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Resources What is this Course About?

) ) ) . . Hunt Research Grou -
© Main resource for information is e

my web-site ==l=F
+ notes AND slides, model answers
+ optional material for beginners/experts

# links to interesting people, web-sites, © For the future: we use MO theory to understand and predict the
research st o

N bonding, structure and reactivity of molecules

© You will learn how to describe and use symmetry

Hunt Research Group

© You will learn how to construct molecular orbital (MO) diagrams

© You will learn how to use and interpret MO diagrams

o }

http://www.huntresearchgroup.org.uk |

© Recommended Text ey UK that mogey
i Theory Htorial problems aNSwers to the
« Kieran Molloy, Group Theory for Group 17 tsf Very helpfyl bec:re online. Thig ya¢
Chemists, Harwood Publishing, for ChemiSt> through them . cUld look
Chichester. T myself
. oLLOY
« only specific sections!! N 2g0% Se“d::‘rt\\eeed
e is 2
our ‘”ebS\ut one ““\ec\var'\(\ed
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Introducing Symmetry!

© describe what symmetry is
© develop a notation

© learn about symmetry operations, elements and operators

~

& focus on rotation, reflection and inversion
© learn about the point group of a molecule and how to find it

&

5

Symmetry

© Were have you met symmetry already?
+ equivalent H or C atoms in NMR
« chirality
+ labelling of atomic orbitals
+ o and T orbitals
+ octahedral transition metal complexes
+ isomerisation: cis/trans fac/mer staggered/eclipsed chair/boat
+ stereo-electronic effects => organic mechanisms

(N
&/

& Where understanding symmetry is crucial

+ MO diagrams => photoelectron spectrum

+ determines form of HOMO and LUMO => reactivity

+ in labelling electronic excitations and nuclear vibrations
+ determines allowed vibrations => IR and Raman spectrum
+ determines electronic interactions => UV-vis spectrum

T

What is Symmetry?

© Symmetry occurs when you translate,
rotate, reflect, or invert an object

© AND the initial and final states are
indistinguishable
+ ie they can be superimposed onto each other

Symmetry is all around us

« in the everyday world

+ humans tend to find symmetrical things
beautiful

+ humans are very good at identifying
symmetry

Symmetry

« in the mathematical sense is exact

« but real world symmetry is often not exact 3

Q

&

©

snowflake image used with permission from Prof. Libbrech, Caltech B =
https://www.its.caltech.edu/~atomic/ translahonal reflection
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Symmetry Operations

© Operation = physical action

« Initial and final states are identical @ ‘ymﬁxWBffr:inon
\ . . eperator
© Element = geometric object Y }
+ about which a symmetry operation occurs / \ 2 /0\
+ rotation axis, reflection plane, inversion point Hy Hb
© Example
« rotation of water around C: axis ®) A sz:‘;z::‘ty
« initial and final states are identical
«+ BUT if the nuclei are labeled Ha and Hp C C, o
exchange places (O rotates in place) /N2 — /N
~ . H H
© Every object has at least one symmetry "

operation, E (think E for existing)

you should be able to draw
neat diagrams showing
symmetry operations




Rotation Operations

© Many rotations are possible
« C2 rotation by 180°

« C3 rotation by 120° .
special
« C4rotation by 90°

+ Cs, Cg, C7 .... all the way up to C«

In-Class Activity P1

© Definition: an n-fold rotation Cn

is a rotation of (360/n)° around PN
an n-fold rotation axis o

BHy is trigonal planar

© A molecule can have multiple
different rotation axes

« label different axes of the same type
with subscript a, b, c ...

AN

C; axis

H

looking down on BHy
is the piane of the page

Cyeaxis

H
1207' ‘ 1200
B.

By

20

120°
the angle H-B-H s 120°

W, |
BN

Hy,,
Hm BTHCy axis

C3 axis

© The princile axis is the highest
Cn axis (with largest n)
« BH; principle axis is C3

““po (\3““

BH3 (borane) has
one C3 axis
three C; axes

© What is the principle axis for PCls?
(phosphorus pentachloride)

10

In-Class Activity P1

© What is the principle axis for PCl5?
+ the principle axis is the highest C, axis
+ there are C3 and C: axes, the highest n=3
+ Csis the principle axis

Cly,

-
Cap ]

I T_CI Cn

Cartesian Coordinates

© Define a cartesian coordinate system
+ use the center of the molecule as the origin
+ but if your diagram is "messy" you can place it to the side

cartesian coordinate system

unit vectors: vectors
of length 1 defining

Y/ axis system
)—»’\ ------ »X

11
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Cartesian Coordinates

cartesian coordinate system
A - . 2 ,
© The z-axis is always aligned along { unitvectors: vectors C) b geo
. . . : length 1 defining 2
the principle axis zf /~ adissystom o T
Faceem® N N
+ if you re-orient the molecule make sure 2 HY H H H
you re-orient your axis definition 4
lies along a
X (;:arleswan unit vector "
reoriente
b Caalx) . /-\axis definition
Sy T
A T
B
W
Cs(2)
does not lie on any
cartesian unit vector
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Cartesian Coordinates

© always label ALL the rotation axes that lie on a cartesian axis
« for example, if a Cn axis lies on the x-axis label it Cn(x)

Cza 2@
T4

In Class Activity P2

© In your notes add the cartesian labels to the
relevant axes, for the rotation axes of benzne

Cg comes out of the page
C', go through atoms
through bonds

benzene

14
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In Class Activity P2

© In your notes add the cartesian labels to the
relevant axes, for the rotation axes of benzne

X Clre(x) C"y

Cg comes out of the page
C', go through atoms

C", go through bonds

benzene

16




Rotation Operations

© rotation operations are sequential:

o ;

-

H H H H
‘ G! c;? &N

B — B — 8 — B
w Ny roate120° 7 K retate 120° (7 N rotate 1200 1 N

H

© rotation operations form a group

« the C3 group has 3 members {C3', C32, C33}
+ definition: a Cn group has n members

Rotation Operations

© equivalent operations
+ notice that C33=E
+ we say that C33and E are equivalent operations
« for all rotation groups Cn"=E

H

A}
n
: ! | c?

—=x

H

H

B — B — B W
N rotate 120° |7 rotate 120° 7 N rotate 120°
‘

c;?

© branch of mathematics called Group Theory

+ about groups and how the elements/groups relate to each other
« groups are VERY important area in mathematics, philosophy,

physics and chemistry
+ we will not take this any further here

17

18

In-Class Activity P3

© on a molecule of [PtCls]> draw a o

diagram showing sequential rotation C4
operations

ci

Cl—FPt—Cl

[¢]

« like that shown in Figure 8

In-Class Activity P3

© on a molecule of [PtCls]?- draw a
diagram showing sequential rotation
operations
+ like that shown in Figure 8

AN

C4 -
\

-
Cl

19

Cl Cl cl Cl Cl
[ | Cy? [ [ |
Cl—Pt—2Cl — Cl—Pt—Cl — Cl—Pt—Cl —> Cl—Pt—Cl e Cl——Pt—Cl
rotate 90° | rotate 90° rotate 90° rotate 90°
Cl Cl cl Cl Cl




Reflections

© operation=reflection
& element=mirror plane

& mirror planes are a common
symmetry element in our
everyday lives

© types of mirror plane

3 my photo from world
+ oy vertical wearable art exhibition

« on horizontal
+ oqbisecting (disecting) z

© ovand oqoften come in pairs J—»* /]
and with C; axes y faj 66z J
© always identify when a mirror o VA
plane lies on a cartesian plane V

Reflections

& drawing mirror planes
« draw the plane, or

Y A
+ can be represented as a thick line })“ 1

on a plan view of a molecule
© mirror planes
+ oy pass vertically through a

+ g4 pass vertically through a
rotation axis AND between bonds

« onare perpendicular to the

21

Cy(2)

/] Gu(yz)

6,(x2)
.‘\%cw

vertical mirror planes
on atoms o,

looking down on PICl,
mirror plane represented by thick lines

vertical mirror planes
between atoms o5

Oy

™ Oy

looking down on PCl,
miror plane represented by thick lines

z

Cy(z)
» *
Gh(xy)

z

Cy2)
*
Gy(xy)

horizontal mirror plane
perpendicular to the axis

P

mecl 1

AL

$af hlowid
tetraenoriae 1 tchr

]

Multiple Symmetry Operations

& Notice that molecules can have multiple symmetry operations
« for example the many mirror planse of [PtCls]2-

22

Coincident Symmetry Elements

+ be in the same place
« occurs for rotation axes
«+ example: C2 and Cs coincident /

0(y2)
{ ooy |

X h e - Od(h;

oo e

z ’\ | o
m— | —— Pt *— (| m—— (XZ)
.
Soo
v <

I Od(a)

© Symmetry elements can be coincident

/'
e

Cy(2),Cy(z)

24




Equivalent Symmetry Operations

Improper Rotation

© Symmetry operations can be

valent © rotation about an n-fold axis (Cn)
equivalen ~ . . . . .
9 te th final struct N R EEN © followed by reflection in a plane (onh) perpendicular to the rotation axis
2 1]
¢ generate the same final structure cd! | G ‘ ' + when evaluating make sure you pick a point off the mirror plane
+ example: C2'=C42 /mmn C\—PltACI s ICI—F‘M—C\: + or a bAG on an atom
o W fer “hiaher” t C“ al . c By P
© We prefer “higher” symmetry | = |~ L N
o for Cn™ prefer lower n operation /| ST o
Wi ¢ \ [SUN | . A=B
+ "retain" C2! [N v a = @ PY
ra(alamo:’ ‘ ' !
\ “ A,' &) 1., Oh Hy,.
) . B—H —> B
rotate reflect
if 1 ask you to show that two o) ® T
operations are equivalent this is the o
type of diagram you need to draw )
25 26
M .
Improper Rotations Inversion
© Sh n=o0dd go around twice to generate E ie S,2"=E . . [
for example S33=0 & Inversion . o )
* 3°=Ch i .
P « operation: inversion L—mL i L7Mi|_
B + element: inversion point i ®(xy) L
o 0 A . B . ¢ + takes a point (x,y,z) to (-X,-y,-z) _ .
L 23 A = « the inversion point is generally in the i 7 7
paps g s ( center of the molecule, it does not N=EN —  N=N
s l need to be "on" an atom! F F
identical
fi‘ne:jisé;laes (dinitrogen difluoride N:F2)
5 w
D

© many of the S, operations are equivalent to other operations which
take priority

27
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Symmetry Operators

© Symmetry operator
+ mathematical representation of the action (operation)
+ operator “acts on” the wavefunction or molecule

operator C; acts

Same Notation!

C operatiE T C2 T
rotate by 180°

SO T 0N

Hy Ha Hy

© Symmetry operation

Hy

« the act of performing a motion

© Symmetry elements C, element G

+ objects about with symmetry
operations occur D
)'S ne [
© Symmetry operator

+ mathematical representation of
the action

L1

C: operat

=]

G [WH20:| = W;—l20

+ use square or curly brackets when writing an operator ,on wavefunction
© Example 7

+ C2 operator represent the C: rotation Cvlw(HZO)]:\V’(HZO)
© Advanced (not required)

+ the operator is represented as a matrix c, /0\ — /0\

+ ie C2 rotation matrix \ H H

cos(m) —sin(m) 0 -1 0 0 operator Cz acts
D(Cy(2)) = | sin(x) cos(m) 0f=|0 -1 0 on molecule
0 0 1 0 0 1
29
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Symmetry Groups

© the group of symmetry operations that leave a molecule unchanged
© examples: Cay, D-h and Tq

© start by identifying the shape of a molecule (VSEPR theory)

© find all the symmetry operations

aéa @
é 2

M@&@

©

© use the flow chart!

T4 and Op

© The tetrahedral T4 and octahedral On point groups are special
© Tetrahedral ”

+ have 4 identical ligands |

+ are arranged as a triangular based pyramid o/ H“VC\H

+ or as the opposive corners of a cube " '

+ methane is an example 1

c o

Clit, 10w\ Cl
c1 | ~~a

© Octahedral
+ have 6 identical ligands
+ are arranged along the "axes"
« or as the centre of each face of a cube 2T
+ 6-coordinate TM complexes are octahedral Q)(E %

(]

31
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Example: H,O

© Determine the point group of H20 )—» o
« Shape: planar 5 o
+ Symmetry elements for H20: “*/r j\Hz (x2)
w= identity E 7

= principle Cx rotation axis
= two reflection planes ov(yz) and cv(xz)

© Flow chart for identifying the point group
+ is the molecule linear? NO

« is the molecule Ta or On? NO difficult for me to put on a

+ is there a Cn? YES n=2 slide, you trace through the
+ are there 2C: perpendicular to C2? NO flow chart in your notes
+ is there a on? NO

+ are there 20v? YES

point group: Cay

33

In-Class Problem P4

© Determine the point group of NH3 R

2 o
« shape: trigonal pyramidal J—vy T -
e gy

o/ H

+ symmetry elements are: E, Czand 3oy

In-Class Problem P4

© Determine the point group of NH3 N

z c\u
+ shape: trigonal pyramidal )—ry F T 0o
X N Y
s

+ symmetry elements are: E, C3 and 3oy

© Flow chart for identifying the point group
+ is the molecule linear? NO
+ is the molecule Tq or On? NO
# is there a Cn? YES n=3
« are there 3C2 perpendicular to C3? NO
+ is there a on? NO
+ are there 30v? YES

point group: Cs,

34
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Character Tables

© find the sheet of character tables now, and take a look through the
character tables for different point groups

36




Character Tables Multiple Symmetry Operations

Q) the parts of a character table

Cay character table symmetry operations number of & Symmetry operations of D3n b )
symmetr 1 E identi am||E 2C; 3C, ©On 2S5 3o} h=12
ymmetry . identity i d
/ operations + 2 Cs rotations Affror o1
sz E C, G,(xz) GV‘(yZ) h=4 +3C rotatlo.ns Al 1 4 . Lo
+ 1 on reflection :
Al 1 1 1 1 Z + 2 Sz improper rotations E|l2 -1 0 2 -1 0 E(TX,T},)
o \ + 3 oy reflections A :
symmetry|_1» A, 1 1 -1 @ N symmetry of . . o
labels T~ B // cartesian axes & number of operations Al o a4 a9 a4 1T
EEEENONS\ o - ~ K
N / © h=total number of operations B2 o 0 2 1 of
| | B, 1 -1 @ @ y o =14243+14243=12
ower case letters
for orbitals ’ N\
/ %
v N\’ and -1

irreducible
representation

are characters
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2C3 Rotations 3C, Rotations

© three separate Cz axes o
i ; + hint: if you find one C: axis and use Cs to find the rest / 2/%”{( C
% + each element is distinct: |:| /
0 * but C22=E G
E « only C2' left , simply denoted as C2 operation

© thus each C: axis contributes one C: rotation

Q only keep unique operations there are 3 unique

« if already counted in a symmetry element to the left on the character table, or under a C: operations
rotation of lower n it is not counted again

Cl CZ there are 2 unique
3 3 Cs operations

39 40



Multiple Operations

£ 2C3 and 3C:2 appear in the character table of Dsn
+ the table only “cares” about number of operations
+ we have 2C; operations about a SINGLE C; element
+ we have 3C: operations about THREE separate C2 elements

O O

one element
2 unique
operations

three elements
3 unique
operations

41

Key Points

© be able to define symmetry element, operation and operator

© be able to identify the symmetry operations and elements for a molecule

) be able to draw clear diagrams showing the symmetry elements / operations
© be able to use the flow chart to determine the molecular point group

© be able to identify and illustrate coincident symmetry elements

©Q identify and illustrate equivalent symmetry operations

© be able to identify unique and non-unique symmetry operatons

© be able to define all the components of a character table

© be able to identify when operations in the header row are due to multiple
symmetry elements or multiple symmetry operations

practice!!
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