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1.1 Introduction

* In this course we will explore how the symmetry of molecules can be described precisely
using Group Theory and how, armed with the concepts from this theory, we can go on to

predict and understand important properties of molecules.

. 2b,

 In particular we shall focus on '—‘hﬁ —
1) how symmetry helps us to construct molecular = - bz::
orbital diagrams; oy
11) how 1t helps 1n the calculation of the energies and ‘—‘-'C — :
precise form of the orbitals. RN S
111) how to use symmetry to predict and describe the Molecular orbital diagram for H,0

properties of the vibrational normal modes of
molecules and their activity in IR and Raman spectra.



1.1.1 The Simple Powerfulness of Symmetry

* The symmetry possessed by a molecule has a powerful influence on its properties.

* For example, benzene ~ high symmetry!

» All of the carbon atoms are equivalent, thus

having the same properties, such as chemical shift.

» Likewise, the electron density on each hydrogen is

H
the same.

» If a calculation predicted that this was not so, we

N
<
b

would immediately know that the calculation must

be wrong.
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1.2 JIFRITTESXIFRERE 12(:?;;2/ |

& XIFRE{E(symmetry operation) " C\U /
SIS — N EGRIE) S, MRS —RE S RIS R (R /C—C
REEERNAEES! B52, MESTHIEEYERELIAS)! ! :

#1: LUBERINOEEES FFENEZ A, IRETEneiE30°, 60°, 90°, 120°, BN AXSFREE(E?
(/ \7
k\ /}
0° 30° X 60° 90° X 120°
H12: AoF, LA AIREFES /S, TEds 90° 5 180°, B NAXITRIEIE? F—oE

Bl3: EHTF. USFPEHLEE, MESTFHE
Bl4: Ko+, UUMNVODARR, FTERFLTRIIM (y,2) > («,-1,-2) B ET R N




1.2 IFRTTESXITRERE

- MWHRFTER: WIRRERTEELHTHIE (NFREEEEE) o £ (OFRMEIEEH) . = (X
mpbEEFILD) FLATTE.
AR ENRRITTE XIFRICE XS TR E

WRITR 5 WM EERFSHER! )

SRR i, & (inversion) — TR FBITHOAIRIE

Wm0 o, RBR(reflection) -MNREIRY—MISZBREIS—

XJFR4H G, C,, he¥(rotation) — SeAlELzN) (360°/n) EEEEAE

pRaEi s, S, HEd&&MR (rotation-reflection) — SE4HEE51360°/n, BEEEMAYFE KR

(EE2 E E,[BF#E{E(identity) — 45




1.2.1185F (identity, E)

- BFITERE ERHNERIENIEFIRIEE - 73]
- FTEMIARYRESETE

CHFCIBr

(An asymmetric molecule)
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1.2.2 XJFRAF M center of symmetry)/ B M center of inversion)

o BAGRERMNTDFPNRE—RE, S FHPENEFH
MIR(X,Y,2)Z H(-X,-y,-z) Al (E D FIHNF A EL EUAEN),
MR R R AIXFRFOEL R, F55 94,

+ REFOREMR—MEFRE: (x,y,2) > (x,-y,-2)

3 Meso-tartaric acid




~p)t) 1.2.3 XJFRH(axis of symmetry, BxIEdEHH) 5 ¥ ofl(rotation)

- RNES—IREZhEse360°/nfa, BEiUARE], YIVKESCH (nE24H, n-fold axis of rotation),

q[;) 120" rotation F 1207 rotation E
5l: BF,#HIC
3 3 o |=:> ]L w =:> Il?-

(C.)3=E F7 F C;lorC, F~

\ 240° rotation, i.e., (C5)? = C;? /

«  CHl R MEEIRN AINEREER(EC, " (3%5Imx360°/n, = 1,2,....,n), C=E,

Q: BF;,FEaREEEXIFRMN?
© DFPESIRIFRIRT, KB KRIZIESH (principal axis),
Q: Zke(RRXIVER)FEWRLEC H? BT/9EM?




1.2.4 XIFRE

. 4%63\?1‘5Xﬂ:—/\slzﬁﬁﬂlfiH%(reﬂectlon)iﬁ’lf

¢ —ANFRE oRAE R NRIRIE(E.
— A FRAIFES IXIFRE, Fl: NH,

(a plane of symmetry)/$5

($2M@) . #4l: H,0

— D FREABEFESIIRRE,

i) EEEHO,: @8FMWAYEME. (v ~ vertical)
ii) /K¥iEHo,: TEEHTHMAIERME. (h~ horizontal)

iii) _HfREo,. FFko,,

Q: 2k (XIS EMERE, BWSHRHE?

——

H

PFEUARS],

(mirror plane), o

S EE AN C, AT




1.2.5 BR¥E4H (rotation-reflection axis)/IEE%&mI4H(improper rotation

(= \ J/axis) X
S, o FR—IREZNIEFE360°/n, BHERIZESAY A
RERRE, 7FEUAS, NoFEaREEHS,, ,

C

Newman (viewed down C-C bond)

© DFHESHET, AAESC MG, Bl k.

o S IREERLEZ MEBEIRIZRIMREEIRIES, " [= (S, )" = (5,)"C,"]
(nJBEES, m=12, ..., n; n AT, m=1.2,....2n)

A Z C Y
?ﬁa Z X C A Y z B
| A
Z\C /Yic Y Bij B Xiﬁ X ix A
(361)2:562:(;31 (S = i ‘
N4 — (2
(86 ) C3 » (861)6 - E

. BESS A SERLEFRTRE? i, C,
QZ REBLEIRE ST S b A L AR EIRIE? S, S6°



1.2.5 BRELAH(rotation-reflection axis)/IEE4H(improper axis)

S =(5)"=(0)'Cr | E: (o) = En={BE) / = o, (n=27D)

«  JUMMSIAIBIR:
i) n=1,m=1 > 8= o0,E=0, JIFEESMNERIEFc

i) n=2,m=1 > 8,=0,C,=i XIFRIENES i a1 Fi

FRIEXIFREIE, BARERN(C,), BARMEL(S, R(E!

PR

1) IWFMRS, MEERMNERECH? HEEIEA.

2) WAMERES, M AFERS FREEEEREFLD? TEEIEA,
2) PFMICH,HHZEWLEXIFRITER?




1.2.6 Classes of operations (XJFRER{ERYTZR)
In Group Theory two symmetry operations are said to be in the same class if they are related

by another symmetry operation which the molecule possesses.
e.g., Benzene, g;, planes

These three planes related by the

tsto,p 2nd o sdo,  Cg rotation are in the same class.
1

These six mirror planes are not
Co Cs in the same class!
These three planes related by the
1st oy 3} o

2nd o, C, rotation are in the same class.
Q: Are the six C, operations (each generated by a C, axis) in the same class?




a) Are the two o, planes in b) Are the three o, planes in
the same class? Why? the same class? Why?

H,X (X= S,0) NH,
Ex.3



1.3 REH(point group) — 73 FXIFRIERY D SEHEA

¢ o FXITRIERYERER - FIHERERITROTER! BB mESIE?
¢ Lot (BBET) HBE—EFIENRITR. e, CH & S02, BF;& SO,& CO4

& =& (point group): — N> F R

SHIEEMHEITRTRRIENX T HITFERREE

« REFERTREMEAIHENTRITEREX. g, H,0, E C, 20, > C,

RER: AT FHRRAENRITE

5 R B E B XS FRIR(E T A B RV ES
R1) DTFRERAENMTEED
B—MoHE; 2) XM HSE

FR X R ERIE T30,

- BEHEERABYTR TR S FEETE—/REE. eg., LUE=1MTFUETC,

FRITTER2LED

FREFHITTER ITIFRIRIE, |
O-,"}l i \'Bﬂ\?ﬂ4o

Bth (order) ., e.g., C,, REtAYTERSE {E, C,, &




1.3 =&¥(point group) — FFIITRIEAT EHEE

¢ (FHREE -- WO FXIREHITD =R
- THREE Cp G G
- FREF(MIABEERRC hedeii=EE) @ C, Cin Cu Si
- “EHIREE (S CHIKRMRSZEENCHAREE) -

Dn Dnd Dnh
- ZEREFEZISAEE (HBESR C, (n >2) =R
To T T (IR ® FE: ABFETTREBHINSTTE,
O, O (J\EARED); MAKBEYFE,
I, 1 (CHEAE; & FTRETER:
(K, ~BRXIFR) HHRHEXIFR, E. OF




1.3.1%5%,\5\\%? Cb Cs) Ci

"COOH

+ Cp RE—TXFRLi, h=2 CHFCIBr H__centre of

inversion

« Ci: RE— I Ho, h =2 s

. Meso-tartaric acid,
HOOCCH(OH)CH(OH)COOH

RiEIEEaER

Quinoline, C4H,N
[EETH
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1.3.2 BAthaEs:

C, E, C, n
C. EC,ng 2N
Cnh E, Cn, O, 2N

- FESIETEHEFNS
IREHEARIFRITE

C,&o, 2 |
(XEI-WEI:;%{/E Cz * Op — i )

Cn’ Cnv’ Cnh (n > 2:

9 trans-CHCI=CHCI

7k':|z%:ﬁ:,ﬁsh

EAMERIR)

RERHO,

10 B(OH),



RUAFAE:

XIBZR, XFERE. XFE. sivs, a0
bR, XIS,

JeHEAC

Xz, XligRABR=. XIFXE. XIE,
AIENS (XUAFIAK)

XIEHIanEISERR R JRFEN, XIE
HERI, BIAISHIARNER,;
XIBZEHE

"MBAZE" BE: 1940-41FREE X

EAK TR S R R TS 1946515 SHEF BN L RIE )

: 3 - - ey
IZBITRUS e, KSR, RSMESE, 2021, 36(4): 2102049-0
http://www.dxhx.pku.edu.cn/article/2021/1000-8438/20210403.shtml
https://chem.xmu.edu.cn/info/1141/2644.htm (= 5285 5542 B {2,226 55%)



1.3.3 S, (n=2m, m>2) raE¥

IR ASEXIFRITE b « BIET S, (n>4) BI5F
S, E, S, n

H R FRER

14 Tetraphenylmethane, C(CH,), (S,) A
TR 1,3,5,7-PUFREIAE TN




134 - Ejé: Dn’ Dnd’ Dnh

ZIR  FHESFRITES
D, E,C,nC(LCn)

D E, C,, nCi(LCn), o

D, E,C,, nC;(LCn), noy

Q:
1) iXFIHE D, mEFRIEETT;

13 Propadiene, CH, (D,,)  Phosphorus pentachloride, PCI_ (D,,)
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Plane or bipyramid




1.3.4 ML51AEE

Name Elements

T  E 4C, 3C,

T, E 3C,4C, 3S, 60,
T, E 3C,4C, i,4S,, 30,
O E3C,4C, 6C,

0, E 3S,3C,6C,4S,4C, 30,,60,, i
I  E6C,10C, 15C,

I.  E6S,, 10S, 6C, 10C,, 15C,, 150, i

(a)

(a)




T,

Q:
D TRERGNORMIITHE? BRENI RN TH?
2) ORBFEIREHITRA?



Example: T Molecules of T-group symmetry are chiral!

crystallization

Wang XC et al. Nature Comm., 2016, 7, 12469
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1.4 Character tables

Much of the useful information we need to apply Group Theory is summarised in the

character table for a group, e.g., the table for the C,, group of H,O.

The character table for C,,

0 . \\
o Symmetry operations listed class-by- Con E C % o~
class, also known as elements of a point ——
. A1 11| g N
group. Ao 1 1 -1 -1 R; Xy
“““““ "By 1 -1 1 -1 x R, Xz
* The rows labelled 4,, 4, etc. are .-~ B U1 o | v R, vz
the irreducible representations.~~ | ] | J
Y |
characters cartesian functions

(typical basis)



1.4 Character tables

D;, (e.g., BF;): The symmetry elements possessed by BF; include

a C; axis, three C, axes, a o, plane, a §; axis, and three o, planes.

« Two C; operations, C; and C;, belonging to the same class are indicated as 2C;,
so do the 3C,, 30, and 25, (S;’ and §;°) operations.

Dgh E 2C3 3C2 Op 253 3O'V

Al 11 1 1 11 Xt +yh 2
Al | -1 1 1 -1 R.

E’ 2 -1 0o 2 -1 0 | (xy) (x% — y2,2xy)
AY 1 1 1 -1 -1 -1

Al 1 1 -1 -1 -1 Z

E"” 2 -1 0 -2 1 0 (R, R)) (x2,yz)




1.4 Character tables

D, : Benzene has a six-fold axis of symmetry and this generates several symmetry
operations. It turns out that €, and €, are in the same class, and so are listed as

‘2C, .Similarly (C/ ) and (C, )’ are in the same class, and are listed as ‘2C 2. (C)isina
class of its own. (C?2,Ce) (SeL,Se°)

l l

D) E 2Cs 2C; C; 3C, 3C, i 283 2S¢ on 30a 30y

Alg | 1 1 1 1 1 1 | 1 | 1 |

To save space, only one of the irreducible representations is given

Q: please figure out the symmetry operation(s) that relates the operations of the same class.



1.5 Summary

» A molecule may possess several
» The possible symmetry elements are: ; ;
* Each generates one or more symmetry operations.

» The action of any symmetry operation 1s to leave the molecule in an indistinguishable
orientation from that in which it starts.

* The which a molecule possesses defines the point group to which it
belongs.

» Symmetry operations are in the same class if they are related by another symmetry
operation of the group.

» Each point group has a character table which, amongst other things, gives the
symmetry operations of the group, arranged into classes.



Definition of group (B2 X)

A group in mathematics is a collection of transformations, G = {R,,R,,...,R;,...}, that
satisfy four criteria,

a) Closure. The product of any two elements R; and R; is another element in the
grOUp, |e RI.RJ — Rk’ Rm2 — Rn, P

b) Identity. One of the transformations is the identity E.

c) Inversion. For every transformation R in G, the inverse transformation R is in
the collection so that R-R1=R1.R =E.

d) Associative rule. (RyR)-Ry, = R (RyRp).

The order of a group (BEMT):
The number of elements in a group!

Atkins’ Phyical Chemistry, 11t ed., pp.390-397



Point Groups

« The collection of all allowed symmetry operations of a molecule (or an object) forms

a mathematical group.

« These symmetry operations have at least one common point unchanged (e.g., the O

atom in H,O).
* Such a group of symmetry operations is thus called point group.

« Accordingly, it 1s quite convenient to represent the symmetry of a molecule by the

very point group!

o Subgroup. 1f group A contains all elements of group B, group B 1s said to be a

subgroup of group A.



The symmetry of an object (molecule) can be conveniently represented by a
point group that contains all allowed unique symmetry operations arising
from its available symmetry elements.

Objects/ :> If they have a common
Molecules set of symmetry elements

AV

They belong to the same They must have a common set of
type of point group. symmetry operations!

U

Symmetry classification of molecules in terms of point group!




