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Fundamental Constants

Speed of light c 2.998 � 108 m s�1

Planck constant h 6.626� 10�34 J s
~ = h=2� 1.054 � 10�34 J s

Boltzmann constant kB 1.381� 10�23 J K�1

Gas constant R 8.314 J K�1 mol�1

Faraday constant F 9.649 �104C mol�1

Elementary charge e 1.602 � 10�19 C

Electron mass me 9.109 �10�31 kg

Proton mass mp 1.673 �10�27 kg

Vacuum permittivity "0 8.854 �10�12 J�1 C2 m�1

Avogadro constant NA 6.022 � 1023mol�1

Atomic mass unit u 1.661 � 10�27 kg

Bohr magneton �B 9.274 � 10�24 J T�1

Other conventions

P�� = 1 bar = 105 Pa 1 atm = 101.325 kPa = 760 Torr
m�� = 1 mol kg�1 1 L = 1 dm3

1 Da = 1 g mol�1 1 M =1 mol L�1
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1. Electrochemistry

(a) Explain what is meant by a standard electrode potential. [2]

(b) Give the cell reaction for the cell

Pt
��H2(g;P ��)��HCl(aq;m) jCl2(g;P )jPt

where m is the molality of HCl and P is the pressure of Cl2 gas. [2]

Write down the Nernst equation for the cell in terms of the activities of the con-
stituent species. You may assume throughout the question that H2 gas behaves
ideally, and that T = 298 K. [2]

(c) For P = P ��; Cl2 may be assumed to behave ideally. Under these conditions, the
cell EMF E varies with m as follows

m=m�� E=V
0:001 1:7164
0:005 1:6360
0:01 1:6020

(where m�� = 1 mol kg�1): Given that ln(�) _ (m=m��)
1
2 as m ! 0; where �

is the mean ionic activity coe¢ cient of HCl, determine the standard electrode
potential of the Cl2=Cl� electrode by a suitable graphical plot. [8]

(d) For m=m�� = 0:01 and P=P �� = 10; the cell EMF E = 1.630 V. The fugacity,
f , of Cl2 is related approximately to the second virial coe¢ cient B � B(T ) by
f ' P exp(BP=RT ): Assuming that � does not vary with P , determine ln(�)
from the data for m=m�� = 0:01 of part (c), and use this value to estimate the
second virial coe¢ cient of Cl2. Comment on the value you obtain. [6]

Note that V ��m = 2:48� 104 cm3 mol�1:
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2. Photochemistry

(a) Explain each of the terms (i) �uorescence, (ii) phosphorescence, (iii) internal
conversion, and (iv) intersystem crossing; and show, by means of a suitable
diagram, their relation to each other. [4]

(b) A solution of naphthalene of concentration 10�4M contained in a cell of thickness
10 cm absorbs 47.5% of the incident radiation at � = 300 nm. Determine the
absorption coe¢ cient, ", (molar decadic extinction coe¢ cient) for naphthalene,
and calculate the percentage absorption for solutions of concentration 10�3M and
10�5M. [4]

(c) The absolute quantum yield (��) for �uorescence of anthracene from its �rst
excited singlet state (S1) was determined by comparing the total �uorescence
intensity from a solution of anthracene with that from a solution of naphthalene,
for which the �uorescence quantum yield is known. The same apparatus and
geometrical arrangement with the 10 cm cell were used in both experiments, and
steady illumination was provided by the same light source.

For naphthalene at � = 300 nm, ��= 0.19; for anthracene, " = 420 M�1 cm�1.
The intensity of �uorescence from a 10�5M solution of anthracene irradiated at
that wavelength was 2.33 times as great as that from a solution of naphthalene
also at a concentration of 10�5M (you may need to use the result from part (b)).

Calculate the value of �� for anthracene (assume that there is no collisional
quenching). [4]

(d) The intensity of �uorescence from the anthracene solution was measured as a
function of time after exposing the solution to a short (< 1 ns duration) �ash of
light. The results were

time/ns 2.5 5.0 7.5 10.0
relative intensity 65 42 27 18

Determine the total rate coe¢ cient for decay of S1 of anthracene. [4]

(e) In independent experiments, it is found that the quantum yield for formation of
triplet state anthracene in this system is 0.66. From this information, calculate
the rate constants for �uorescence, internal conversion and intersystem crossing
from S1 in the anthracene system (again assuming that there is no collisional
quenching). [4]
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3. Statistical Mechanics

(a) What is meant by the classical equipartition theorem? Explain fully what
classical equipartition would predict for the rotational contribution to the
molar heat capacity, for both linear and non-linear molecules. [5]

(b) For a gas of diatomic molecules, sketch the temperature dependence of the total
molar heat capacity at constant volume, CV,m(T ). Identify clearly the relevant
temperature scales for crossovers between di¤erent regimes of behaviour, giving
classical values of CV,m(T )=R appropriate to each regime. [5]

(c) For a simple harmonic oscillator, and relative to the zero-point level, the
vibrational contribution to the molecular partition function is given by

qvib = [1� exp(�h�=kBT )]�1

where � is the vibrational frequency. Show that the vibrational contribution to
the molar heat capacity is given by

CV,vib,m(T ) = R

�
�

T

�2
exp(��=T )

[1� exp(��=T )]2

where � = h�=kB: Using this result, show explicitly that the classical
equipartition limit for CV,vib,m(T ) is recovered. [5]

(d) CS2 is known to have infrared active vibrational modes at the following
wavenumbers : ~� = 1523 cm�1(antisymmetric stretch), ~� = 396:7 cm�1 (bend).
At T = 800K, it is found that the total CV,m(T ) = 5:86 R: Estimate the contri-
bution to CV,m(T ) arising from the symmetric stretch of CS2: [5]

[At T = 800K, kBT=hc = 556.2 cm�1:]

DCHA 2705
5

Turn over.



4. Quantum Mechanics

Explain what is meant by the eigenfunction and eigenvalue of an operator Â. Show
that if j�i is an eigenfunction of Â, then it is also an eigenfunction of Â2: [3]

Obtain an explicit result for the eigenfunction �(x) of the momentum operator

p̂x = �i~
@

@x
; with corresponding eigenvalue ~k: [4]

For a free particle of mass m moving in two dimensions, the potential energy
V (x; y) = 0 for all x; y :

(a) Write down the Hamiltonian Ĥ � Ĥ(x; y) for the particle. Show that the
commutator [Ĥ; p̂x] = 0; and explain the physical signi�cance of this result.

[4]

(b) With A and B arbitrary constants, show that

	(x; y) = A exp(i[k1x+ k2y]) +B exp(i[k1x� k2y])

is a solution to the Schrödinger equation Ĥ	 = E	. Sketch the allowed values
of k1 and k2 in the (k1; k2)-plane for a �xed value of the energy E. [4]

(c) Show that 	(x; y) is a simultaneous eigenfunction of Ĥ and p̂x, but that it is
not in general an eigenfunction of p̂y: Comment on this result in the light of
the fact that [Ĥ; p̂y] = 0; and state the conditions under which 	(x; y) will be a
simultaneous eigenfunction of p̂x and p̂y: [5]

DCHA 2705
6



5. Liquid Kinetics

(a) Explain what is meant by the terms (i) encounter pair, (ii) activation-controlled
reaction, and (iii) di¤usion-controlled reaction, in relation to the kinetics of
bimolecular reactions occurring in the liquid phase. [3]

Suggest a simple scheme for such reactions in which the encounter pair can either
separate again or can react to form products. Writing the rate coe¢ cients as kd
for the approach of the reactants, k�d for the separation of the pair, and k r for its
reaction, and assuming that the stationary-state hypothesis can be applied to the
encounter pair, derive a generalised equation for the e¤ective second-order rate
coe¢ cient, k2, and use it to show the conditions under which a reaction is likely
to be (i) activation controlled; and (ii) di¤usion controlled. [4]

(b) A simple theory suggests that

kd =
8000 RT

3�

where � is the viscosity of the solvent, and kd is in units of dm3 mol�1 s�1. A
bimolecular reaction was studied in glycerol (propan-1,2,3-triol) at T= 298K.
At that temperature, � for glycerol is 1.03 kg m�1 s�1: The rate coe¢ cient, k2,
obtained was 5.9 � 106 dm3 mol�1 s�1. k�d was found to be 7.0 � 107 s�1 for
the same solvent and temperature.

Obtain a value for k r from the data given. [7]

How might the viscosity of a liquid be expected to vary with temperature? The
value of kd in pure glycerol at T = 283K was 1.4 � 106 dm3 mol�1 s�1. Using this
value, together with kd calculated at T = 298 K in part (b), estimate approximate
values for � of pure glycerol and for kd at T = 293K, stating any assumptions
that you make. [6]
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6. Rotational and Vibrational Spectroscopy

Comment on the veracity of the following statements, giving your reasons. Answer all
parts.

(a) The molecule HCl has no microwave spectrum. [2]

(b) The populations of the rotational levels of a diatomic molecule increase with the
quantum number J. [2]

(c) 15N16O has a larger rotational constant than 14N18O. [2]

(d) The rotational levels of a diatomic molecule are equally spaced at intervals of
2B. [2]

(e) A molecule cannot rotate and vibrate simultaneously. [2]

(f) The molecule O2 has no infrared spectrum. [2]

(g) 1,3-butadiyne (H�C�C�C�C�H) has 13 vibrational modes. [2]

(h) There are no HCl molecules in the level v = 1 at room temperature (300 K,
equivalent to approximately 200 cm�1). [2]

(i) Molecular vibrations follow simple harmonic motion. [2]

(j) All molecular motion is frozen at 0 K. [2]
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7. NMR

(a) The proton NMR spectrum of ethanol in weakly acid solution is given below. Give
an interpretation of the observed signals, explaining in particular the chemical
shifts and spin�spin couplings. [8]

(b) The signals associated with the OH and CH2 protons in ethanol are altered when
the sample is in a neutral solution. Describe and explain these changes. [4]

(c) The chemical shift for the OH proton changes by �4 ppm when the ethanol is
strongly diluted in CCl4. Suggest an explanation for this observation. [4]

(d) The protons in CH2=CF2 are chemically equivalent, whereas those in CH2F2 are
both chemically and magnetically equivalent. Explain what is meant by these
terms. In what respects are the protons in ethanol chemically or magnetically
equivalent? [4]
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8. Reaction Rates

(a) Explain brie�y what is meant by the Stationary-State Hypothesis (SSH) that is
used to calculate concentrations of reaction intermediates in chemical
processes. [2]

In some experiments investigating the reactions of the hydroxyl (OH)
radical, the radical was generated photochemically by irradiating mixtures of
F2 and H2O with a source of ultraviolet radiation of suitable wavelength, whose
intensity remains constant with time. The only reactions occurring in the system
may be taken to be

F2 + h� ! F + F (1)
F + H2O ! HF + OH (2)

The rate of loss of F2 is described by the equation �d[F2]/dt = k1[F2], with
k1 = 10�2 s�1, and the bimolecular rate constant for reaction (2), k2, is
1.4 � 10�11 cm3 molecule�1 s�1.

Assuming that the SSH may be applied, calculate the steady-state value of [F]
(in atom cm�3) for initial concentrations of reactants given by
[F2]0 = 1014 molecule cm�3 and [H2O]0 = 1016 molecule cm�3. [2]

By integrating the appropriate rate equations describing the formation and loss
of F, an expression for [F] as a function of time that does not depend on the SSH
can be derived

[F] =
2k1[F2]0

k2[H2O]� k1
fexp(�k1t)� exp(�k2[H2O]t)g:

An approximation made in deriving this equation is that [H2O] is constant. Show,
by calculating the maximum possible change in [H2O], that this
approximation is valid. [2]

Calculate the values of [F] at times of 1, 10, 100 and 1000 �s, and compare these
values with the steady-state value calculated earlier. What conclusion can be
drawn about the validity of the SSH at these times? [4]

Next, calculate the values of [F] at times of 1, 10, 100 s. Comment on your
values, and suggest any further limitation they may suggest about the validity of
the SSH. [4]

Question continues
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(b) The reaction between NO2 and CO yields the products CO2 + NO at a
temperature of 1400 �C. Three possible mechanisms are plausible:
Mechanism 1

NO2 + CO ! CO2 + NO (3)

Mechanism 2

NO2 ! NO + O (4)
CO + O ! CO2 (5)

Mechanism 3

NO2 + NO2 ! NO3 + NO (6)
NO3 + CO ! CO2 + NO2 (7)

Measurements were made of the initial rate of loss of CO for several initial
concentrations of NO2 and CO

[NO2]0/1015 molecule cm�3 3.6 6.8 7.2 8.3 9.1
[CO]0/1015 molecule cm�3 5.4 5.4 3.6 9.1 5.4

�d[CO]
dt

=1016 molecule cm�3 s�1 2.0 7.1 8.0 10.6 12.8

With which mechanism are these data consistent? Explain your reasoning. [4]

Determine the rate coe¢ cient for the rate-determining step in the mechanism,
and state which it is. [2]

End of Examination
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