4.1

Molecular Symmetry

The theory of molecular symmetry provides a satisfying and unifying thread which extends
throughout spectroscopy and valence theory. Although it is possible to understand atoms and
diatomic molecules without this theory, when it comes to understanding, say, spectroscopic
selection rules in polyatomic molecules, molecular symmetry presents a small barrier which
miust be surmounted. However, for those not needing lo progress so far this chapter may be
bypassad without too much hindrance,

The application of symmetry arguments o atoms and molecules has its origins in group
theory developed by mathematicians in the early nineteenth century, but it was not until the
|920s and 1930z that it was applied to atoms and molecules. [t is because of this historical
development that the teaching of the subject has often been preceded by a detailed treatment
of matrix algebra. However, it is possible to progress quite a long way in understanding
molecular symmetry without any such mathematical knowledge and it is such a treatment
thal is adopted here.

Elements of symmetry

If we compare the symmetry of a circle, a square and a rectangle it is intuitively obvious that
the degree of symmetry decreases in the order given. What about the degrees of symmetry of
a parallelogram and an isosceles tnangle? Similarly, thers is a decrease in the degree of
symmetry along the series of molecules ethylene, 1,1-difluoroethylene and Auoroethylene,
shown in Figure 4.1, However, cis- and trans-1,2-difluoroethylene also shown in the figure,
present a similar problem to the parallelogram and isosceles triangle. In fact, it will be
apparent by the end of this section that cis-1,2-difluoroethylene and an isosceles triangle
have the same symmetry as also do frans-1,2-difluoroethylene and a parallelogram.

These simple examples serve to show that instinctive ideas about symmetry are not going
to et us very far. We must put symmetry classification on a much firmer footing if it is to be
useful. In order to do this we need to define only five types of elements of symmetry — and
one of these is almost trivial. In discussing these we refer only to the free molecule, realized
in the gas phase at low pressure, and not, for example, to crystals which have additional
elements of symmetry relating the positions of different molecules within the unit cell. We
shall use, therefore, the Schonflies notation rather than the Hermann—Mauguin notation
favoured in crystallography.

In discussing molecular symmietry it is essential that the molecular shape is accurately
known, commonly by spectroscopic methods or by X-ray, electron or neutron diffraction.
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Figure 4.1 (a) Ethylene, (b} 1,1-difluorcethylene, (c) fluorocthylene, (d) cis-1,2-difluoroethylene,
{e) tans-1,2-diflucroethylene

4.1.1 n-Fold axis of symmetry, €,

If a molecule has an n-fold axis of symmeiry, for which the Schiinflies symbol is C,, rotation
of the molecule by 2n/n radians, where n=1,2,3,..., 00, aboul the axis produces a
configuration which, to a stationary observer, is indistinguishable from the initial one.
Figures 4.2(a) to 4.2{e) illustrates a T axis in H;0, a C; axis in CH5F, a C, axis in XeOFy, a
Oy axis in CgHg and a C. axis (rotation by any angle produces an indistinguishable
configuration) in HCN.

Corresponding 1o every symmelry elemenl is a symmelry operation which is given the
same symbol as the element. For example, €, also indicates the actual operation of rotation
of the molecule by 2n/a radians about the axis.
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Figure 4.2 Examples of (a) Cy, (b) Cs, (ch Cy, (d) C, and (e) C, axes



4. 1.2 Plane of symmertry, o

If a molecule has a plane of symmetry, for which the symbol is o, reflection of all the nuclei
through the plane to an equal distance on the opposite side produces a4 configuration
indistinguishable from the initial one. Figure 4.3(a) shows the two planes of symmetry,
i, (xz) and & ( yz), of HyO using conventional axis notation, Just as the vz plane, the plane of
the molecule, is a plane of symmetry so any planar molecule has at least one plane of
symmefry. The subscnpt ‘o' stands for ‘vertical® and implies that the plane 15 verhical with
respect to the highest-fold axis, O in this case, which defines the vertical direction.

In the planar molecule BFy, in Figure 4.3(h), the Cy axis through B and perpendicular to
the figure is the highest-fold axis and, therefore, the three planes of symmeiry, perpendicular
to the figure and through each of the B-F bonds, are labelled «,. The plane of the molecule
is also a plane of symmetry and is labélled m;, where "' stands for ‘horizontal’ with respect
o C.

In a molecule such as naphthalene, shown in Figure 4.3(c), there is no unique highest-fold
axis and the thres planes do not have subscripts.
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Figure 4.3 Planes and axes of symmetry in {a) HyO, (b) BFy, (¢) naphthalene, (d) allene,
(2) benzene and (f) [PICL]*



A thind subscript “d”, which stands for ‘dihedral’, is sometimes useful. Iis use is jllustrated
by the allene molecule shown in Figure 4.3(d), in which the axes labelled C; are at 90° to
each other and at 45° 1o the plane of the figure.! These are called dihedral axes which are, in
general, C; axes al equal angles to each oiher and perpendicular fo the main axis. In allene,
the main axis 15 the C=C=C axis which is noi only a C; axis bui also an 5, axis (seec Section
4.1.4). The o, planes are those which bisect the angles between dihedral axes. In molecules
such as benzene and the square planar [PtCl;]”~ there is a choice of o, and o labels for the
planes perpendicular to the plane of the molecule. Figures 4.3(e) to 4.3(f) show that,
conventionally, the planes bisecting bond angles are usually labelled o, and those through
bonds are labelled 7.

The symmetry operation « is the operation of reflecting the nuclei across the plane.

4.1.3 Centre of inversion, i

If a molecule has & centre of inversion (or centre of symmetry), i, reflection of each nucleus
through the centre of the molecule 1o an equal distance on the opposite side of the cenire
produces a configuration indistinguishable from the initial one. Figure 4.4 shows s-frens-
buta-1,3-diene (the ‘s refers 1o rans aboul a nominally single bond) and sulphur
hexafluoride, both of which have inversion centres.

The symmeiry operation i 1s the operation of inversion through the inversion cenire.

4.1.4 n-Fold rotation-reflection axis of symmenry, S,

For a molecule having an n-fold rotation-reflection axis of symmetry 5, , rotation by 2n/n
radians aboul the axis, followed by reflection through a plane perpendicular to the axis and
through the centre of the molecule, produces a configuraticn indistinguishable from the
mmitial configuration. Figure 4.3(d) shows that the C=C=C axis in allene is an 5, axis. The
plane across which reflection takes place may or may noi be & plane of symmetry; in allene it
is not, but in BF;, shown in Figure 4.3(b), the plane involved in the S, operation is the g,
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Figure 4.4 Inversion centre, {, in (a) s-iuns-buta-1,3-diene and () sulphur hexafiuoride

! A molecular model is & great help in visualizing not only these particular axes but all elements of
symmistry.
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