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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,

3

« In particular we shall focus on T
1) how symmetry helps us to construct molecular orbital ___________ —— 1 bz-x_._;‘j;j-i__ri_
diag ram S, X _H_Ea1 H 1s
L | | A /
1) how It helps in the calculation of the energies and ——

precise form of the orbitals. 02 /

1ii) how to use symmetry to predict and describe the 1
. . oxygen _H_ hydrogen
properties of the vibrational normal modes of AOs MOs AOs/50s
molecules and their activity in IR and Raman spectra. Molecular orbital diagram for H,O



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

the same.

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

N
<
b

would immediately know that the calculation must be

wrong.



2RSS XIFRIERE I T

¢ WIRSMRER ¢ "EXIR" --?
XIFRAR -- B2 FEERMGHEK B, > 351K
XIFRZ 3E -- HEEEFREERT I NH, > H,O

¢ DFIME - BHRF/VAITHAIMES—ERI/MNEAXSTRME, BIiREXFRIEEHENS o FHITo K,
IFPUmE{AREY: CH, vs SO, =R NH,vs SO,2-



1.2 JIFRITTESXIFRERE 12(:?;;2/ |

L >~ \139 pm
; | 0N,
& XSFRE{E(symmetry operation) \v 7
S — N EEGRIE) G, MRNE—=E S RIS R (SR /C—C
REEERNAEES! B52, MESTHIEEYERELIAS)! ! :

#1: LUBERINOEEES FFENEZ 5, IRETEneEE30°, 60°, 90°, 120°, BN AXSFRIEEIE?
(/ \7
k\ /}
0° 30° X 60° A 90° X 120°
B2 Ko+, LA ARIRIEFES 95, DEds 90° 8¢ 180°, MR MNAXTFRIRIE? SE—ofE

Bl3: EHTF. USFPEHNEE, MESTFE
Bl4: Ko+, UUMNVODAIRRER, FrERFLTRII (y,2) > («,-y,-2) B ET R N




1.2 FRITHESRITRIEAE

- XfRrc=E(symmetry element):

XIFRERERTELLE THY ROIFRAPIDESGERILY) . Z(RIFRIHELhEdet) . E(NAREaGRE)
FILAETTE.

HERZEEARITR XIFRICER XIS FRIE( !

WIRTTER 5 WIRRMEESFSAER! )

SIFRICY i, )& (inversion) — frERFIEIL ORI E

XFRE o o, RBR(reflection) -MiRERI—MI 5 BREN S —MN

XJPRs G, C,, hiekk(rotation) — SRiHAET)) (360°/n) B EEEAE

RECHH S, S, IEFRSBR (rotation-reflection) — ZRAHAEE)360°/n, FBEEEHAYFE TSR

(IEE2 E  E[B85F#5{F(dentity) — 4 5]




1.2.1185F (identity, E)

- BFITERE £V EAESRIEE - A5
- FTEMIREE TSR

CHFCIBr

(An asymmetric molecule)



S

1.2.2 XJFRAF M center of symmetry)/SiEH M center of inversion)

o BAGRERMNTDFPNRE—RE, S FHPENEFH
MIRX,Y,2)Z H(-X,-y,-z) Al (F 0 FIHNFNTHEEL (EUAEN),
ME R R AXFRFOEEFL, 5594,

+ REFOREMR—MEFRE: (x,y,2) > (x,y,-2)

3 Meso-tartaric acid




~p)t) 1.2.3 XJFRMH(axis of symmetry, BghEdeHH) 5 ¥ ofl(rotation)

© RNES—IREZhEr360°/nfa, BElUARE], YIVKESCH (mR3H, 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;? /

©  CHH =R MEEIRN AINERERIEC, ™ (4&5Im*360°/n, m=1,2,...,n), C,/=E,

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




——

1.2.4 ¥JFRME(a plane of symmetry)/$5[H (mirror plane), o

FHESTF— 1 EE S R (reflection)B4E, 0 FEIUAE],
XA FEFENTRE (B@E) . Bl HO

o« —XIFRE oA RUE(E,

— O FHEFES I XIRE, 5l NH,

— D FHRIATREFESTNITRE, Fl: X
i) EHRHoOC,: B3THWRYRME. (v ~ vertical)
ii) Ko, FEETATERME. (b~ horizontal)
i) —“EEHo, Bo,, BEETHIHANC AT

Q: 2k XIS PEMLRE, BEESSRE?




1.2.5 BRFE4H (rotation-reflection axis)/IEEE&mN4H (improper rotation

3 axis) )
S, BN FHR—IREZIER360°/n, BIMERIZEZHY A
BHRME, DFEUAE, UoFEEREEHS,. ;

o DFHESHIT, FAAVERCHMo, 5l: 2k, ©

Newman (viewed down C-C bond)

o SIMERLZ MEEIRIIAVREEERIES, " [= (S, )" = (5,)"C,"]
(MBI, m=12, ..., n; nAEFEET, m=1.2,....2n)

X A Z C Y
So7al <7 QS - G 7 G ¢
Z C B Y X B A X

\C/Yi Y i» B i X i A

(861)22862:C3I (813_

(S¢1)* = Cs? ‘ (S)e = E

. B S MRS IBLXIFRITRILF? i, G
QZ AR ERLEIRE RN R S JREE A RIS IREEIRIE? S Sp°



1.2.5 BREEAH(rotation-reflection axis)/IEE H(improper axis)

S, = (S,)" = (c,)"C," X (0)"=E(m=18%0) / = o, (m=3750)
+ JUMMREERIE:
i) n=1,m=1 > 8= c,E=0, XiREESHNERMIEFo

i) n=2,m=1 > 8,=0,C,=i  JITIRAES F 2/ ERFi

¢ FTEXTRRE, BARLEDN(C,), BEARMRIL(S,)ERF!
¢ FIFRTTER (ERRSY) HiFH, SEHEMNIRITELF!
fuan, 8 C,AMIREFUHITD FUMAIEE o)
HESC,EMEENIRCH, YARAREMO-D)REEEMAICH! ...

RN
1) WFIRTS, MEARNBRECH? T EEIERA,
2) WHWTERS, M AFEONsFREEEBEREFD? T EEUEA,




1.2.6 Classes of operations (XJFREE{ERYTR)
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

Cs Cs X o
These three planes related by the

isto, 2nd o, sds,  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 o4 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 REf(point group) — 7 FXIFRIERI D SEHmIA

& HEREAE D IR - FIHERRENFRTTER (BRTERRAITRENE) | EBY! BESA?
¢ Lot (BET) HEE—E/RIENFRITR. 69, CH & S02, BF;& SO,& CO4*
¢ SEE(point group): — o FRTABRNEZEMFHENTRTRRIE N T EAT 3B =EE

s REFEMSAEESREHENTRITREEX. 9., H0, E C, 20, > C,

<

A

- HEHEEFEIFRTTENS FEBTR—<E. eg. LLE=1MDFHRTC,
+  [FRAREBNRIRATSIRERTD FRIXTRIE,




In Geometry, a point group is a mathematic group of
symmetry operations that have a common fixed point.

1) DF(EAE)F AR TR AT RIS BRI TR FC &G,
e.9., 0P U NRISRIFRIEE {E, C,0 0, 0,}, HIC,, £TBE,
2) IZATRRIEES{RL R,,. . .R;, ..., R Y BERREEEN., B
BIESHRIFE, BN TEEEY TP BT RR, R
NEFTTHRIE) ER(DEZEH— 1N TTE= ).
e.g., C,, C,1REEIAEBESHIE, C,C=E;
C,-0xy.2)= 0,(xY.2); o0,-0,7(Xy.2) = Cy(Xy,2), ...
3) DFHFFIBENHRITRELE N HR, RN AR SAERET RXIFREE NG,
& BETEBIXIFRERERZYBD 98ERh (order) . e.g., C, REFHIEFH /94,

—




1.3 =@&f(point group) — FXIFRIERI 53 <HmiA

¢ (FHREE -- WO FXIREHITD =R
- THREE Cp G G
- FREF(MIABEERRC hedeiiI=EE) @ C, Cin Co Si
- “HIRRE (IS CHIKMRSZEERNCHAREE)

Dn Dnd Dnh
- SERBEENISRE (BESR C, (n>2) MHSE)
Tg T Ty (THEIRES); ® FEE: ABFTETTREBHIISHOTTE,
On O (J\EAEH); MAABEIFEE,
l, | (CHEEE; & FlifTREE R
(K, ~ER3FFR ) HHAAEIRRM. E. OF




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

- C;: REIIEZFITEE, h=1

"COOH

o Ci RBE—IFRM , h=2 CHFCIBr
(plz always count E!)

H Centre of
inversion

‘OH
* CS /\ﬁ_/\Xj-?_{EO' h =2

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

RiEIEEaER

Quinoline, C4H,N
EEM



A TR R R AT

BTG, KSR, KBS, 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 (F =250 E[2ER)

AT

1946 NG SHFEXIEN2RE

BUHEARC:

XIFZR, XER. X,

B, XUSZ,;

[EHEAREE :

AI/viE. Al

Xz, XgRABR=. XIXE. XIE.
A ENS (XIFIAK)

XIBFIanaISER R JRFEN, XIE

I, BhLalEH S

XIS Z=HE

CAREEIN

“EalZim" HE: 1940-
MAREERFEFWNE




EAMERIR)

THEHO,

T
LU

1.3.2 BAthaEs:

Cn’ Cnv’ Cnh (n > 2:

BIR FHEXITRITE b
C, E, C, n

C. EC,ng 2N

Cnh E, Cn, Gh Zn*
RN HEEBXIFRITER !

« BEHIETREEFNRIR
F HEMXIFRITER:
eg.,C, &aq, 2 S,
(XIFRERIE: C-0,=S,)
ed.,.C, &qg, 2 |

XIFRIRIE: C, -0, =) 9 trans-CHCI=CHCI 10 B(OH),

7k':|z%:ﬁ:,ﬁsh




1.3.3 S, (n=2m, m>2) raEf

BFR  HHEXNFRITERE h
S, E, S, n

‘ /:I_IIEJI_IL’ Sn (n >4) /ﬁgiﬁ\%o
TR E]

Q: S, REFBEMPLEERIFRITER?
(EXENIST webbook)

HAPRLERIFRIEE?

H [RFRER

- | fURE
1,35, 7-TUREREE 14 Tetraphenylmethane, C(CH,), (S,)




Funny Structures

An S,,-Symmetric
5-Fold Interlocked [2]Catenane

By T.K. Ronson et al.,
J. Am. Chem. Soc., 2020, 142, 10267.

Compound 1 is S;,-symmetric.

a)

X
12 ]l
N
o)
/" 6 [Cu(MeCN),]BF4
CD4CN
NH,
O rm
K
e A~ —<
s Oo Q
s
o -
H,N z |
A o 0 \N 2 |
\ o] N
5 M"(NTf,), or M'(BF ),
(M" = Co or Zn)
CD4CN

2 (M" = Co)
3M"=2zn)




134 - EEE: Dn’ Dnd’ Dnh

BFR  FIEIFRITR h
D, E,C,nC;(LCn) 2n

Do E,C,nCy(LCn), o, 4n*
D. E,C,nCy;(LCn),noy; 4n*
RN HEEBXIFRITER

Ql: FIHD, FREFHIEEBXIFRIT
RUANETET(ERAEF) |
Q2: 1TH! D,y REFHIEERXIFRTT
RN EERET(ESSAI &),

13 Propadiene, CH, (D,,)  Phosphorus pentachloride, PCI_ (D,,)






2n

m AN 0@

Plane or bipyramid




1.3.4 M31AEE

NameElements
T  El4C, 3C,

T, EBC, 4C,]|3S,l60,
T, E, 3C,,4C,, 1,/4S,, 30,
E,3C,| 4C,, 6C,

. E, 334,@ 6C,, 4S,, 4C,,|30,, 60, i
I  E6C,[10C, 15C,

I, E 68,108, 6C, 10C, 15C,|150
IR

e,




IEPUER (T,) IE)\[EK (Oy)

Tetrahedron | Octahedron
XHBEE .
IF— MR (L) IE+K (1)
Icosahedron Dodecahedron

* LA ERhEEY Bhttps:/ /zh.wikipedia.org/



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

crystallization

Wang XC et al. Nature Comm., 2016, 7, 12469



Cmolecle > SEHTRTZE

ALY

|
v 2BY? h
_ (mRRMECc?] N
i ? (n>2) | Sl g B
Y N Y C.? [N A | &
Y CS? O',i? N C
| M |
N
Y N
N
T, E nC,L Cp? | C
Y
- Y
" | 5 = Gh? N no-v?
C.r /N [N
2) (en? ) (@) (o2 [ plow?] | Hen? F{salc,?
v Y Y Y N Cry Y N
I O, Th Ty Do | | Ph = Cih Son C,
n




1.4 Character tables (3FIEFRZR)

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

character table for a group, e.g., the character table for the C,,, group.

The character table for C,,

S oS Tioted class-by-class, — T
ymmetry operations listed ¢ as-s- y-class, E ¢ o% on
also known as elements of a pointgroup. e
R ST N R SR S S N A Xy
+ The rows labelled A, A, etc. are the .. Ap 1 -1 - R, Xy
irreducible representations(IRS), each row 21 -1 - x K AL
.. i B> 1 -1 —1 Yy R, ¥z
containing the symmetry species,
characters, and simple basis functions of ] \ Y } \ \ /
the corresponding IR. Symmetry species  Characters typical basis
(RIFRFPE—ATTY  (BHIEFR) (HEIRYE)

EEIMullikenfF 2



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

a C, axis, three C, axes, a g;, plane, an S; axis, and three g, planes.

D3y,

E 2C;

3C,

Oh

283

307,

A4y

Ay
E!
"
AZ
EH

(x,y)

(Rx, Ry)

2

X+ v 2

('xz o yza 2xy)

(xz,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 is 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.



a)

12 |\/
Funny Structures
An S;,-Symmetric : :
102 O Q%

5-Fold Interlocked [2]Catenane L
HNQ 2 =3
i -~

By T.K. Ronson et al., e 8 T QA

J. Am. Chem. Soc., 2020, 142, 10267. e

2 (M" = Co)
3M"=2zn)

Compound 2 belongs to -symmetry.




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 (BEHT):
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!




