UNIVERSITY OF SWAZILAND

FINAL EXAMINATION 2008

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(25marks)

a. Why does ‘i have to be everywhere real, nonnegative, finite and of definite
value. [3]
b. What is the standard deviation in the velocity of an electron if the uncertainty
in its position is 100 pm? What is the corresponding standard deviation in the
kinetic energy of the electron? [5]
c. What speed does a H, molecule have if it has the same momentum as a photon
of wavelength 280 nm? [3]
~ o ~ d ~ d
d. Evaluate the commutator [ A4, B] where 4 = e x and B = - +x [5]
€. Determine in each of the following cases if the function in the first column is
an eigenfunction of the operator in the second column. If so what is the
eigenvalue?
Functions Operator
. 0 0
1 X X—+y— 3
® y =% [3]
62
i sinBcos 3
2
(i) e *’? gd; -x’ [3]
Question 2 (25 marks)
a. 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 2#% [3]
b. Consider the energy eigenvalues of a particle in a one dimensional box

hn?
=——,n=1,2,3,..as a function of n, m and L.
8ml’

n

6)) By what factor do you need to change the box length L to decrease the
zero point energy by a factor of 400 for a fixed value of m? [3]

(i1) By what factor would you have to change » for fixed values of L and
m to increase the energy by a factor of 400? [3]

(iii) By what factor would you have to increase L to have the zero point
energy of an electron be equal to the zero point energy of a proton? [4]



c. The function ¥(x) = x(l - %J , 1S an acceptable function for a particle in a one

dimensional box of length L and with infinitely high walls.

) Normalize ¥(x) [6]
(i)  Calculate the expectation value <x> [6]
Question 3( 25 marks)
eZ

a. The total energy eigenvalues of the hydrogen atom are given by E, =— =
8ne,a,n

=1, 2, 3,... and the three quantum numbers associated with the total energy
eigenfunctions are related by n=1,2,3,...; =0, 1, 2,..., »-1; and m; = 0, =1, £2,
+3,..., #I. Using the notation . list all eigenfunctions that have the following

energy eigenvalues and hence give the degeneracy of these energy levels:

2
€

0 E= - 327eg,a, 3]

e2

W) E=- T2re,a, 2

b. Calculate the mean value of the radius, <r>, at which you would find an electron if

LT o2 050 [7]

4/ 2ma; a,

c. Define the quantum numbers L and S as applied to many electron atoms, indicating
the kind of values they may have. State the physical meaning of the two quantum
numbers in quantitative terms. Under what conditions are L and S no longer valid as
quantum numbers? State the reason in a sentence or two. (7]

the H atom wave function is y,,,(7,6,¢) =

e

d. Derive the term symbols for the electron configuration ns'nd'. Which of these terms
has the lowest energy? [5]




Question 4 (25 marks)

a. The ionization energies (I) of an electron from the valence orbitals on a carbon
and an oxygen atom are given in the table below:
Atom Valence I/MJ mol™
orbital
0 2s 3.116
2p 1.524
C 2s 1.872
2p 1.023
(i) Use these data to construct a molecular orbital energy diagram for CO. [5]
(ii) What is the electron configuration of the ground state of CO? 1]
(iii) What is the bond order of CO? [1]
(iv) Is CO paramagnetic or diamagnetic? 1]
b. The highest occupied molecular orbitals for an excited electronic
configuration of an oxygen molecule are (17 g)' (20.)". Determine the
molecular term symbols for oxygen in this electronic configuration. [5]
c. The photoelectron spectrum of NO was obtained using He 58.4 nm (21.22 V)
radiation. It consisted of a strong peak at kinetic energy 4.69 eV and a series
of 24 lines starting at 5.56 eV and ending at 2.2 eV. A shorter series of six
lines began at 12.0 eV and ended at 10.7 eV. Account for this spectrum. [7]
d. When light of wavelength 440 nm passes through 3.5mm of solution of an
absorbing substance at a concentration 0.667 mmol L, the transmitance is
65.5 %. Calculate the molar absorption coefficient of the solute at this
wavelength and express the answer in cm”mol ™. [5]
Question 5(25 marks)
a. Determine the number of translational, rotational and vibrational degrees of
freedom in the following molecules:
(i) CH;Cl1 (i) OCS (iiii) C¢Hg (iv)H,CO 6)
b. Classify each of the following molecules as a spherical, a symmetric or an
asymmetric top:
(i) CH5Cl1 (i) CCly (iii) SO, (iv) SFs 4
C. The rotational constant of 2D'’F determined from microwave spectroscopy is

11.007 cm™. The atomic masses of '"F and D are 18.9984032 u and
2.0141018 u, respectively. Calculate the bond length in 2D'F to the maximum
number of significant figures consistent with this information. @)




d. The pure rotational Raman spectrum of "N, shows a spacing of 7.99 cm’
between adjacent rotational lines.
6] Calculate the value of the rotational constant B. [2]

(>ii) What is the spacing between the unshifted line vex and the pure
rotational line closest to vex? (2]

(iii) If 540.8 nm radiation from an argon laser is used as the exciting

radiation, find the wavelength of the two pure rotational Raman lines
nearest the unshifted lines. [4]

Question 6(25 marks)

a. The force constant of '"H'’F molecule is 966 N m™'. Atomic masses of 'H and
F are 1.0078 u and 18.9984 u, respectively.
@) Calculate the zero point energy in kJ/mol for this molecule for a
harmonic potential. [5]

(i) Calculate the light frequency needed to excite this molecule from the
ground state to the first excited state. [2]

(iii)  Calculate the relative numbers of 'H'’F molecules in the ground and
first excited states at (i) 298 K and (ii) 1000 K. [6]

b. Calculate the percentage difference in the fundamental vibration wavenumber
of 'H¥CI and H*CI on assumgtion that their force constants are the same.
Atomic masses are 'H 1.0078 u, °H 2.0140 u and **CI 34.9688. [5]

c. Infrared absorption of 'H'?I gives rise to an R branch from v = 0. What is the
wavenumber of the line originating from the rotational state J=2.
(¥, =2308.09cm™ and B=6.511 cm™). [4]

d. Suppose that you wish to characterize the normal modes of benzene in the gas
phase. Why is it important to obtain both infrared and Raman spectra of your
sample? [3]




Useful Integrals

dr = r’dr sin ddad g

Ix"dx= I x™ n#-1
(n+1)

- n! . .
L x"e "dx = a > 0, n positive integer
an+1

fcosz Osin@do = %



General data and fundamental constants

Quantity

Speed of light

Elementary charge

Faraday constant

Boltzmann constant

Gas constant

Planck constant

Avogadro constant

Atomic mass unit
Mass
electron
proton
neutron

Vacuum permittivity

Vacuum permeability

Magneton
Bohr

nuclear
g value
Bohr radius

Fine-structure constant

Rydberg constant R.. = m.e*/8h’ce

Standard acceleration :

of free fall g

Gravitational constant G

Conversion factors

lcal = 4.184 joules (J) lerg

lev = 1.6022X 1077 1 eV/molecule

Prefixes f o 1 m -
femto pico npano micro milli
10" 10°  10° 103

Symbol

A=
>

pp = ef/2m,

py = eh/2m,
8ge

a, = 4ne H/m e
a=p.e’c/2h

Value

299792458 X10°m s™
1.602 177 X 10" C

9.6485 X 10* C mol™

1.380 66 X 102 JK*!

8.314 51 T X' mol*

8.205 78 X 102 dm® atm X! mo!™
6.2364 X 10 L Torr X! mol?
6.626 08 X 10 7Ts

1.054 57X 10™7 s

6.022 14 X 10* mol”

1.660 54 X 107 Kg

9.109 39X 10* Kg
1.672 62X 107 Kg
1.67493 X 107 Kg
8.85419X 10" J' C?* m™?
1.11265X 10 ' C* m™
4 X 107Ts*C?*m™

4 X107 T I o

927402 X 107 T
5.05079 X 1071 T

£ 2.002 32

529177X 10" m
7.29735X 107
1.09737 X 10’ m"

9.806 65 m 52
6.672 59 X 10™ N m? Kg?

= 1X1077
= 96 485 kJ mol™

c d k M G
centi deci kilo mega giga
102 10t 10° 10° 10°
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