg
8.85419X 10" ' C*m?
1.11265X 101 C? m?
An X 10752 C?m?!

4n X107 T I

9274 02X 10*1T"
5.050 79 X 107 T

£ 2.002 32

5291 77X 10" m
7.29735X 10°
1.09737X 10" m™

9.806 65 m s
6.672 59 X 10" N m* Kg*

1X1077
96 485 kJ mol™

e

i

c d k M G
centi deci kilo mega giga
10 100 100 10° 10



.i. .

2f11-fipy 1593u0) ayy ynm adosost ay; fo aaquinu ssow 27 wauu.%s () |

€01 z01 101 001 66 86 L6 96 56 v6 £6 - 26 16 06
. 1 ON Pl | W S D 1 wy g wmy g dN n td | 4L

" i
090) | (6s2) | (8s2) | (ts®) | (zso) | (is2) wa) | o | (evd) | vo) | soucz | cosee | vortez | vozez SOMAE IPIUNIY 4
i 0L 69 |: 89 L9 |99 9 .1 9 £9 [4) 9 |, 09 6$ 85
ny QA | wl 1q ) ol Aq q.L PO nof wg ow g pN | sag | 9D SILIag apluvyuLTY,
L6'PLY | VO'CLT | £6'891 | 97291 ' £6'b91 | 05291 | €6'8S1 | SZ'LST | 967161 9e°051 | (s1) | pZ¥b1 | 16°0v1 | ZI0pl . ‘ :
_ _ 011 ) 60t 801 'L01 901 501 bol.- 68 88 | L3 _
unfy | ouy | oufy |-supy | yupn LIy Ja Vs | BU e L
(L97) | (992) | ($90) | (z92) | (£90) | (o0) | 190 | (tzw) | co'ozz 144
. 98 43 p8 | €2 8 (8 08 oL | 8L LL 9L St bL €L (7 LS 9 93
uy W o q a4 1L 3y ny W AT SO | ™ M LAY JH e, rg 5§D 9
(czo) | (012) | (600 | 86'80z | zroz | 8¢w0Z | 65007 | L6961 | 80°S6! | 22261 | zo61 ITORT | SR'EBI | S6081 | 6Y'RLI | 16'8E1 | £E°LET | 16°2€1
s | €% s 1S 0% 6p v Ly 1oy 3% v 7" It oF 6 8¢ LE
ax- oI AL qas ug uy PO | 3V |.pd b oy | ny | oL | oW | an | 47 A 18 ay s
6CLEL | 06921 | 09°LZl | SL°4Z1 | 1L'8IT | T8'WIL | IPTIT | L8LOY | TH'O0L | 16201 | LO10) | L0686 | v6:SG | 90626 | vez 16 906'88 | 7948 |,89pSR
9¢ g¢ pe £€ 43 e 0¢ 6C | 8z Lz 9z ¥4 VZ- £C 44 1z 0 61
I3 14 g sy ] tH uz no IN U6 TS I HIAL 0 A 1L 38 L0 I TR | ¥
0%'€8 | pO6'6L | 96'8L | Tz6vL | 19TL | €22°69 | 6659 | ovseo | 69'8s | ceege LY8'SS | BEGYS | 966°1S | TP6'0S | 88°Ly | 9S6°bb | 8L0°0F | 360°6E

8i "Lt o1 St- 41 tl

: 3 . 4! 11 :
=2 200 T o TN Y ~ d 1S v - SINTWITI NOILISNVYUL 3In | en £
BY66F - €SY'SE | 90°CE {VEBOE9R0:82 | 28697 _ R _ o 1 SOEYE [ 066ZT |

o 6 | ¥ L o S 4| oN ooy g . A 2 R U B
N 4 | O | N | D q <~ joqudg . | °g | 1T z
“081°0T | 866781 | 666'ST | LO0Y] | 11071 | 118701 46— ssew onwoyy. S v . 106 | 1v69
- - o : _ _
°H r o - o ‘ J$1 |
ooy’ : . : : o . ' ' 80071 |-
| VIUA | VHA VIA VA VAl Vil | an gl gilIA . "iIA HIA gdA gAl ailf Yii \d! saouadg
81 L1 01 st 1 w1 €1 _[fel 1 ot 6 | = L] 9 S ¥ £ z i

SINOUD

SINTNATI IO TTAV.L DIAORIA



