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[K&W 1st ed Chapter 3; 2nd ed Chapter 4]
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Problems

The hydrogen atom orbitals can be characterised by the number of radial nodes and nodal planes
in their wavefunctions. Examine the plots of the wavefunctions against r (given in the handout)
and determine the number of radial nodes present in each type of orbital (1s, 2s, 2p, 3s, 3p and
3d). Make rough sketches of these plots and indicate on them where the nodes are (for present
purposes, do not count it as node if the wavefunction goes to zero at the nucleus or at very large
distances from the nucleus).

Now turn to the density plots and three-dimensional representations of the same orbitals, also
shown in the handout. Examine these plots and determine the number of angular nodes present;
make sketches showing where the planes are. Use these observations to find general formulae,
expressed in terms of n (the principal quantum number) and / (the angular momentum quantum
number), for (a) the number of radial nodes, (b) the number of angular nodes and (c) the total
number of radial nodes and angular nodes.

By identifying the radial and angular nodes, suggest what orbitals the density plots on the
cover of the hand out show. Each shows a cross section through the xz plane.

What orbitals would you expect to find in the shell with n = 4 ? By comparison with the plots
given in the handout, sketch the form of the radial part of the wavefunction for an orbital with
n = 4 and the highest value of / that is possible: start by considering how the wavefunction
varies with the distance from the nucleus and then speculate about the three-dimensional shape
of the orbital. Attempt a three-dimensional sketch of a possible form for the orbital, indicating
where the angular nodes come.

Shown above are contour plots for the 2s and 2p, orbitals, taken through the xz plane with
the nucleus at the centre of the plot. Each contour joins points with a specific value of the
wavefunction. Where the wavefunction is positive, the contours are drawn solid — where the
wavefunction is negative, the contours are dashed. The intervals between the values of the
wavefunction depicted by the contours are constant: however, the spacing between the intervals
for the positive values of the 2s AO are roughly four times the interval between the negative
values.

(a) For the 2s AO, sketch a graph showing how the value of the wavefunction changes along the path

along the z-axis from a to a’. Mark on your graph the positions a, b, ¢, d, ¢/, b’, and a’.
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(b) For the 2p, AO, sketch a graph showing how the value of the wavefunction changes along the
path along the z-axis from a to a’. Mark on your graph the positions a, b, ¢, b’, and a’.

(c) Also for the 2p, AO, sketch a graph showing how the value of the wavefunction changes along
the grey circular path starting at b and moving in a clockwise direction. Plot your graph as a
function of 6, where 6 is the angle from the z-axis. (Position b corresponds to where 8 = 0°;
position b’ to where 6 = 180°.) What mathematical function does the your graph depict?

4. (a) State the nuclear charges for the atoms H, He and Li and write down their electronic config-
urations.

(b) For an atom with just one electron, the ionization energy of the electron when it is in an orbital
with principal quantum number 7, is given by (RyZ?/n*), where Z is the nuclear charge and Ry
is the Rydberg constant (13.6 eV).

Calculate, in eV, the ionization energy of a 1s electron in hydrogen, He* and Li**.

(c) The ionization energy of a neutral He atom is 24.6 eV. To what effects do you attribute any
difference between this value and those for H and He™?

(d) Calculate the ionization energy for Li>* when removing the electron from the 2s orbital.

(e) If the two 1s electrons in a neutral Li atom formed a perfect screen, the 2s electron would
experience a nuclear charge of +1. For this case of perfect screening, what would you expect
the ionization energy of the 2s electron to be?

(f) The experimental ionization energy for Li is 5.4 eV. To what factors do you attribute the dramatic
fall in ionization energy on going from He to Li ?

5. The hydrogen atom absorbs light from the visible/ultra-violet region of the spectrum when the
electron is promoted from one orbital to another. Given that the energy (in units of hartrees) of
the electron in orbital with principle quantum number n, E,,, is

1 72
E,=--%
2 n?

(where z is the nuclear charge), show that the energy of the photon needed to cause the
electron in an orbital with principal quantum number i to move to a higher orbital with quantum
number j is

Z2[1 1

(a) Using this relationship, calculate, in hartrees, the energy of the series of transitions starting from
the orbital with principle quantum number n = 1 and moving to successive higher levels with
n=23,4,5and6 (i.e. 1 to 2, 1to 3, 1to4 etc). Make a rough sketch of the resulting spectrum
(absorption vs. energy), roughly to scale. The lines should appear to be converging — why is this
and to what energy do the lines converge? What will happen to the electron at this convergence
point?
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(b) The picture shows an image of the super-
nova remnant ‘E0102-72’ located in a galaxy some
200,000 light years from Earth. The ring is about 30
light years across and contains more than a billion
times the oxygen contained in the Earth’s oceans and
atmosphere, and is at a temperature of many millions
of degrees Kelvin. At such temperatures, any atoms
are highly ionised and electronic transitions within
these ions may be detected by telescopes such as
Chandra. Analysis of the spectra recorded enable
astronomers to determine the composition of such
bodies.

Emission lines corresponding to electronic transitions from n = 2,3 and 5 to n = 1 have been
detected for the hydrogen-like ion O"*.

(i) Calculate the energy in hartrees for these transitions.

(ii) Given that 1 hartree = 4.36 x 107!'® J, calculate the energy in Joules and hence the fre-
quency and wavelength of light associated with each transition. What region of the electromag-
netic spectrum do these lines appear in?

6. (For the mathematically confident.)
The table on page 61 gives the hydrogen atomic wavefunctions expressed using polar coordi-
nates. Determine the value or values of the radius, r (expressed in units of the Bohr radius, ay),
at which the radial part goes to zero. Also, find the values of 8 and ¢ at which the angular parts
are zero. Which plane or planes do these values correspond to?

7. (a) Describe how two 1s atomic orbitals can be combined together to form bonding and an-
tibonding molecular orbitals. Why is the bonding molecular orbital lower in energy, and the
antibonding orbital higher in energy, than the atomic orbitals from which they are formed.

(b) When two AOs overlap, what factors determine by how much the energy of the bonding molec-
ular orbital is lowered relative to the energy of the lowest energy AO?

8. (a) Using molecular orbital theory, explain carefully and concisely why there is no stable
molecule He, whereas the ion, He;r , can be detected.

(b) It is possible to promote an electron in helium from the 1s orbital to the 2s to give an electronically
excited helium atom, He*. Explain why the collision between an excited helium atom and a
helium atom in the ground state can give rise to a bound excited helium molecule, Hes.

9. The bond dissociation energies, in eV, of some homonuclear diatomics from the first row are
given in the table:

L12 ‘Beg‘Bz‘Cg‘N; NZ‘O; OQ‘F; F2
1.14 ‘ ‘ 3.0 ‘ 6.4 ‘ 8.9 ‘ 9.9 ‘ 6.8 ‘ 5.2 ‘ ‘ 1.3

(a) For each of the species listed above, give the arrangement of electrons in the molecular orbitals
that you would expect (do not forget to include the effects of s-p mixing where appropriate).
Which of the species would you predict to be paramagnetic?

(b) Find the bond order for each of the species listed above and make a plot the bond dissociation
energy vs. bond order. Do you see any correlation between these two quantities? Why is there
no entry in the table for Be,? Using your plot, predict the bond dissociation energy of FJ.
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10.

11.

12.

Sketch the MO diagram for O,, showing which molecular orbitals are occupied (ignore the 1s
orbitals and electrons). Draw a similar diagram for NO and again indicate which orbitals are
occupied (as O has a greater Z.¢ than N, the 2p and 2s orbitals of O lie slightly below their
counterparts in N).

On the basis of this diagram predict whether or not you would expect NO to be paramagnetic
and compare the bond strength in NO with that in O,. Sketch the form of the highest occupied
molecular orbital (HOMO) in NO and state which atomic orbital is the major contributor to it.

Sketch an MO diagram for CN showing which molecular orbitals are occupied (ignore the 1s
orbitals and electrons). Compare the arrangement of electrons in orbitals that you would expect
for the ion CN™ with that expected for N,. Why is CN™ described as being isoelectronic with
N,?

(a) For each of the following molecules state, with reasons, how you would expect the bond
dissociation energy to compare between the neutral molecule (AB), the positive ion (AB™) and
the negative ion (AB™): N, NO, O,, C,, F, and CN.

(b) Arrange the species O,, O3, O, and O%‘ in order of increasing bond dissociation energy; give

13.

14.

15.

16.

17.

your reasoning.

Draw a diagram showing how the AOs on the metal and ligands might interact in a square pla-
nar complex to form multi-centre MOs (just consider the ligand as contributing one sp®> HAO).
Use your diagrams to explain how the metal in a square planar complex could be hybridized
sp*d or p*>d? but not sp°.

How would you expect each of the following atoms to be hybridized?
(@@BinBF; (b)BinBH, (¢)CinCH] (d)CinCH; (e) NinNHj
(f) N in the planar molecule formamide HCONH, (g) Cuin Cu(HzO)?
(h) Ni in the square planar complex Ni(CN);~ (i) P in PH; (H-P-H bond angle 94°)

How would you describe the hybridization of each of the carbon atoms in methyl methanoate?
Which orbitals (AOs or HAOs) overlap to form the various bonds? Identify the orbital occupied
by each bonding or lone pair electron.

Describe the o and 7 bonding you would expect for the COO™ group in a carboxylate, RCOO~;
explain how your description leads to the conclusion that the two C—O bonds are equivalent.
How would you describe the bonding between C and O? Explain why the bonds are intermediate
in strength between those of a C-O single bond and a C—O double bond.

(Tripos question) Describe concisely what you understand by the terms bonding and anti-
bonding molecular orbitals. What factors determine the energies of these orbitals?

The molecule BN has been observed in the gas phase and has been found to be paramagnetic
and have a vibrational frequency which is considerably lower than that of N,. Draw a molecular
orbital diagram for BN and use it to explain these properties of BN.

How would you expect the bond vibration frequency in BO to compare to those in BN and
N,?
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18.

19.

20.

21.

22,

23.

(Tripos question) Describe the molecular orbitals that you would expect to be formed from the
overlap of three p orbitals which point out of the plane of a molecule if the atoms are arranged in
a line. Use these orbitals to predict the atom or atoms which have the greatest w-electron density
in the allyl anion and the allyl cation.

The azide anion, N7, consists of a symmetrical linear arrangement of three nitrogen atoms.
Assuming that the N atoms are sp hybridized, use a combination of o-overlap between sp hy-
brids and m-overlap between out-of-plane p orbitals to draw a description of the bonding in N73.
Carefully describe the occupied orbitals.

Would you expect N5 to be paramagnetic? Which atom or atoms have the greatest electron
density?

For each of the following molecules, identify the HOMO and LUMO.

H,0 H,0® CH,4 BH,° AICI, H;C—C=N

I T

Cl

By identifying the HOMO for each, suggest where the following molecules would most easily
be protonated in acid and draw a mechanism for each case.

)

O
)J\ HyC—C=N HO\/\NH )J\
2
NH,

At low temperatures in the gas phase, aluminium trichloride, AlCl;, readily dimerizes to form
AlL,Clg. By identifying the HOMO and LUMO in AICl;, draw a curly arrow mechanism for the
reaction. Why does the reaction take place?

Draw a curly arrow mechanism for the reaction between BH,, and acetone (propanone). Why
does this reaction take place?

Draw the curly arrow mechanism for the reaction between hydroxide ion and methyl iodide.

Draw the transition state for the reaction. Suggest how the carbon is hybridized at each stage of
the reaction (hint: consider the bond angles around it).
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