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USING CHEMISTRY CASSETTES

Please read this carefully before you start

This Chemistry Cassette presentation comprises two audio-cassettes with this

accompanying workbook. They are designed to be used together and you should,

have the workbook in front of you as you listen to the cassettes. Material in the -
workbook is divided into numbered frames and Professor Kettle frequently refers

to these as he speaks. Each frame contains diagrams. tables and other relevant

material and you should locate and study this wherever appropriate.

During the course of the presentation you are asked, from time to time, to stop the
tape and to work on some problems: you should, therefore, also have pencil and
paper with you. Two of the problems ask you to make observations on a small cube
and on a model of the water molecule. You should have these ready before you
start. For the cube, a child’s building brick would be suitable provided that all the
faces are the same colour. Instructions for making a cube from a piece of card are
given in frame 10. For the water molecule (which is considered at the start of the
second cassette) a simple ball and stick model would be quite adequate. If this is
not available, a model made from three balls of plasticine and two matchsticks
would be equally suitable.

An important feature of tape recorded material is that it is ‘self-pacing’. This means
that you can work through it at your own pace, switching off the player whenever
you wish to pause for thought, to study a diagram, to work on a problem, etc., and
you can use the rewind control on the player to repeat material that you may not
have fully understood on a first hearing. To gain the greatest benefit from this
presentation you should make full use of these features. You should also make
appropriate notes to supplement the material contained in the workbook.

Part Side Approximate Corresponding
running times frame numbers
1 A 20 mins. 1-10
B 21 mins. 11 — 28
2 A 38 mins. 29 — 44
B 28 mins. 45 — 58




28 PART 2

The ground to be covered in this presentation , 29

The four elements are
Symmetry elements

i '1)  The identity (leave alone) / \
Symmetry operations ‘

Multiplication of symmetry operations T

Irreducible Representations of a group : /O
’ : 2) A C, rotation ' \

Character tables . H 9 H

Reducible representations of a group C

2

Example: The vibrations of the water molecule O
3) Peflection in a @, mirror plane -——7 K_—
(in the plane of the paper) - H ‘_'_:
V4
Selection Rules (
0;

Molecular Integrals

%)  Reflection in a second type of

G mirror plane (denoted 6_')
perpendicular to the plane o }
the paper l




30 3

X ' Cov E C2 L2 s’
H/' \\H | . ~E L . K: Sy s’
t 2 , ‘ c c e 6.’
H First 2 2 .. v 6y
C, 3 i operation ' T ~
O;; ! Sy Sy Sy E, . c2
X 07‘ - | s’ o, “fv C, NE -~
/ \ . / )
H H He H . o
2 HQ' \ 3 . The symmetry seen in the entries in this table across the
H| ’ Hz leading diagonal (shown dotted) is & characteristic of Abelian groups.
Exemple 1; C, followed by 6"
' . A~
waz C, wa* a; yx\“.
——— . -—_->
Second operation H+ | H H 2 o;' H i H3 T H+
Cop E 2 S, s, 3
. c . S0, C, folloved by G, is equivalent to G’
First c, ' 6y Exsmple 2; 6 followed by o’v'
operation s,

V*Q o »%Q_g—,_, H/XQ«.
e | W B W Hs oy H

l 8o, @, followed by 6’" is equivalent to ¢,
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A
A

@

N
7

}1‘

Symmetry Operations

E, 0, (There is no unique axis of highest symmetry

E,
E,
E,

E,
E,
E,

but the exis perpend:.eulu' to the mirror
plane is unique so O is used)

i

c2
Cas c2 ( Note C means . carried out
3* "3 ( 3 °3
Cy» Cas Ci % tvxce, C, meens C, carried out
thrice etc.
X
Css c§, cg, "
c6! c3g C. » 02
02, Cé, c;
203, k)
2Cy, € 2C 20;
2Csg, 2(1’2

20gs 2030 o X 33
Cps s Oy

24, 30,

2Cy» Cys 207, 2g,,

205, ZC§, 5G"

2Cgs 203, Cas 367y 36—v'

02, i, o
5
5 G °'h' 3 53
ck. Cys C ," i, SE, 6,0 8y .
N sg

o G S o B 2 5 85 5 S

[FRAME CONTINUED ON BEXT PAGE |
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CONTD.

Point Group

Don

E,

t

Sysmetry Operations

Cos Cé. c;. i, &, 3;. o'; {The labels on the mirror

v

planes are somevhat

arbitrary - one might be

labelled )

203, 3C2, o’h, 233, 36‘(1

2cy, €y, 2€3, 2€3, i, 28,,0,, 207, 207

2, 262, 5,, Gy, 255, 283, 50,

2Cg, 2C4, Cy, 2C5, 3Cy, i, 28,4, 284, Oy, 30,y 30

28,, Cy, 23, 207,
2C3. 202, i. 286| 36d
25, 2C,, 2sg, C, UCY, bory

26, 2€2, 5C,, i, 283, 28,0, 50,

10°

5
25,4 g, 25, 24, 257,, Cp, 6C3, 60,

3
8, C,, 5§
cy cg, i, 8, 5;
2
hc3, hc3. 302
803’ 3c2l ssk’ Gdd
e

30 l‘cgv 3C2, i’ 1‘860 I‘szi 3‘]\

8c,, 6C,, 60y, 2C)
3
12¢,, 12¢3, 20¢,, 15¢,

12¢,, 12¢2, 20C,, 15, i, 128,,,

1283

1 1]

6C,, 6Cy, X3, i, B¢, 607, 68, 30}

2086: 15 O'v

‘g " -

34

The sultiplication table is

021 E °2 c"v ‘v'
E E C2 % o'v'
c, c, E s, o,
Sy Oy ' E C
L
o, oy oy ¢, E
8o that substitution gives
1 1 -1 -1
1 1 1 -1 -1
1 1 1 -1 -1
-1 -1 =1 1 1
-1 -1 -1 1 1
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35

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

36
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[ "RAME CONTINUED oW NEXT PAGE |

[FRAME CONTINUED ON NEXT PAGE|
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CONTD. A representstion of a group is a set with the property that the members
m /()\ of the set multiply (using an appvopriate law of multiplication - which may

H be ordinary multiplication, matrix multiplication or some other form

of combination) in a way which is isomorphous to the multiplication (i.e.

one followed by the other) of the operations of the group.
,_0____ In the applications with which we are concerned such representations

H are matrices; in this tape we largely concentrate on 1 x 1 matrices - these

are ordinary numbers. Further, it is usually possible to work with the sum of

H
. those elements of the matrix which fall along the leading diagonal - the
2\ character of the matrix rather than the whole matrix.
H

H When such a set of matrices may simultaneously be reduced to a dlock-

disgonal form we have a reducible representastion of the group, when they
cannot be so reduced we have an irredgcible representation. The characters

of the matrices of the irreducible represéntstions are listed in the character

table of a group. v

The totally sxnn_m. tric irreducible regresentation of a group has a character
of 1 for all operations of the group. It describes the symmetry properties
of something which is turned into itself by every one of the operations

of the group.
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n' :
Dy, [E 2C C; 26, 2" i 2 Oy 20 20,
J
e [F2 101 1,1 1 1 1 1
+ i
A 1.1 1 -1 -1 51 1 1 -1 -1
2g : :
g, [1 = 1 -1 11 A 1 - 1
1g )
B, [1 -2 11 -1 01 -1 1 1 -1
s .
I -2 0 0o 2 0o -2 0 0
LA P 101 1,1 -1 =1 = -1
Ay, 11 1 - -1 !-1 1 " 1 1
'
3, ¥ 1 -1 1 A 1 - 1 -1
L}
By, 1 -1 1 1 -1 -l 1.1 = 1
]
E, 2 © -2 o0 0 '-2 0 2 ) )
'
L3
L}
Ty E &, 6o, 68, x,
A 1 1 1 1 1
A 1 1 -1 -1 1
B 2 -1 0 0 2
T, 3 ) -1 1 -1
T, 3 0 1 -1 -1

[FRAME CONTINUED ON NEXT PAGE |
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CONTD.
R I
0 |B 8, 6 3¢, 6cy, i 8 65 36, A
J 1
]
Mgl 2 1 1 1'1 1 1 1
[ ]
gl 1 2 1 11 1 A _ 1 -1
5|2 2 0 2 0,2 -1 0 2 0
H .
- - ! - =
Te|3 © 1 1 113 0 1 1 1
T, 13 0o -1 -1 17,3 o0, - -1 1
T e mepecmem mmemmcmecm——————
ALy 1 1 1 ;-1 <4 - -1 -1
1]
1 1 = 1 -1 11 - -1 .
Ay 1A 1 1 1
i
£ |2 2 o . 2 0 -2 1 o -2 0
]
* .
T. 13 o 1 -1 <1 ;-3 0 =1 1 1
) ' ,
.13 0 -1 1 -3 o 1 1 -

(Ohisthu-tnmpfthccubcndofthcmmmmdiN)

Note that for those point groups given above in which i is & symmetry
operation the character tadle blocks into four, the corresponding characters
in esach block bearing a very simple relationship to each other. "fhis

arises from a relationship betveen the operators listed at the top of the
table. Thus, in the 0, table, i is equivalent to E followed by i,

8 is equivelemt to C, followed ty i ete. (see Frems 11).
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a)

Cov E C2 oy sy
Ay 1 1 1 1
A2 1 1 -1 b §
Bl 1 =1 1 -1
BZ 1 -1 -1 1

and the reducible representation

b)

a)

e)

czv ‘ E c2 d'v o’v'

I 2 0 2 [+]
Select the Al irreducible representation; multiply the
characters of the reducible representation by those of the
A irreducible representation and add the products together,

'(1x2)+(1xo)4(;:2)0(110)-u

Divide the result by the order of the group
b/h =1,

The ansvwer, in this case 1, is the number of A irreducivle
components in the reducible representation (2,0,2,0).

This is repeated for all the irreducible representations.
Thus for the A, irreducible represeatation

(1 x2)+(1x0)+(-1x2)+(-1x0) =0,
0/4 = 0

and ve conclude that there are no A, irreducible representations
in the reducible representation (2,0,2,0).

[ FRAME cONTINUED oW NEXT PAGE]
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CONTD.

f)

g)

h) Consider the C

For the Bl irreducible representation
(1x2) +{1x0) +1 +2) +(-1x0) =}

hfh =1
we have found that there is a Bl component in the reducible
representation (2,0,2,0).

For the 32 irreducible representation

(1x2) +(-1x0) +(-1x2) +(1x0) =0

o/k = 0,
That is, there is no B, component in the reducible representation
(2,0,2,0). Thus, in summary, we have the result that the
the irreducible components of the reducible representation

(2,0,2,0) are Ay + B;.

- character table

3
C v E 2C3 3o,
Al 1 1 1
A2 1 1 -1
E 2 -1 0

and the reducible representation

i)

4 1 (V]

First multiply these characters by the number of elements in the

corresponding classes. Thus

gives

b x1 1%2 0x3
N 2 0

Now proceed as for the sz case:-

43

CONTD.

Test for A : (bx1) +2x1)+{Cx2)=¢6
- PR t, .
‘e order of the group is ¢, so, e a1 (Al comporent i,

Test for Aa: (b x 1) ¢+ (2x1) +0x-1) =26
4 .
i 1 so there isore A, comporent

Test for E: (bx2)+(2x-1, +{0x0) =6

.
(3

bw‘ £ ~ 5o there is one E component.

'

Thus, the reducibie representation (4, 1, 0) has irreducitie

compornents Al - A2 +E.

[ FRAME CORTINUED ON NEXT PAGE |
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44

A v

Cgv E C2 6v sv

1. C E C. '
Ay 1 1 1 1 2v 2 o o,
A, 1 1 -1 -1 b 2 0 2
B 1 -1 1 -1
B, 1 -1 -1 1 2. Cov E () s, °'v'

7 -1 1 -3
Cy E 2c, Y-
: 3. c E 2c 3¢

A 1 1 1 il 3 S
A, 1 1 -1 1 1 -1
E 2 -1 0

b, Cav E 2c, la,
Dy E 2s), c, 2c} 20y 3 0 1
A 1 1 1 1 1

5. D E 28 c 2cy :

24 2o
A, 1 1 1 -1 -1 v 2 2 d
B, 1 -1 1 1 -1 L 0 ] -2 )
B, 1 -1 1 -1 1
E 2 o -2 0 0 6. Doy E 25), Co 2cy 20,
6 o] 2 -2 -2

[ FrasE conTmUED ON NEXT PAGE|
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The E operation

Character = 9

The C, operation

. ‘s T"‘y -4
the 'after' positions ..

of the arrcws are -

spown dotted H
Character = -1

The G, operation

Character = 3

The e“v' operation

Character = 1

47

cav E c2 °’v °-v'
A 1 1 1 1
A2 1 1 -1 -1
Bl 1 -1 b -1
32 1 -1 -1 1
The reducible representation is
E c2 dv o'v'
Mea 9 -1 3 1
Teat for A1
_ Al 1 1 1 1l
r'm x Ay 9 -1 3 1 sum = 12; Zivide by
the order of the
group (4} ap3. -
I:Iz;ncc Pre a contains
1
Test for A2
Ay 1 1 -1 -1
r‘nd x A, 9 -1 -3 -1 sum = L4; hence [ s
contains Ay re
Test for Bl
By b -1 1l -1
Pred x B, 9 1 3 -1 sum = 12; hence [ a
contains 331 re
Test for 32
32 1 -1 ~1 1
l"red x B, 9 1 -3 1 sum = B; hence Pred

contains 282

{FRAME CONTINUED ON NEXT PAGE)
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CONTD.

Hence I . conteins

red )
Fron the solution to problems a, b, ¢
and m, n and o of Frame 38 (given

in Frame 57) we conclude that:-

3“1*“2"351*232

a) The translations of H,0 transform as Ay +B) + B,

b) The rotation of Hy0 transform as A2 +B; +B,

Suttract these from the components

of Pred to obtain the symmetry species -

of the vibrations of H,0. These are 26 + B

48
sz E ¢, %, o v'
A 11 1 1 z, T x2
1 z

A, 1 1 -1 -1 R, xy
Bl 1 -1 1 -1 Y, 'ry, Rx Yz
B, 1 -1 -1 1 x, T, P\] Xz

49

The B} mode (schematic)
Y

The A, modes (schematic)

g NN o

Because the molecule must not rotate (rotations have been

factored out) the H atom motions must lie in the yz plane for botin

of the Al modes. Further, their motions in the two Al modes must

be quite different (the two A; modes must be quite different - they
must be orthogonal). It makes chemical sense that one mode should be,
essentially, an O-H stretching mode. It follows that the second Al

mode must have the general form shown.
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The A, irreducible representation of the Coy point group is

]

A 1 1 -1 -1

The B; irreducible representation is

- -1
Bl 1 1 1

Form the direct product by multiplying peirs of characters together

AyxB) (1x1) (1x-1) (-1x1)  (-1x-1)

1 -1 -1 1 =B

We concludé that the direct product A2x31 is Ba.

51

The direct product of two representations is the representation

obtained vhen pairs of corresponding characters are multplied

together

The direct product table of the CZV point group

Coy A Ay B, B,
A A A By B,
A A A | B, B
_ B B B, A Ay
B, By B Ay A

The direct product table of the C3v point group

C 3v Al A2 E
Al Al A2 E
A2 A2 Al E
E E E A1+A2+E

Note that the totally symmetric irreducible representation (Al in both of the

above tables) only appears on the leading diagonal of these tebles. This

is invuriably the case for all direct product tables. We conclude that

it is alvays true that:-

The totally symmetric irreducible representation is

only generated when an irreducible representation is

multiplied by itself.
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53

Oxygen orbital

Symmetry species

Does integration give

& non-zero result?

Yes

No

No

No

Ro

No

Ro

No

No

54

-~
/‘f’e“l) Pe Wity ar
‘lx transforms as B, so we have to form the triple direct product

AlezxAl-Alx(BzxAl) =A xB, =B,
Integration over all space of a non-totally symmetric irreducible
representation gives zero so we conclude that the A, vibration is

not active in x polarization.

A
Mo &, g ar
We have Al x Bl x A1 = Bl =% zero integral. The A1 vibration is not allowed in

y polarization.
f\re(Al) Py Welh) er

We have A; x Al x Al = A1 =rnon-zero integral. The A vibration is allowed {(&nd

may hence be identified) in 2z polarization.

A
f\ye(nl) M ‘Ps("l) ar
¥We have Bl x By x Al - A2 =pzero integral. The Bl vibration is not .allowed in

x polarization.

JWeB)) By ity er
We have Bl.x B x A1 = Al “Pnon-zero integral. The By vibratior is allowed (and

may hence be identified) in y polarizatiom.

Js) B wia) er
‘fJe s LA ™ \Ps A1
We have B) x A) x A) = B, = zero integral. .The B; vibration is net alloved in

z poll.riution'.
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The A vibrations are

In both cases the dipole moment changes along the z direction

and it is only the integral

/\Pe(Al)':z n.Pg(Al)d‘r which is non zero {direct product A) x A x A= A)

The Bl vibration

<>

The dipole moment changes along the y
direction and it is only the integral

H

4

./\!Je(Bl)p.y \Vg“l)df vhich is non-zero {direct product B, xB, x A = Al)

SF6 L
Brl“5 cl‘v
BF D
3
NT (o
M’l3
CH,‘ 'I“,1
-
L]
c2 o, dv
Translation along z 1 1 1
Translation along ¥ -1 1 -1
Translation along X -1 -1 1
The oxygen P, orbital 1 1 1
The oxygen Py -1 1 ~1
The oxygen Py -1 -1 1
1 1 1
The oxygen dz2
-1 1 -1
The oxygen dyz
-1 -1 1
The oxygen dzx
1 1 1
The oxygen dxz_ya
The o n 4 ' 1 -1 -1
e oxygen 4,
The dipole moment 1 1 1
Rotation about 2z 1 -1 -1
Motation about y -1 ~1 1
Rotation about x -1 1 -1




58

1.

3.

A5

A,
1

”
FLPN

24~

2A, + 3R, + B,

™

5]
+
e

+By +k, +E

[






