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SUPPLEMENTARY EXAMINATION 2010/11

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-programmable electronic calculators may be used.

DO NOT OPEN THIS PAPER UNTIL PERMISSION TO DO SO HAS BEEN GRANTED
BY THE CHIEF INVIGILATOR.
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Question 1 (25 marks)

) Distinguish between a bonding and anti bonding molecular orbital [6]
(b) Consider the following species: NCI1, NCI*, and NCI".
@) Draw the molecular orbital energy diagram for NCI. [4]
(ii)  Write the valence electron configuration of the three species. [3]
(iii)  Determine the bond order for each species. 3]
(iv)  Determine whether the species is paramagnetic or not; indicate the number of
unpaired electrons in each case. [3]
(c)  The term symbol for the ground state of N;" is X} .
)] What is the total spin and orbital angular momentum of the molecule?
-2
(i)  Show that the term symbol agrees with the electron configuration predicted by
the building up principle. [4]
Question 2 (25 marks)
€)) Briefly explain what is meant by lifetime broadening. Can you minimize this effect
and if so how? [6]
(b)  Which of the following molecules may show a pure rotational spectrum — justify your
answer:
(i) H-C=C-H (ii) SF (iii) C¢HsOH
(iv) NO (v) NH; (vi) HoS [6]
()  The rotational constant for >’I”’Br determined from microwave spectroscopy is 0.114
619 cm™. The atomic masses of '*'I and "’Br are 126.904473 u and 78.918336 u,
respectively. Calculate the bond length in '*I”Br to the maximum number of
significant figures consistent with the given data. [7]
(d Calculate the relative population of the J = 3 and J = 4 energy levels of 2718y at 25

°C. [6]
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Question 3 (25 marks)

(a)

(®

What is the wavelength of an electron moving in a potential difference of 2000 V?
How fast (or rather how slow) must a 0.01 kg soccer ball travel to have the same de
Broglie wavelength as a 2 000 V electron? (1eV = 1.602 x 101, [5]

In an experiment, the position of an electron can be measured with an accuracy of
+0.005 nm.

@) What will be the accuracy in measuring the momentum of the electron?  [3]

(i1)  What will be the accuracy in measuring the speed of the electron? [3]

(c) Consider the function e™.

@A) Is this function an eigenfunction of p?? If it is, what is the eigenvalue?  [3]
(i)  Is this function an acceptable function when x varies from - to +o0? Explain

[2]
(iii) What conditions should be imposed on the constant a so that it is an
acceptable wavefunction in the range x =0 to x =+ 1]
. ~ d ad 2 d 2
(d)  Find the commutator of the operators A = x; and B=x el [8]
Question 4 (25 marks)
(a) (i) Write down the expression for the energy of a one dimensional harmonic
oscillator, defining all the terms. [4]
(i) Assuming that the vibrations of a "*N, molecule are equivalent to those of a
harmonic oscillator with force constant k = 2293.8 Nm’', what is the zero
point energy of vibration of this molecule. (The mass of a *N atom is 14.0041
u). . [4]
(iii) Calculate the wavelength of a photon needed to excite a transition between
neighbouring levels in a nitrogen molecule. [3]
(b)  Evaluate the kinetic energy of a particle on a ring that is described by the

wavefunction ¥ =N cos o, 0<p<2m and T=-— [4]
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The particle on a ring is a useful model for the motion of electrons around the
phorphine ring (see below), the conjugated macrocycle that forms the structural basis
of the haem group and chlorophylls. Treat the group as a circular ring of radius 440
pm with 22 electrons in the conjugated system moving along the perimeter of the ring.
Assume that in the ground state of the molecule each state is occupied by two
electrons.

@) Calculate the energy of an electron in the highest occupied level [5]
(ii)  Calculate the frequency of radiation that can induce a transition between the
highest occupied and lowest unoccupied level. [5]
phorphine

Question S (25 marks)

(2)

(®)

The fundamental and first overtone transitions of 2C'%0 occur at 2143.0 cm™ and
4260.0 cm™, respectively. Given that the isotopic masses of 2C and "0 are 12 u
(exactly) and 15.9949 u, respectively, calculate

) The equilibrium vibrational frequency [5]
(ii))  The anharmonicity constant [3]
(iii)  The exact zero point energy [3]
(iv)  The force constant of the molecule [4]

The N;O molecule has three strong bands in its infrared spectrum at 588.8 cm'l,
1285.0 cm™, and 2223.5 cm™. All have been shown to be fundamentals and the
molecule has been shown to be linear.

) Explain why CO,, which is also linear, has only two fundamental IR bands
while N>O has three. [5]

(i)  Where would you look for the overtone and combination bands in the IR
spectrum of N,O? [5]
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Question 6( 25 marks)

2

(@) The total energy eigenvalues of the hydrogen atom are given by E, = —g—f——i ,
7E LAy 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,..., n-1; and m; = 0, £1, £2,
+3,..., #l. Using the notation y,, list all eigenfunctions that have the following
energy eigenvalues and hence give the degeneracy of these energy levels:
2
. e
1) E=- 3
® 327e,a, B3]
2
. e
i) E=- 3
@) T2re,a, B]
)] Calculate the mean value of the radius, <r>, at which you would find an electron if the
H atom wave function is y,,,(7,6,4) = LT e osg [7]
4.2ma; 9
(©) 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]
(d)  Derive the term symbols for the eléctron configuration ns'nd’. Which of these terms
has the lowest energy? (5]
USEFUL INFORMATION
n! . .
(1) L x"e™®dx = —— a >0, npositive integer
) f c0s20sin0do = >
3
(3)  dr=r’dr sinBd6 d¢
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General data and fundamental constants

Quantity Symbol Value

~ Speed of light c 2.99792458X10°ms?
Elementary charge e 1.602 177 X 10" C
Faraday constant F=N,e 9.6485 X 10* C mol®
Boltzmann constant k 138066 X 102 J K
Gas constant R=N,k 8.314 51 JK' mol*

: 8.205 78 X 107 dm® atm K" mol”
o S "~ 6.2364 X 10 L Torr K mol™ )

Planck constant h- _ 6.62608X10™Js
h=h/2n 1.054 57X 1075

Avogadro constant N, 6.022 14 X 10* mol

Atomic mass unit u 1.660 54 X 10 Kg

Mass ﬁ '

- electron ‘m, 9.10939 X 10* Kg
proton o m, 1.67262 X 107 Kg
neutron m, '1.67493 X 107 Kg

‘Vacuum permittivity . g, =1/, - - -8.85419X10%J' C*m'

P . - 47e, ' 1.11265X 10" J' C?*m™

Vacuum perméability o = 4nX107)s*C'm?

| o ) 4 X107 T2 J' m® -

Magneton - i " - e o '

Bobr Hy = eh/2m, . 927402X10%J T
~ nuclear Hy = eh/2m, 15.05079X 107 J T

) . gvalue : ge 2.002 32 '

Bohrradius = - = a =4neh/me’-  529177X10M"m

Fine-structure constant a=pe’c2h  7.29735X10°

Rydberg constant R.=m,"/8h’cg? 1.09737 X 10’ m"

‘Standard acceleration I

of free fall - g - 9.806 65 m s -

Gravitational constant G : " 6.67259X 10" Nm?*Kg?

Conversion factors -

lcal = 4.184 joules (J) lerg = 1X1077J

leV = 1.6022X10"7J 1 eV/molecule = 96 485 kJ mol™

-

Prefixes f p | n . p m c¢ d k M G
femto pico nano .micro mili centi deci kilo mega giga
10" 10" 10° 10° 10° 10 10" 10 10° 10
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