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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plane. This example also illustrates the point thal, if there is a o, plane perpendicular to the
highest-fold C, axis, this axis must be an 5§, axis also. We say that C, and o, generate 5,, or

il =5 (4.1)

This equation can be interpreted also as implying that, if we carry out a C, operation
followed by a o, operation, the result is the same 43 carrying out an 5, operatlon, (The
convention is to write 4 x B to mean ‘carry out operation B first and 4 second’: in the case
of C, and o, the order does not matter, but we shall come across examples where it does.)

From the definition of 5, , it follows that # = §, and § = ooS,; since & and § are taken as
separate symmelry elemenis the symbols §; and §; are never used.

4.1.5 The identity element of symmetry, I (or E)

All molecules possess the identity element of symmetry, for which the symbal is [ (some
authors use £, but this may cause confusion with the E symmetry species, see Section 4.3.2),
The symmetry operation [ consists of doing nothing to the molecule, so that it may seem too
trivial to be of importance but it is a necessary element required by the rules of group theory.
Since the €, operation is a rotation by 2n radians, €, = [ and the C; symbol is not used.

4. L6 Generation of elements

Equation (4.1} illustrates how the elements C, and 7, penerate 5,. Figure 4.5 shows how C;
and ¢, in difluoromethane CH,F; generate o, that is

o,k Cy=10a (4.2}
where @, is taken to be the plane containing CH; and &), that containing CF,. Similarly,

ﬂ‘:lxci:ﬂu

a, xa, =10 (4.3)
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Figure 4.5 [llusitration that, in CH,F;, T and o, generate a,



From a C, element we can generaie other elemenis by mising it to the powers
1,2,3,...,(n—1). For example, if there is a C; element there must also be €}, where

-[:'; — [:'3 4 Ca_ t"-.q]

and the C} operation is a rotation, which we take to be clockwise, by 2 x (2n/3) radians.
Similarly, if there is a C; element there must necessarily be C} (= C;), Cl (= Cy),
€} 1= C}) and C}. The C} operation is equivalent to an anticlockwise rotation by 2m/6, an
operation which is given the symbol C;'. Similarly, €7 is equivalent to C;' and, in general,

i (4.5)

From an §, element, also, we can generate S, 1o the powers 1,2,3, ..., (m — 1). Figure 4.6,
for example, illustrates the S and S; operations in allenc and shows that

5=6

4.6
where 57! implies an anticlockwise rotation by 2n/4 followed by a reflection (note that a
reflection is the same as its inverse, @'}

4.1.7 Symmetry conditions for molecular chirality

A chiral molecule is one which exists in two forms, known as enantiomers, Each of the
enantiomers is optically active, which means that they can rotate the plane of plane-polanized
light. The enantiomer that rotates the plane to the rfight (clockwise) has been called the d (or
dextro) form and the one that rotates it 1o the left (anticlockwise) the / {or laeve) form.
Mowadays, it is more useal to refer to the d and / forms as the (+) and (-) forms,
respectively.

Very often, a sample of a chiral molecule exisis as an equimolar mixture of { + ) and (=)
enantiomers. Such a mixture will not rotate the plane of plane-polarized light and is called a
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Figure 4.6 The 5] and 5] operations in allene



racemic mixture, with a prefix { + ) to indicate this. In the case of some chiral molecules the
{ 4 ) and (—) components of a racemic mixture can be separated, or they can be synthesized
separately, but there are many cases of chiral molecules that are known only in the form of
racemic mixtures.

There are interesting examples of enantiomers that not only are found separately but also
have different chemical properties when reacting with some reagent which is itself an
enantiomer. For example ( + )-glucose is metabolized by animals and can be fermented by
yeasts, but (—)-glucose has neither of these properties. The enantiomer { 4 )-carvone smells
of caraway whereas {(—}pcarvone smells of spearmint.

A useful way of describing the difference between ( + ) and (—) enantiomers is that one is
the mirror image of the other. In other words, neither enantiomer is superimposable on its
rhirmor image.

Figure 4.7 shows that any substituted methane, in which all four groups attached to the
central carbon atom are different, as for example in CHFCIBr, forms enantiomers. You can
either use your imagination or construct models of these enantiomers to show that you can
superimpose the carbon atoms and any two of the other atoms, such as H and F, but the
remaining two atoms, Cl and Br, cannot be superimposed.

In the early days following the discovery of chirality it was thought that only molecules of
the type CWXYZ, multiply substituted methanes, were important in this respect and it was
said that a molecule with an ‘asymmetric carbon atom' forms enantiomers. Mowadays, this
definition is totally inadequate, for two reasons, The first is that the existence of enantiomers
is not confined to molecules with a central carbon atom (it is not even confined (o organic
molecules), and the second is that, knowing what we do about the various possible elements
of symmetry, the phrase ‘asymmetric carbon atom' has no real meaning.

One useful rule that does survive is that:

IT & molecule is not superimposable on jts mirror image then it is a chiral maolecule.

This rule is applicable to any molecule, whether or not it contains a central carbon atom,
or indeed any carbon atom at all.

In considering whether a molecule is superimposable on its mirror image you may sense
that the symmetry properties of the molecule should be able to give this information. This is,
in fact, the case, and the symmetry-related rule for chirality is a very simple one:

A molecule is chiral if it does not have any S8, symmetry element with any value of n.

Mirrar
H

!
Fff """--...EF
Cl

) T

- ———

P

Br cl

Figure 4.7 The CHFCIBr molecule and its mirror image



< —
b |

LINH

g —*

Figure 7.62. Encrgy-level dingram for the inverting MH, moleculs,

releted to the notation for parity discussed previously. Motice that for the encrgy levels
apove the barrier, the nversion splitting becormes a wibrational miwerval and the
numkroi.z an the high right of the diagram is more appropriate.

Fluxional behavior is an effect commonly obserwed in weakly cound sysléms such as
wan der Waals dimers, for example (HyO),y. Since the inversion of a molecule changes
the handedness of the coordinaie sysiem, simple peomelric symmetry operations afe
not adequate to deseribe the molecular motion, Permutations and inversions af the
niclei need to be considered in order 1o describe these mations. Permutalion-inversion
group theary™ has different group operations and group names, bul these groups are
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Figare .47  Inversien of amines {a) As the imversion takes place, the lobe of the electrom pair
mitrpgen to the other sde. As ts ooy, the three other mowe first info a
camman with she mitropen, then to the ather side (colored arrows). (B) emantiomeric relo-
tianskip of the invericd amines i shewn by turning either molenels 180" in the plare of the page

1n fact, the two enantiomers of amines such as ethylmethylamine cannot be rated,
because they Intercon A AN 1N inn Fig
6.17. In this process, the larger lobe of the electron pair seema to push lhmu;h the
nucleus 1o emerge an the other side. Motice that the molecule is not simply turning oven
it is actually tuming itselt inside out! This is something like what happens when an
umhulhlurmhnddeautmﬂumnd.ﬁupmﬂnctu:nhmqh in
which the amine nitrogen becomes ridized. Figure 6.17h shown 13 IN¥ETEon
process inlerconverts the enanticl rms of the amine. Because this process is rapid
[ﬂ room temperature, it is impossible 1o separate the enantiomers. Therefore, ethylmethyl-
amineis s minmoinpid}]l infereonverting enanticmers, Aming inversion i5 yet another
l!imple—tf racemrization (Sec. 6A).

*6.19  Assumne that the following compound has the 5 configuration at its asymemetric
Pronea carbon.
- [Problem 6.1% confinues)
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Figure 4.9 Five possible staggered structures of 2,3-diflunmbutane: (2) all tans, not chiral; (b) all
ganiche, chiral; (c) CHy groups trans, chiral; (d) F atoms mrans, chiral; (e) H atoms frens, chiral

All the other four structures in Figure 4.9 are chiral, The ‘all pauche’ structure in Figure
4 %b) has no symmetry at all, and each of the structures in Figures 4 9(c)-4.9{¢) has a &
axis only.

The tnsubstituted ammonia (tertiary amine) shown in Figure 4.10, in which all the
substituents are different, has no symmetry element and is, therefore, chiral but there is an
important proviso. The ammonia molecule itself is pyramidal and can invert, like an
umbrella turning inside out. It does this so rapidly (in about 10" s, see Section 6.2.5.4a)
that it can, for the present purposes, be regarded as effectively planar. The rate of inversion
of the molecule shown in Figure 4.10 depends strongly on the masses of the groups Ry, R
and Ry, The heavier they are the more likely inversion will be such a slow process that there
is no feasible interconversion between the enantiomers. [t is also possible that some of these
tertiary amines are not chiral because they have a planar configuration about the nitrogen
alom.

Point groups

All the elements of symmetry that any molecule may have constitute a point group.
Examples are the I, C;, 7,(xz) and o,(yz) elements of H;O and the 1, §;, §7!, C;, G}, €4, 04
and o, elements of allene.
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Figure 4.10 A general lertiary amine



Point groups should be distinguished from space groups. Point groups are so called
because, when all the operations of the group are carried out, at least one point is unaffected:
in the case of allene it is the point at the centre of the molecule, whereas in H,0 any point on
the C; axis is unaffected. Space groups are appropriate to the symmetry properties of regular
arrangements of molecules in space, such as are found in crysials, and we shall not be
concerned with them here,

Many point groups are nécessary to cover all possible molecules and it is convenient 1o
collec! together those that have certain types of elements in common. It is also convenient in
defining point groups not 1o list all the elements of the group. In theery it is necessary to list
only the generating elements from which all the other elements may be generated. In practice
it is more helpful to give rather more than the generating elements, and this is what we shall
do here. Of course, all point groups contain the identity element, and this will not be
included in the point group definitions.

4.2.1 C, point groups

A C_ point group contains a C, axis of symmetry. By implication it does not contain o, i or
S, elements. However, it must contain C2, C2, ..., C™\.

Examples of molecules belonging to a C, point group, for whichn = 1,2, 3, ..., are nol
very commaon, but hydrogen peroxide (H;0;), shown in Figure 4.11(a), belongs to the C;
point group; the only symmetry element, apart from /, is the C, axis bisecting the 118° angle
between the rwo O-0-H planes. Bromochlorofluoromethane (CHBrCIF), shown in Figure
4.7, has no symmetry element, apart from J, and belongs to the C; point group.
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Figure 4.11 FExamples of molecules belonging to various point groups



4.2.2 8, point groups

An §, point group contains an §, axis of symmetry. The group must contain also
Sl arh

Examples are rare excepl for the 5 point group. This point group has only an 5, axis but,
since S, = {, it has only a centre of inversion, and the symbol generally used for this point
group is C;. The isomer of the molecule CIFHC-CHFCI in which all pairs of identical H, F
or Cl atoms are trans to each other, shown in Fipure 4.11(b), belongs to the C; point group.

4.2.3 C,, point groups

A C,, point group contains a , axis of symmetry and n o planes of symmetry, all of which
contain the C, axis. It also contains other elements which may be generated from these.

Many molecules belong to the C), point group, Apart from [ (=C,) they have only a
plane of symmetry, Fluoroethylene (Figure 4.1c) and aniline (Figure 4.11c), which has a
pyramidal configuration about the nitrogen atom and a plane of symmetry bisecting the
HNH angle, are examples. Instead of C;, the symbol C, is usually used.

H-0 (Figure 4.3a), difluoromethane (Figure 4.5), 1,1-difluoroethylene (Figure 4.1b), cis-
| .2-difluoroethylene (Figure 4.1d) and phenanthrene (Figure 4.11d) have & C; axis and two
7, planes and therefore belong to the &, point group.

NH4 (Figure 4.11e) and methyl Auoride (Figure 4.2b) have a Cy axis and three o, planes
and belong to the T, point group. XeOF4 (Figure 4.2¢) belongs to the C,, point group.

C.,, is an important point group since all linear molecules without a o, plane belong to it.
HCM (Figure 4.2e) has a C__ axis and an infinite number of o, planes, all containing the C,,
axis and at any angle to the page, and therefore belongs to the C__, point group.

4.2.4 D, point groups

A D, point group contains a C, axis and n C; axes. The C; axes are perpendicular to C, and
at equal angles to each other. [t also contains other elements which may be generated from
these,

Maolecules belonging to D, point groups are not common. They can be visualized as being
formed by two identical C,, fragments connected back to back in such a way that one
fragment is staggered with respect to the other by any angle other than mm/n, where m is an
integer.

The complex ion [Co(ethylenediamine);]**, shown in Figure 4.11(f), in which ‘en’ is the
HaNCHLCH;NH; group?, belongs to the [ point group and can be thought of as consisting
of two staggered C,, fragments.

* The puckered nature of this ligand has been neglected in the figure.



4.2.5 C,y point groups

A C, point group coniains a O, axis and a a;, plane, perpendicular to C,,. For n even the
point group contains a centre of inversion i. It also contains other elements which may be
generated from these.

The point group ), contains only a plane of symmetry, in addition to I It is therefore the
same as C;, and is usually given the symbol C,.

Examples of molecules having a C; axis, a &, plane and a cenire of inversion i, and
therefore belonging to the T, point group, are frans-1,2-diflucrcethylene (Figure 4.1e),
s-trans-buta-1,3-diene (Figure 4.4a) and s-trans-glyoxal (Figure 4.11g). 1,3,5-Trihydroxy-
benzene (Figure 4.11h) belongs to the Oy, point group.

4.2.6 D4 point groups

A Dy point group contains a €, axis, an 8, axis, n Cs anes perpendicular to C, and at equal
angles to each other and n o4 planes bisecting the angles between the C; axes. For n odd the
point group conlains a centre of inversion i. It also contains other elements which may be
generated from these,

The point group £, is the same as €, Molecules belonging to other D,; point groups
can be visualized as consisting of two jdentical fragments of C,, symmetry back to back
with one staggered at an angle of 7/n 1o the other.

Allene (Figure 4.3d) belongs to the 0, point group, and ethane (Figure 4.11i), which has
a staggered configuration in which each of the C—H bonds at one ¢nd of the molecule bisects
an HCH angle at the other, belongs 1o the Dy, point group.

Apart from these two important examples molecules belonging to D, point groups are
Tarc.

4.2.7 D,y point groups

A D, point group contains a C,, axis, n Cy axes perpendicular to C, and at equal angles 1o
each other, a o, plane and n other o planes. For n even the point group contains a cenire of
inversion i. It also contains other elements which may be generated from these.

A D, point group is related to the corresponding C,,, point group by the inclusion of a a,
plane.

The point group D, is the same as C,,. Ethylene (Figure 4.1a) and naphthalene (Figure
4.3c) belong 10 the Dy, point group in which, because of the equivalence of the three
mutually perpendicular C, axes, no subscripis are used for the planes of symmeiry.

BF; (Figure 4.3b) belongs 10 Dy, [PtCL]*~ (Figure 4.31) to D,,, and benzene {Figure
4.3e) to the Dy, point group.

The D, point group is derived from C__, by the inclusion of ¢,; therefore, all linear
molecules with a plane of symmetry perpendicular to the € axis belong to D, Acetylene



{Figure 4.11j), for example, and all homonuclear diatomic molecules belong to this point
Eroup.

4.2.8 T4 point group

The T, point group contains four C; axes, three C; axes and six o, planes. It also contains
elements genemted fom these.

This is the point group to which all regular tetrahedral molecules, such as methanz (Figure
4.12a), silane (SiH,) and nickel tetracarbonyl (Ni(CO)4), belong.

The C; axes, in the case of methane, are the directions of each of the C-H bonds. The &,
planes are the six planes of all the possible CH, fragments. The €, axes are not quite so easy
o see, but Figure 4 12{a) shows that the line of intersection of any two muiually
perpendicular &4 planes is a C; axis.

4.2.9 0Oy, point group

The ), point group contains three Cy axes, four O axes, six C; axes, three g, planes, six oy
planes and a centre of inversion i. It also contains elements generated from these.

This is the point group to which all regular octahedral molecules, such as SFg (Figure
4.12b) and [Fe{CN)g]'~, belong.

The main symmetry elements in 5F; can be shown, as in Figure 4.12(b), by considering
the sulphur atom at the centre of a cube and a Auorine atom at the centre of each face. The
three C; axes are the three F-5-F directions, the four C; axes are the body diagonals of the
cube, the six C, axes join the mid-points of diagonally opposite edges, the three o, planes
are each halfway between opposite faces, and the six oy planes join diagonally opposite
édges of the cube.

() (b}

Figure 4.12 (a) Some C; and o, clements in methane. (b) Some of the symmetry elements in
sulphur hexafluoride



1222

REFPORTS

Hg. 3. Toge fﬂwﬂ’ fe-L ) and
et Lo (bach and
1 i
iay) n; H, malery [blus);
sackdle pmm structure H:,_j
with it coplanar
r atoms (blus) hﬂum.

PES U s @ function
of the generslied coondinates
and 1 e bewt
high fupper and law
(e graph] temperature,

to the

(23] and noracambling regime,
respectively. For the purpose
of presentation, Ui@mY) &
smocthed and set 1o a cnstant
ulu: abowe 475 kcalimol
in the upper graph snd 100
kool in the kower praph.

I (kcallmol )

muclews, is the key w underdtandiag ibe IR
specinam, despibe the underdying scrambling
dymamics.

Having idemified hydrogen scrambling &
thi domissim dynamical peocess, the underlying
rearrunpernerd path can be analyzald with the
help of Fig. 3. An effoctive PES, 1] as explored
by the fwo seix of amulations, is shown in n
subspace spanned by 0 = 1, = d,) (where
d s the dustance between HY and HYY) and 3'=
i, F, iwhere & , is the unit normral 1o the
plane comalning F| and 7, snd §, denole the
unil vechars along the f'-}l"rbnnds‘.l:uuzmged
aver the flachuations in all remaining degrees
of fresdom. The three protons H'™Y, H™, and
HY are thide thal are mstantaneously -
volved in hydmogen smambling events, s
sdennfied before and after every sach evem
by analyzing ibe conligumtional rrajecioriza
Bedafly, 1 measunes deviations of the three
serambling prolons from coplamanty {where
o= ), wheress D @ sensifive w0 their de-
vighuans from the O}, sadile pour arrangement
fahhers o= 0. Inihe loo-remperstare fimit of
afaficully frosen hydeegen sopmbling (lower
erph in Fig. 3y ondy intemal rotstional malion
af fhe H, mosety is possible, inerconveriing
the e-f' and §-C, strenmes without breaking
up the H, maoiery. This restmction lesds (o two
steep, fully discornocted, horseshoo-hle valleys,
implyiny that the molecule mever explores the
PES close b 10 17) = 40,00

Upmin pctivating scrambling 125 by in-
creasing ihe iemperanire (upper graph), the
rwn vulleys hroaden and hecome conneceed
by am extremely Mor ridge, hus yielding an
umusuatly shallow PES i the scrambling
coordingies. In panicular, ihe most probable

19 ALMGUST 2005 WOL 309 SCIEMCE

compecling palth passes through (B#) =

[0, whach characleriees the f"h- [arst-arder
sacddle poind. Thas, thix analysis of 1he PES
topolegy stronghy supparts the iden thai ibe
iy, structuge can 3erve as @ menningful op-
pramimation to the tranidton comples Bns-
ture for the scrambling metion i CH.Y,
althaugh devislions very large in amphitude
fi.e, #' 5 0} are oheerved m view of the flas-
neas of the ridge. In the scmmbling regime,
the effective barrier foer this process is =03
keabimol, versus ~0 b kcalfmol aMatned abong
Ihe monimam-ensrgy path from the stabe e-C)
and C, stactures. This low value implies that
Muctuations of the remaming degrees of free-
dhom suppress the effectve barner 16 hydrogen
scrambling considerably, calling inte guestian
rechaced-dimensiopality thearies,

Topeiber, these expenments amd simails-
bons chearly indhcabe full hydnagen serambling
of bane EH,* al experimentsl condvions. In
addition o describing the scrambling mechs-
nasm in abomoc detal, the presentad methaols
offer an wniderstanding of the measured IR
wpectrum despive the wndelying Fpid praton
motion that dymamically inlerconvens strac:
tures of different symmetry and chemical
banding pattern. In particular, the fael tha
the C-H streiching mesdes of the H, moicty
and CH, iripod reselve inlo distiney peaks s
argusbly an experimentsl support for thres-
conler twia-clectron homding being operative
In hare CH, " under experimental comifitions
The current approach Bo IR specita couald
guide Future stuldics o cobd moleculor ions
i peneral, exploating the use of deubersied
EPECRES, OVETIINE ARECTORC0pY, micrmsolva-
tion, and double:resomance technagques.

Eeferences snd Hotes
| Shaly, Soimncs 290 14T [1588)
. Phign. Toane . dor. domdon Ser 4 324, 81

,._
R
cgp

Im.l;:ll.-.liﬁ fuitn, | 5 Tse W T Lee
ahije, | Tarng T Nnkmmrasn%

!

Angrs. hem, bl §d Engl 34, 1393 |
Cilah, . Kbl e Cham. Rec 305 245 (199

A e, Angee. Chem or. B8 Engl M.
7

in, Manwe 366, 512 [1993)

! M. Parrinalin, Soeace 284, 40 [1555)

R Schrener, Avgew. Chem e 4, fngl, 70, 3338

Figr. Chem. Chem Py 7, 1888 [2005).
R P Sawon, Amvon. dstropfiys. 254, 67 {1832)

-E-*z*;r;éﬁi "
i ies BB

T4 2 R Schowinm 8] Kimy, HF. Schaster DL P win
Rageh Schimyer, [, Cheoe Py 99, 37706 [1993).
15 H Hilher, W, Kitpeinigg, | Moga, W. Klopper, |
Chern. Migs 106, 1853 |1997)

16 | % Tia OO g K Lassonsh, Mgd Ree laif. T4,
76 15951

17, 1B, Marw, M. Parvinello, Malwe 375, 215 {1995)

18 1. B, M. Farvinelio, T #iye D41, 253 {1587)

0. A Brown B | Basss € Chrigtoffel 7. Jn | M
Boweman, [ Chee, My 319, #7900 (2003}

20 A B HeCog elal, | Alya Cher. A 100, 49597 |2004)

T & Boosen A B MeCoy, B | Biadem, T fis, | L Boveran,
I Dt Mga TE0, A006 (204

228 Thamgian, 0 L Crtensen, M| 7. jordan. | &n
Chwrn. Sox. 12T, 4954

I3 Fi a0 animation of the wievbing dnemc, e
i L chiEm el gadch S il

24D Mars, M. Parrnelic, Soece 71, 179 | 1998)

F5 A LR bk, L | de Konpng, Mo FLHL Wibbewing. | Am
Son. Plais Spectroes. 2 453 [WRDTL

6 G M Eraee, T. Oka E T 'Wiets, O Hamx, M
Farrinelle, Schasce J8E 105% (1959)

1 D Oepin A F, G vam ey Heer, PO van Amersiood,
infarvd B Techeol 6 26T {159)

28 FELIY wnars’ page (s iijahnliTelis].

78 B Car, M. Paninelo, P B Love 55, 2471 {1985)

1 Dy P, | Hetier, in Modenn Mechods and Alpa-
withrm of Quaniom Cheminry, | Ceenendest. Bl
|Jetn s Irtiset e Computing [MC
Forwhengrossinem Jullch, jaluts, Comany,
PR U449 [radabie ai v theodsem ruudepad
wpree himdl

I | bumed af al, CPAD SoMfwas Packape, Pas-
Flanch bt Bar Feitboipeilerschung and @M
Tarich |1995-193a1

B2 % Seidemmer, T Kubn, E Lescop D Gerlich, sl |
Muay bpactenm. TRE 589 (7309

33 5. Schbwrmer, € Lescap, | von Richihalen, D Gerlich,
Mok Simith, | Cham Ma 117, JO6E (2002)

WD Asvary, T Clesen, B. Rediich, & Schiwromer, My
e, il Sel, Q300 |2005)

18 % Schimremen, 0 Aray. | g Conl Ser 4 134 [F005]

36 W Rarmicer, T Lipea-Cludad, B Dymar B, 0, Mans, |
Churn. Fhya. 127, 1900 {0004},

3T A P Seabr, L Radoms, | Abyr, Cheay, 100, 16502
{VES6]

cham] The Leden/Kaln g thasks FOE For Lssn
lirme and highly the ahiltbel anuiita
fry the HILEE (o and by the worlsbops of Leden
Unseeruity 55 thanks D Geich o she oppaniu-
rliy b2 Gramafer the Z2-poke jon irap machine 1o
l=den/Ealn s grder 10 comiine the waelk on LR

18 Apidl 2E accwpted 32 june 200%
Pobiichid arline 0 juse 3o

10V 126 imen 1113028

Indiude tha infsrmabon when cAng thi papsr

WWW SCIENLEMag Org



as Cy and a 240° counlerclockwise rotation denoted as C3. This laller operation
could also have bes1. considered ms a 120° clockwise rotation. There are also three
planes of symmetry, each contaiming the rotation axis and one of the hydrogens.
esc cre denoted a,'s (v for vertical). The point group {E. C;. C§. 0,. 0, 0.} or
2C,, 3o ]1 called the C,, point group.
t“"Ethanc‘. in its staggered conformation, 4, has the inversion and the improper

H
H 1\\ ‘}Hi
JC-E\\
Hy
()

rotation among its symmetry np:ratmni. Jverall, il_has twelve symmeiry opera-
tions, {E, Eﬂa(@-_‘izuhl, 25, 3o}, Tk group is cnll:ﬂ‘:‘) One operation of each
type is shown ir Figure 13.2. The C,, the inversion, and the o, are obvious. The §,
“ rolves a 60°F erclockwise rotation mpanied b plane
r to the rotation axis. (In this case neither the 60° rotation nor the
:}munml reflection is a symmetry operation of the molecule. An alternative de-
seription of 5 is ﬁ’ﬁ followed by i) The C, axis bisects the pair of planes defined

by H,—C—C—H, and H,—C=C—H, and ﬁnm icBlar Yo, the e Cs (or 5,
] Hy
"ﬁﬁ”ﬁ
Hy i

i i i
Hs- T Hg ~ ..." H‘-H ﬁh{t H/QL‘\H
=2 1 T
i
HI ! H Q He EE Hy Y My
Ha S a H
L LI R
L
Hy

Figare 132 The results of one symmetry operation of cach class on the stuggered
conformation of ethane, The BMNewman profection is used. The view is along the

C-C axiz, with the C—H bonds en the front alom drawn by a salid line and those
on the back by a dashed line.



A summary of the important combinations of symmetry elements
hat ean oeeur, i.e., the possible point groups, and the symhols used to
lenote these are given in Table 8-2, It will be noticed that the boldfare
iymbolg used for the point group are based, for the most part, on the
wrineipal symmetry element of the group and that the subscripts added
o some of the point-group symbola further tie in the symbol with the
Jlements in the group.

It is not necessary to commit to memory the symbols and symmetry

[ABLE 8-2 Some of the Point Groups That Are Important in Molecular Frobhlems
The number of times a symmetry element occurs is indicated by a number before
he symhal for that eymmetry element)

Point group Symmetry elements Examples
Ej E UH;'—CH'E!BF
L E, C, HyOy
Cq E, i CH;—CHCI—CHCI—CHj, (trans.)
C E e NOC|
Ci. K, €y, 2a, H,0, CH,Cl,
Ca K, €, 3o, NH,, HCOL,
Cuw E C, wa, HCN, 0CE
Ca E, Cyop i CIHC=CHC] (trans.)-
I E, at'; fmutaally perp.), 8, (eoin- | H,C=0C=0CH,

vident with ane of the €4}, 2r,
{(through the &, axia)

Dy E, ¢, 3¢, (perp. to e O axis), | CyHy, teyelohuexane)
Mg (eoincident with the (' axia),
III dea

Du=Y, |E&, 30 imutually perp.), 3« tmu- | H,C=0CH,
tually perp.), i

Da E, (3, 30 tperp. to the O axis), | BC,
day, 08, 21
D E, €, 4Cy (perp. to the O, axig), | CyH, (cyclobutsne)

day, 4oy, Oy and 8y (hoth coinei-
dent with €'y), i

Dy, E, €y, 6Cy (perp. to the Cy axis), | C\H, (benzene)
Beo,, ex, O3 and €; and 85 (all co-
ineident with the €y axis), 1

) JY E, C,, «=C; (perp. tothe O, axis), | Hy, CO,, HC=CH
CT T
T E, 3Cy (mutually perp.), 40, 60, | CH,

38, fnoincidpnt with the 7 aves),
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Molecules belonging to the /, point group are very highly symmetrical, having 15 G,
axes, 10 Cy axes, 6 C; anes, 15 & planes, 10 5; axes, 6 5, axes and a cenfre of inversion i. In
addition to these symmetry elemenis are other elements which can be generated from them.

4.2.12  Other point groups

4.3

The point groups discussed here are all those that one is likely to use, but there are a few
very uncommon ones that have not been included: descriptions of these are to be found in
the books on molecular symmetry mentioned in the bibliography at the end of this chapter.

Point group character tables

Point groups may be divided into two important sets: non-degenerate and degenerate. A
degenerate point group contains a C, axis, with n = 2, or an §; axis. A molecule belonging
to such a point group may have degenerate properties, for example different electronic or
vibrational wave functions with identical associated energies, but a molecule belonging to a
non-degenerate point group cannot have depenerate properties.

In Sections 4.1 and 4.2 we have seen how the symmetry properties of the equilibrium
nuclear configuration of any molecule may be classified and the molecule assigned to a poinl
group. However, molecules may have properties, such as electronic and vibrational wave
Functions, which do not preserve all the elements of symmetry, and it is the symmetry
classification of such properties with which character tables are concerned. We shall
considet in detail three such tables: that of 5, an example of a non-degenerate point proup;
that of C;,, an example of a depenerate point proup; and that of C_,, an example of an
infinite group, which has an infinite number of elements,

4.3.1 C,, character table

A property such as a vibrational wave function of, say, H;0 may or may not preserve an
element of symmetry. If it preserves the element, carrying out the corresponding symmetry
operation, for example o,, has no effect on the wave function, which we write as

W, = (+y, (4.7)

and we say that \f_ is symmetric to #,. The only other possibility, in a non-degenerate point
group, is that the wave function may be changed in sign by carrying out the operation:

Wy 5 (—1), (4.8)

in which case we say that |, is antisymmetric to ,. The +1 of Equation (4.7) and the —1 of
Equation (4.8) are known as the character of, in this case, ¥, with respect to o,.



We have seen that any two of the Oy, 7 (xz), a{yz) elements may be regarded as
generating elements, There are four possible combinations of + 1 or — 1 chamacters with
respect to these generating elements, + 1 and +1, +1and —1, =1 and +1, =1 and -1,
with respect to ', and #,(xz). These combinations are entered in columns 3 and 4 of the C;,
character table in Table A.11 in Appendix A. The character with respect to / must always be
+ 1 and, jusi as o,{ yz) is generated from C, and o (xz), the characier with respect to o] (3z) is
the product of characters with respect to C; and o,(xz). Each of the four rows of characters is
called an irreducible representation of the group and, for convenience, each is represented by
a symmetry species 4, 42, 8, or By, The 4, species is said to be totally symmeiric since all
the characters are + 1: the other three species are non-totally symmetnic,

The symmeiry species labels are conventional: 4 and B indicate symmetry or
anlisymmelry, respectively, o €, and the subscripts 1 and 2 indicate symmetry or
antisymmeiry, respeclively, o g, {x=).

In the sixth column of the main body of the characier table is indicated the symmetry
species of translations {T) of the molecule along and rotations (/) about the carlesian axes.
In Figure 4.14 vectors attached to the nuclei of H;0O represent these maotions which are
assigned 1o symmetry species by their behaviour under the operations C; and & (xz). Figure
4, 14{a) shows that

NT)=8; T(T)=58; NT.) =4, (4.9)
and Figure 4.14{b) shows that
I'(R,) = B;; rl.ﬂr] = By; TMR.) = 4, (4.10)

The symbol I', in general, stands for ‘representation of ... °. Here it is an irmeducible
representation or symmeiry species. In Sections 6.2.3.1 and 7.3.2, where we derive the

o S AN

Cz oxz) Co adxz) Ce auxz)
Tel-1 1 Tl-1 =1 =1 1
Z
|
{b) %r a/e\ E/D\a
Ce ouxz) Gz oxz) Gz olxz)
Ad-=1 =1 Ayl-1 1 Bedl1 1

Figure 4.14 (2) Translations and (b) rotations in the H,0 molecule















Characters in C; :

x¢ X%E%x

= =
y¢ Yy o0 1Y
X -1 0 x
5,®s, =
y o1 VY

S, (réﬂexion a30 )

x¢ sin30 cos30 x

Y¢  sin60- cos60 Y

c(s,)=0
C;— rot 60°

x¢ cos120 sinl120 x

y¢ - sin120 cos120 Y

sin30 cos30x
sin6@ sin30Y

X¢: -y2 J3/2

ye o 3/2-y2 Y

QE): 1 26 3
2 -1 C

G, = 3G

a=s G.(RIG(R

GQ2 % ,QD

1= 2
y
aT
-X X
y X
,”:30 z
N 3Q°
1300 %
Ly
y1
y X
y 2

309
















