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ElementsofSymmetry

Whatdoyoumeanbysymmetry?Itisnothingbutanideathroughwhichmancancreate

order,periodicity,beautyandperfection.TheancientGreekphilosopherPlato(430BC)

believedthatuniverseconsistsoffoursymmetryelementswhicharetheearth,the

water,thefireandtheair.Accordingtohim earthiscubical,waterisicosahedron,fireis

tetrahedronandairisoctahedron.From theconceptofsymmetrywenormallythink

abouta molecule orbodyis symmetric ornot-symmetric with respectofsome

charactersuchasapoint,alineandoraplane.

Fig.Fiveregularplato’ssymmetricalbody

Inthecontextof molecularsymmetry,a symmetryoperation isa permutation ofatoms

suchthatthe molecule or crystal istransformedintoastateindistinguishablefrom the

starting state.Two basic facts follow from this definition,which emphasize its

usefulness.

1.Physicalpropertiesmustbe invariant withrespecttosymmetryoperations.

2.Symmetry operations can be collected together in groups which

are isomorphous to permutationgroups.

SymmetryOperation:Atransformationinthree-dimensionalspacethatpreservesthe

size and shape ofa molecule,and which brings itinto an orientation in three

dimensionalspace physically indistinguishable from the originalone,is called a
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symmetryoperation.Asymmetryoperationcarrieseverypointintheobjectintoan

equivalentpointortheidenticalpoint.

A symmetry element is a point,a line and ora plane ofreference about

which symmetryoperations cantakeplace.Inparticular,symmetryelementscanbe

identities,mirrorplanes,axesofrotation(bothproperandimproper),andcentersof

inversion. Asymmetryelementcorrespondstoasymmetryoperationthatgeneratesthe

samerepresentationofanobject.

Symmetryelementisclassifiedinforcategoriesandtheyare

1.SimpleaxisofSymmetry(Cn)

2.PlaneofSymmetry(σ)

3.CenterofSymmetryorCenterofInversion(i)

4.RotationalreflextionalaxisofSymmetry(Sn)

1.SimpleaxisofSymmetryorRotationalAxisofsymmetry(Cn):

Simpleaxisofamoleculeisanimaginaryaxispassingthroughthemoleculein

suchawaythatifthemoleculerotatesaboutthisaxisthroughanangleof

360̊ /n,resultsinanindistinguishablestructurewiththeoriginalmolecule.Itis

denotedbyCn(LatinwordCirculate)andcalledrotationalorproperorsimpleaxis

ofsymmetry.Thesubscriptndenotesthefoldororderofrotationanditis

determinedby:

n=
360°

angle ofrotationtogiveanindistungusablestructure(smalest)

withtheoriginalone

ThevalueofncanneverbeafractionbecauseinthatcaseeveryCnoperationwillnot
giveequivalentstructure.E.g.

.

Beforegoingtothenexttopicwehavetodecidetheprincipalaxis.
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1. IfamoleculepossessesCnaxeswithdifferentnvaluesthentheCnaxishaving
maximum valueofn(fold/order)iscalledtheprincipalaxisi.e.highestfoldaxis
willbecalledasprincipalaxis.

2. IfthereareseveralCn axeswithsamevalueofn(whenthereisabsenceof
differentorderofaxes),thentheprincipalaxiswillbeonewhichpassesthrough
themaximum numberofatomsofthemolecule.

ForexampleinbenzenetheprincipalaxisisC6(C6isthehighestfoldaxisbetweenC6,
C3andC2thoughC2ispassingthroughthemaximum no.ofatom)mentionedinthe
figureandinethanetheprincipalaxisisC2(asalltheaxesareC2)whichismentionedin
thefigure.

Fig. Some example of axis of
symmetry.
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2.PlaneofSymmetry(σ):

Theplaneofsymmetryisanimaginaryplanewhichdividesthemoleculeintwo
equalhalveswhicharemirrorimagetoeachother.Theplaneisalsocalledmirror
planeorσ-planeandtheoperationiscalledσ-operation.Thedesignationsigma
(σ)comesfrom theGermanwordspiegel,meaningmirror.Itisanimaginary
bisectingplanewithinamoleculesuchthatitamirrorplacedthroughthatplane
afterreflectionencounteranequivalent(identical)atom andorgrouponthe
otherside.Thestructureofdicloromethaneandcisdicloroethenepossessing
mirrorplanesshowinginbelow.

Itshouldbenotedthateveryplanermoleculehasaplaneofsymmetrynamely
molecularplane.Planeofsymmetryareclassifiedinthreecategoriessuchas
Horizontalplaneofsymmetry(σh),Verticalplaneofsymmetry(σv)andDihedralor
diagonalplaneofsymmetry(σd)
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3.TheInversionOperation/CentreofSymmetry(i):

Centreofsymmetryisapointwithinamoleculesuchthatifastraightlineis
drawnfrom anypartofthemoleculethroughthatpointandextendedtoanequal
distancebyastraightlineontheoppositeend,alikeatom orpartofthe
moleculeisencountered.Centreofsymmetryisalsocalledascentreofinversion
andsymbolizedasi.

Thiscanbeexplainedbyα-truxillicacid,staggeredmeso-tartaricacid,etc.
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•Theoperationofinversionisdefinedrelativetothecentralpointwithinthemolecule,through
whichallsymmetryelementsmustpass,

e.g.,typicallytypicallytheoriginoftheCartesianCartesiancoordinatecoordinatesystem (x,y,z=
0,0,0).

•Ifinversionsymmetryexists,foreverypoint(x,y,z)thereisanequivalentpoint(–x,–y,–z).

•Moleculesorionsthathaveinversionsymmetryaresaidtobecentrosymmetric.

•Eachinversioncenterhasonlyoneoperationassociatedwithit,sincei2=E

Ethaneinthestaggeredconfiguration.TheinversioncenterisatthemidpointalongtheC‐C

bond.Hydrogenatomsrelatedbyinversionareconnectedbydottedlines,whichintersectatthe

inversioncenter.Thetwocarbonatomsarealsorelatedbyinversion.

4.Alternatingaxisofsymmetry/RotationalreflextionalaxisofSymmetry(Sn)

Amoleculepossessesanalternatingaxisofsymmetry(Sn)ofn-fold(ororder)if

rotationofthemoleculeabouttheaxisby3600/nfollowedbyreflectionthrougha

perpendicularplanetothisaxisproducesanindistinguishablestructurewiththe

original.AlternatingaxisofsymmetryisdesignatedasSn,itisalsoknown

rotationalreflexationalaxisofsymmetry.Thissymmetryisknownasimproper

axisofsymmetry.ThiscanbeexplainedbyThiscanbeexplainedbyα-truxillic

acidS2),staggeredmeso-tartaricacid(S2),methane(S4)etc.
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TheimproperrotationoperationSnisalsoknownastherotation‐reflectionoperationand,asits
namesuggests,isacompoundoperation.

 Rotation‐reflection consists ofa properrotation followed byreflection in a plane
perpendiculartotheaxisofrotation.

 nreferstotheimproperrotation2π/n=360°/n.

 SnexistsifthemovementsCnfollowedbyσh(orviceversa)bringtheobjecttoan
equivalentposition.

 IfbothCnandσhexist,thenSnmustexist.e.g.,S4collinearwithC4inplanarMX4.

 NeitherCnnorσhneedexistforSntoexist.e.g.,S4collinearwithC2intetrahedralMX4.

TheIdentityOperation(E)
•Thesimplestofallsymmetryoperationsisidentity,giventhesymbolE.
•Everyobjectpossessesidentity.Ifitpossessesnoothersymmetry,theobjectissaidtobe

asymmetric.•Asanoperation,identitydoesnothingtothemolecule.Itexistsforeveryobject,
becausetheobjectitselfexists.
•Theneedforsuchanoperationarisesfrom themathematicalrequirementsofgrouptheory.
•Inadditionaddition,identityidentityisoftentheresultofcarryingcarryingoutaparticular
operationoperationsuccessivelysuccessivelyacertainnumberoftimes,i.e.,ifyoukeepdoing
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thesameoperationrepeatedly,eventuallyyoumaybringtheobjectbacktotheidentical(not
simplyequivalent)orientationfrom whichwasstarted.
•Whenidentifyingtheresultofmultipleorcompoundsymmetryoperationstheyaredesignated
bytheirmostdirectsingleequivalent.
•Thus,ifaseriesofrepeatedoperationscarriestheobjectbacktoitsstartingpoint,theresult
wouldbeidentifiedidentifiedsimplyasidentity

SymmetryElementsandOperations

element operation Symbol

symmetryplane reflectionthroughplane σ

inversioncenter inversion:everypoint x,y,z translatedto -x,-y,-z I
properaxis rotationaboutaxisby360/n degrees Cn

improperaxis
1.rotationby360/n degrees
2.reflectionthroughplaneperpendiculartorotation
axis

Sn
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PointGroups:

Moleculeshavingspecificrigidstructurescanbesubjectedtosymmetryoperations

thatcanbeperformedonelementsofsymmetry,ie.,E,σ,Cn,i,Sn.Allthesefive

operationsarecalledpointsymmetryoperationsbecausesuchsymmetryoperations

onepoint,thecentreofmassalwaysremainunchanged.Bytheterm PointGroup,we

meanashorthandnotationforspecifyingthesymmetryclassofamolecule.The

criteriaforasetofoperationstoconstituteapointgroupareasfollows:

a.Theproductoftwomembersofthegroupandthesquareofanymemberisalso
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amemberofthegroup.Forexample,

C4
1xC4

2=C4
3 , C2xσh =S2

b.OneofthesymmetryoperationsmustbetheoperationofidentitiesE,which

commuteswithallotheroperationsandleavethenunaltered.

ExC4
3 =C4

3

c.Thecombinationofoperationmustobeyassociationlaw,

(AxB)xC=Ax(BxC)

(C4
1xC4

2¬)xC4
1 = C4

3xC4
1 =E

C4
3xC4

1 =(C4
2xC4

1)xC4
1 =E

d.Everymemberofthegroupmusthaveaninverseie.,ifAisamember,thenA-1

mustalsobeamember,whereAA-1=E,if

C4
1xC4

3 =E then C4
3 isinverseofC4

1 andviceversa.

Symmetryoperationsdonotnecessarilycommute,ie.,ABdoesnotalwaysequal

toBA.

Orderofapointgrouprepresentsthenumberofdifferentoperationsthatcanbe

performedinagroup.Forexample,amoleculehavingC4,therearefourpossible

operations that can be performed on this symmetry element leading to

indistinguishable–super-imposableorientation.

TheyareC4
1,C4

2,C4
3 ,C4

4
,therefore,theorderofpointgroupis4.

Specifyingthesymmetryclassofmoleculearediscussedbelow:
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(b).CnPointgroup:

InthiscasetheonlyelementofsymmetryintheconcernedmoleculeisCnaxis(n>1).

PointgroupC2isofverycommonoccurrenceamongtheorganicmolecules.For

examplealleneshownbelowhaveaC2Pointgroup.

ActivetartaricacidalsohaveC2pointgroup

Othersexamplesare
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ThemoleculeSOCl2andm-C6H4ClBr,shownaboveC1hpointgroupC1hequivalenttoS1.

(e).CnvPointgroup:

Cnvpointgroupisacombinationofn-foldsymmetryaxisCnandnsymmetryplane(σv).

cis-C2H2Cl2belongtotheC2vpointgroupwhilePCl5,NH3,CHCl3,etc.,belongtoC3vpoint

Group.
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(f).Cspointgroup:

Moleculehavingasingleplaneofsymmetry(σ)belongtoCspointgroup.Forexample,

NOCl,CH2=CHCl,etc.,haveonlyoneplaneofsymmetrywhichiscoplanarwiththeir

molecularplane.MoleculebelongstoCspointcan’thaveanyCn(n>1).
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DihedralSymmetry:

MoleculeswithaprincipalCnaxisinadditiontonC2axesinplaneperpendiculartothe

principalaxisaresaidtopossessdihedralpointgroup.

Dihedralsymmetryincludesthreedifferentpointgroups.TheyareDn,Dnh andDnd,

Characteristicsofthesegroupsarestatedbelow.

(a).DnPointGroup:

Thisisararesymmetryelementtometinchemistry.MoleculeshavingDnpointgroup
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possessCnaxisalongwithnC2axesperpendiculartotheprincipalCnaxisbuthasno

symmetryplanes(σ).Theaxisofhighestmultiplicityistakenastheprincipalaxis.

Examplesarebelow:

(b).DndPointgroup:

MoleculeswithCnSymmetryaxisinadditiontoperpendicularnC2axesandnσvplanes

butwithoutσhplaneareknowntohaveDnd pointgroup(d=diagonal).Hereσvplane

bisectstheanglebetweenthetwoC2axes,staggeredethanebelongstoD3dpointgroup.

Allene,certainspiranesandbiphenylinwhichringsareperpendicular,haveD2d point
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group,

(c).DnhPointgroup:

MoleculeswithCnSymmetryaxisinadditiontoperpendicularnC2axesandnσvplanes

inadditionwithσhplaneareknowntohaveDnhpointgroup.Hereσhplaneperpendicular

totheprincipalaxisCn,ForexampleethylenehasD2handbenzenehasD6hpointgroup.

(d)DαhPointgroup:

Inalinearmoleculesthelinealongwhichnucleiarelocatedisthesymmetryaxisofan

infiniteorder(Cα)sincethereareinnumerableanglesofrotationcarryingthemolecules

intothemselves.Whenthelinearmoleculealsohasasymmetryplaneperpendicularto

itsaxis(Cα),themoleculeissaidtobelongtoDαhsymmetrypointgroup.Forexample,

H-H,Cl-Cl,H-C≡C-H,O=C=Oetc.,haveDαhpointgroup.

Fewquestion:

1.Deducethesymmetrypointgroupsofalltheisomersof[CrCl2(NH3)4]+ andassigna
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precisestereodescriptorforeachisomer.

Ans. Bothdiastereomersof[CrCl2(NH3)4]+areshownbelow,theseareusuallydifferentiated

bythestereodescriptorscisandtrans.Thetransisomerbelongstothesymmetrypointgroup

D4h.ThesymmetryelementsarethemainfourfoldaxisofsymmetryC4,ahorizontalplaneof

symmetryσh(perpendiculartotheC4axis),fourC2axesalsoperpendiculartotheC4axisand

fourplanesofsymmetryσvtheintersectionofwhichisthemainaxisofsymmetry.Thecis

isomerbelongstothesymmetrypointgroupC2v.TheassociatedsymmetryelementsareaC2

axisandtwoverticalplanesofsymmetryσvintersectingattheC2axis.Verifythisusingtheflow

chartintheappendix.

Sincethedescriptorscisandtransarenotgenerallyapplicableforoctahedralcoordination

compounds,systematicdescriptorsbasedontheCIPsystem shouldbeusedintheirplace.

Theseconsistofthepolyhedralsymbol,inthisexampleOC-6(OCforoctahedraland6forthe

coordinationnumber),togetherwiththeconfigurationindex.Foroctahedralcompoundsthe

latterconsistsoftwodigits.Thefirstindicatestheprioritynumberofthecoordinatedatom

(ligand)transtothehighestrankingcoordinatedatom (ligand).Inthecisisomerthisis2,and1

inthetransisomer.Theseconddigitisdeterminedinthesamewayfortheplaneperpendicular

tothereferenceaxis(mainaxis)oftheoctahedron.ThecisisomerhasthusthedescriptorOC-6

-22.Thetransisomeris(OC-6-12)-tetraamminedichloridochromium(III).

2.Towhichsymmetrypointgroupdoes2-methylhex-3-ynebelong?

Ans. Onlyaplaneofsymmetryσispresentin2-methylhex-3-yne,thusitbelongstothepoint

groupCs.Themethylgrouponcarbon5hasfreerotationandcanlieintheplaneofsymmetry.

3.Deducethesymmetrypointgroupof(S,S)-tartaricacidinthe+synclinalconformation.
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Ans. (S,S)-Tartaricacidhasasinglesymmetryelement,aC2axis,andthereforebelongsto

thesymmetrypointgroupC2.Onrotationthrough180◦thepairsofcarboncentres1and4,and

2and3aretransformedintoeachother.Thisisalsothecaseifthemoleculeadoptsanother

conformationasillustratedbythetwoexamplesshownbelow

4.Whichsymmetryelementsarepresentinmeso-tartaricacid?

Ans. Inordertoascertainwhichsymmetryelementsarepresentinmeso-tartaricacid,itis

necessarytolookatthevariousconformationsofthemolecule.Thesymmetricalhighest

energyconformer,i.e.thesynperiplanarconformer(sp),hasaplaneofsymmetryinwhichboth

enantiomorphichalvesofthemoleculearereflectionsofeachother.No othersymmetry

elementsarepresentinthisconformation(pointgroupCs).Intheapconformationofmeso-

tartaricacidtheonlysymmetryelementpresentisacentreofsymmetry(disregardingthefact

thatthecentreofsymmetryisequivalenttoanyoftheinfinitenumberofS2 axes).The

symmetrypointgroupisthereforeCi.Allotherconformations,e.g.the+synclinalconformation

(+sc)ofmeso-tartaricacidshownbelow,arechiralanddonotpossessanysymmetryelements

andthereforebelongtothepointgroupC1.

5.Determinethesymmetryelementspresentinthefollowingboranesandhenceassign

theirsymmetrypointgroups.Thenumberedcirclesinthepolyhedrarepresenttheboron

atomswiththecorrespondingnumberofattachedhydrogenatoms.(177)
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Ans.a)B5H9hasasquarepyramidalstructure.Thecompoundbelongstothesymmetrypoint

groupC4v.IthasoneC4 axisandfourplanesofsymmetryσv twoofwhichpassthrough

oppositecornersandtwoofwhichbisectoppositeedgesofthesquareplane.

b)B4H10 belongstothesymmetrypointgroupC2v.IthasoneC2 axisandtwoplanesof

symmetryσv

c)B6H10hasapentagonalpyramidalstructure.Thecompoundbelongstothesymmetrypoint

groupC5v.IthasoneC5axisofsymmetryandfiveverticalplanesofsymmetryσvwhoselineof

intersectionistheC5axis.

d)B5H11possessesonlyaplaneofsymmetryσandthereforebelongstothesymmetrypoint

groupCs

6.Deducethesymmetrypointgroupof[(PdCl2)6].

Ans.Bymeansoftheflowchartgivenintheappendixthesymmetrypointgroupcanbeeasily

established.Asthemoleculeisnotlinear,thefirstquestiontobeanswerediswhatistheorder

oftheaxisofsymmetryofthehighestorder?Thisisafour-foldaxis.Nextwemustdetermine

whetherthisistheonlyC4axisorifotherC4axesarepresent.InthiscasetherearetwootherC4
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axeswhicheachpassthroughtwooppositelypositionedpalladium atoms.SincethereisnoC5

axis,thestructuremustbeinspectedtoseewhetherthereareanyC3axes.Itisnowmeaningful

tolookatthechlorineatomsinthemolecule.Atotaloffourthree-foldaxesofsymmetrypass

throughthemiddleoftrianglesformedfrom threechlorineatomsorthreepalladium atoms,

respectively.Sincethequestionoffour-foldaxeshasalreadybeenanswered,itonlyremainsto

seewhetheracentreofsymmetryispresent.Thisisthecaseandtherefore[(PdCl2)6]hasthe

symmetrypointgroupOh.Thereare,inadditiontothesymmetryelementsalreadyestablished

above,sixC2 axespassingthroughoppositepairsofchlorineatoms.Therearealsothree

planesofsymmetryeachcontainingfourpalladium atomsandsixplanesofsymmetrydiagonal

totheseplaneseachcontainingtwopalladium atomsandtwochlorineatoms.Therearealso

threeS4axescoincidingwiththeC4axesandfourS6axescoincidingwiththeC3axes.Notethat

thepalladium atomsarelocatedatthecornersofanoctahedrontheedgesofwhichhavea

bridgingchlorineatom.

Exercise

FullexerciseofS.Sengupta.

Refference:S.sengupta


