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TheRecentStateof
EndohedralFullereneResearch
byLotharDunschandShangfengYang

Sincethelastgeneralreviewsin
thefieldofendohedralfullerenes
byShinoharain20001andby

AkasakaandNagasein2002,2the
varietyofendohedralstructureshas
beenextendedtremendously.With
theturnofthemillenniumtheworld
ofendohedralfullereneshaschanged
inallrespects.Theresearchonthe
conventionalendohedralfullereneswas
predominatelyfocusedonstructures
withasinglespeciessuchasmetal
ionsencagedinthecarboncagelike
La@C82.Suchstructureshavebeen
treatedasaspecialtypeofaclosed
intercalationcompoundcharacterized
byadopingprocessinwhichthe
electrontransferfromtheencaged
metalionstothecarbonstructure
occurs.Thechargeseparationinthe
formofLa3+@C823-resultsinnon-
dissociatingsalts.Thedissociationin
thiscasewasblockedforstericalreasons.
Besidesthesemonometallofullerenes
whichhavebeenisolatedasthefirst
endohedralstructures,noblegases
fromHetoKrandnonmetalatomslike
NandPalsohavebeenincorporated.
ThesestructuresformpreferablyC60
endohedrals,whicharepreparedunder
highpressureorbyionbombardment
ofthepreformedfullerenecages.Unlike
conventionalmetallofullerenes,allthese
endohedralfullerenesareuncharged.

Howthechargeatthefullerenecage
canbechangedbytheincorporation
ofmorethanonemetalionas
multichargedemptyfullerenesexist
instrongdopingreactions,e.g.,by
potassium,wasimportanttoknow.
Thusmanydi-andtrimetallofullerene

cageshavebeenisolated.Thisgroup
ofmultimetallofullerenesconsiderably
extendedthescopeofthefieldby
givingrisetocompletelynewtypesof
endohedralfullerenes.

TheNon-IPRWorld
Withthediscoveryofthe

dimetallofullerene,Sc2@C66,itwas
shownforthefirsttimebyShinohara’s
groupthatadimetallostructureis
sufficienttobreaktheisolatedpentagon
rule(IPR),whichisthestabilityrulefor
conventionalfullerenes.AstheC66cage
cannotformanyIPRstructure,there
arefusedpentagonsinthenon-IPRC66
(C2v)cage(Fig.1).3Meanwhile,thesame
groupshowedthatevenfullerenesbeing
abletoformIPRcagesarestabilizedina
non-IPRformbyadimetallostructure:
theendohedralLa2@C72fullerene.4a
Themostrecentnon-IPRfullerene
cageisbasedonatypeofencaged
species:theM2C2cluster.(Sc2C2)@C68
asreportedbyWangetal.,forwhich
aSc2C2carbideclusterisencagedina
non-IPRC2v-C68cage.4bInterestingly
theisomericstructureofthenon-IPR
C68cageproposedfor(Sc2C2)@C68
wasdifferentfromthatexistinginthe
familyofnitrideclusterfullerenesandis
discussedbelowindetailbyWang,etal.

TheCarbideStructure
ThestoryofstabilizingaC2

moietywasfirstdemonstratedforthe
dimetallofullerene,Sc2@C86,whichwas
Sc2C2@C84asdemonstratedbyanuclear
magneticresonance(NMR)study.5
Thefullerenecageof(Sc2C2)@C84was
firstreportedbyWangetal.,inwhich

aSc2C2carbideclusterisincludedin
aD2d-C84cage(Fig.2a).Meanwhile,
dimetallofullerenesofscandiumoften
reducethelargercagesizebyforminga
Sc2C2cluster.6Astheexistenceofsucha
carbideclusterfullerenewasalsoproved
foradiyttriumstructurewithY2C2,7,8
oneaskswhetheronlyscandiumand
yttriummetalscanformsuchcarbides.
Neverthelessthestructuresisolatedso
farshowthatmetalcarbideendohedral
fullerenesrepresentatypeofendohedral
fullereneswithaclusterinside.Cages
otherthanC82demonstrablyalsoencase
themetalcarbideinside.

Amongthemultimetallofullerenes,
theSc3@C82structurewasimportant
asthethreemetalionswereshown
byelectronspinresonance(ESR)
spectroscopytobecompletely
equivalentinthepositionandredox
stateofeachofthescandiumions.9
Furthermorethepositionofthe
scandiumionsinsidethecagecan
bechangedatlowertemperaturesas
detectedbyESRspectroscopy.10

Astheequivalenceofthethree
scandiumionsinsidethecageseemed
topointtoabalancedorderingofthem,
itwassurprisingthatinarecentstudy
acarbideendohedralfullerenewas
proposedbythegroupofAkasaka.11
ByNMRspectroscopytheauthorshave
shownthataSc3C2@C80fullerenemay
existwithicosahedralcagesymmetry
(Fig.2b).Inthiswaytheexistenceof
afiveatomicclusterinanendohedral
fullerenehasbeenproved.Thequestion
arisesastohowlargetheclusterinside
afullerenecagecanbe.Isitamatterof
sizeoramatterofchemicalstructure
whichdeterminestheexistenceofa
clusterinsidethefullerenecage?

ExtendingtheCageSize
Whileitisexpectedthatenlargement

ofthecagedclustercouldalsostabilize
largercagesizesitwasdemonstrated
intheframeofthesynthesisofcluster
fullerenesbyYangandDunschthat
instead,thedi-andtrimetallofullerenes
(multimetallofullerenes)canresult
inthestabilizationofalargeseries
ofhigherfullerenecages.Thus
theyisolatedforthefirsttimethe
largestfullerenecagetodate,a
stableDy2@C100dimetallofullerene
athighyieldaswellasthelargest
trimetallofullereneeverisolated,
Dy3@C98.12Therefore,theextension
ofthesizesofboththeconventional
multimetallofullerenesandtheencaged
clustersopensnewavenuesinfullerene
research.Byextendingthefullerene
cagesizewithlargestructuresofmetals
orclustersinside,anothersituation
arises:thenumberofIPR-isomersis
increasing(forC100,thereare450
isomers)andthevarietyofstructures
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ofthemetallofullerenesincreases
dramatically.ThusforDy2@C100at
leastsixcageisomersmustbetaken
intoconsideration(Fig.3).While
thevariationofthenumberofcage
isomersisnotapreferablesituation,
theinfluenceofcagesizeonphysical
propertiesandthebehaviorupon
chargingthefullereneisofhigh
interest.

ANewWorldofClusterFullerenes
Anewworldofclusterfullerenes

wasintroducedbyasynthesiswhich
occurredbychance.Whileitwas
acceptedinthefullerenecommunity
toavoidnitrogenasacoolinggas,the
elementwasthekeyforatypeofcluster
fullerenes.Thusaclassofendohedral
fullereneswithaclusterinsidewas
introducedasthetrimetallicnitride
endohedralfullerenes,withSc3N@C80
beingthefirstmostabundantmember.
Thisstructurewasdiscoveredin
1999atayieldhigherthanallother
endohedralfullerenesbyintroducinga
smallportionofnitrogengasintothe
Krätschmer-Huffmangeneratorduring
vaporizationofgraphiterodscontaining
metaloxides.13Thismethodiscalled
thetrimetallicnitridetemplate(TNT)
processasproposedbytheauthors.13In
thisnitrideclusterfullereneasatypeof
endohedralfullerenes,thecarboncage
adoptsacagedtrimetalnitridecluster
structurewhichisnotstableasasingle
molecule.Thecarboncageofsuchan
endohedralfullerenehasanisomeric
formwhichhasnotbeenisolatedasan
emptycagesofar.TheicosahedralC80
cageisstabilizedbytheelectrontransfer
fromthenitridecluster.Therefore,the
trimetalnitrideclusterstructureandthe
icosahedralcarboncageappeartobe
stabilizedbyeachother.Thestabilizing
effectofthenitrideclusterisafurther
subjectofdetailedstudiesonthenitride
clusterfullerenestounderstandwhy
suchfullerenesarestabilizedinthese
twoways.

Basedonthismethod,severalcluster
fullereneswereproducedlike
ErxSc3-xN@C80(x=0-3)13,14and
AxSc3-xN@C68(x=0-2;A=Tm,Er,
Gd,Ho,La).15Inthelattercasethe
trimetallicnitrideistrappedinanon-
IPRC68cage.15TheSc3N@C68with
theSc3NclusterencapsulatedinaD3
(isomer6140)non-IPRC68cage,as
determinedbyX-raycrystallography
andNMRspectroscopy(Fig.4a),15,16
makesthisfullereneparticularly
interesting.Besidestherecentstudieson
theoreticalcalculationsofthemolecular
structureofSc3N@C68onthebasisof
the13CNMRspectrum,17-19adetailed
studyonitselectronicandvibrational
structures(Fig.4b)withdensity
functionaltheory(DFT)computations

FIG.1.(a)X-raystructureoftheIPR-violatingSc2@C66(C2v)
fullerene,showingatopviewalongtheC2axisandasideview.(b)
CalculatedSc2@C66structures.(AdaptedfromRef.3.)

(a) (b)

(a) (b)

FIG.2.(a)Schematicrepresentationofthe(Sc2C2)@C84(D2d)molecule.(Adaptedfrom
Ref.5.);(b)StructurescalculatedforSc3C2@C80withtwoviews.(AdaptedfromRef.11.)

wasmadebyYangetal.onthebasisof
high-yieldsynthesisbythereactivegas
atmosphereproceduredescribedbelow
andafacileisolation.20

Furthermorethefollowingnitride
clusterstructureshavebeensynthesized
bytheTNTmethoddespitethe
relativelylowyieldofthenitridecluster
fullerenes:Sc3N@C78,21Lu3N@C80,22,23
Lu3-xAxN@C80(x=0-2;A=Gd,Ho),23
andY3N@C80.24

Thestandardarcdischarge
productionofendohedralfullerene

structuresdescribedinthepast
resultedinverylowyields.Generally,
endohedralmetallofullerenesyield
2%orlessfromthefullerenesoot.1,2
ThefirstdescriptionoftheSc3N@C80
fullereneformationbytheTNTprocess
claimedtosecureahigheryieldofthe
clusterfullereneinthesootextract
rangingfrom3to5%.13Whileinthe
originalwork,airtraceswereused
asasourceofnitrogen,animproved
routefornitrideclusterfullerenemust

(continuedonnextpage)
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besearchedbasedonotherselective
nitrogensources.

Thebreakthroughwasachievedby
thedevelopmentofthereactivegas
atmospheremethodinourgroup.25-31
Here,byintroducingNH3asthe
reactivegas,forthefirsttimethenitride
clusterfullereneswereproducedasthe
dominantproductsinthesoot,while
therelativeyieldoftheemptyfullerene
andconventionalmetallofullerenes
waslessthan5%.25-31Inthiswayithas
beendemonstratedforthefirsttime
thattheendohedralfullereneisthe
mainproductinthesootmixture,thus
makingtheisolationoftheendohedral
fullerenesmuchmorefacileasonly
oneseparationstepevenbyasimple
chromatographictechniquewasneeded.
Inapplyingthissynthesismethodthe
prerequisiteforasuccessfulapplication
wasfulfilled.

Onthebasisofthepreferential
productionofthenitridecluster
fullerenes,severallargefamiliesof
clusterfullerenesM3N@C2n(M=Ho,
Tb,Gd,Dy,Tm;38≤n≤44)specifically
thoseclusterfullereneswithcageslarger
thanC80wereisolatedbyourgroup.26-30

TheChemicalStructure
ofNitrideClusterFullerenes
Theisomericstructureofthefirst

nitrideclusterfullereneSc3N@C80
(isomerI,Ih)wasessentiallydetermined
byX-raycrystallographyand13CNMR
spectroscopicstudy.13Inparticular,
theSc3Nclusterwasdemonstratedto
haveaplanarstructure.13Likewise,
thestructureofthenon-IPRcluster
fullereneSc3N@C68andSc3N@C78
wasalsowellestablished.13,21Arecent
studyonGd3N@C80(isomerI,Ih)
revealedthattheGd3Nwaspyramidal
despitethesamesymmetryoftheC80
cageandSc3N@C80(isomerI,Ih).32
Althoughtheisomericstructureofthe
cagehasbeenwellestablished,13-15the
structureandstabilityofthecluster
anditschargetransfertothecageare
rarelystudiedbecausesuchinformation
wouldnotbeprovideddirectlyby
X-raycrystallographyandNMR
spectroscopy.Recently,wedemonstrated
thatvibrationalspectroscopyisa
powerfultoolforthestructuralanalysis
offullerenesnotonlyduetoitshigh
structuralsensitivitybutalsobecauseof
itshighertemporalresolutioncompared
toNMRspectroscopy.24-30,33,34A
seriesofnitrideclusterfullerenes,
M3N@C80(I,II)(M=Sc,Gd,Dy,
Tm),werestudiedsystematicallyby
vibrationalspectroscopyandtheir
isomericstructureswerereasonably
determined.24-27,29,33,34

DunschandYang
(continuedfrompreviouspage)

FIG.3.SchematicstructuremodelsofthesixprobablecageisomersofDy2@C100(Dyatomsareomitted
forsimplification),whichalsorepresentthethermodynamicallymoststableIPR-isomersoftheempty
C100fullerene.(AdaptedfromRef.12.)

449:D2 18:C2 148:C1

425:C1 426:C1 442:C2

FIG.4.(a)TwoorthogonalviewsofSc3N@C68(D3)structuregeneratedfromisomer6,140geometry
(DFTBcomputationlevel)withencapsulationoftheSc3Ncluster.ViewsareshownfromtheC3axis(top)
andtheC2axis(bottom).(AdaptedfromRef.15.);(b)Theproposedvibrationalmodesoftheadjacent
pentagonsinSc3N@C68(D3)(bottom).(AdaptedfromRef.20.)

(a) (b)
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Onthebasisofthereportsonthe
coexistenceoftwoisomersofM3N@C80
(M=Sc,Tm,Gd,Dy),whichshow
differentcagestructuresandelectronic
properties,24-27,33,34andthetheoretical
predictionontheexistenceof7IPR-
obeyingisomersforC80cage,weisolated
successfullyathirdisomerofDy3N@C80
withthemostprobablecagestructure
beingC80:1(D5d)(Fig.5);29thusthe
stableisomericstructuresofC80cage
wereexpanded.

ThePropertiesof
NitrideClusterFullerenes
Theonsetofvisible/near-IR

absorptionoftrimetalnitrideC80
clusterfullereneswasstudiedtodecide
whetherallnitrideclusterfullerenes
haveanynear-IR(NIR)absorptionsand
dobehavelikesmallbandgapmaterials
aswasclaimedfirstforSc3N@C80.13No
NIRabsorptionwasobserved,theonset
ofalltheC80nitrideclusterfullerenes
wassimilar,andtheopticalbandgaps
wereallhigherthan1eV.Therefore
thenitrideclusterfullerenesarestable
compoundsbeingnearlyasstableas
C60.24,34

Thechemicalreactivityofthenitride
clusterfullerenesissimilartothatofthe
conventionalmetallofullerenes.Thus
thereactionoftheC=Cdoublebond
canbeusedtoderivatizetheendohedral
fullerene.2Besides,functionalized
derivativesofM3N@C80(M=Sc,Y,Gd)
havealsobeenreported.35-37

High-energyspectroscopyshows
thatSc3N@C80canbeformallytreated
asapositivelychargedclusterinsidea
negativelychargedicosahedralcarbon

cage,i.e.,[Sc3N]6+@C806-.38Recent
high-energyspectroscopicstudieson
aseriesofM3N@C80(I)(M=Dy,Tm,
Sc)revealedasignificantdiscrepancy
ontheeffectivevalenceofthemetal
atom,i.e.,2.8,2.9,and2.4forDy,Tm,
andSc,respectively,38-41indicating
theirdistinctdifferenceonthecharge
transferfromtheencagedclustertothe
C80cage.Theelectronicpropertyand
bandgapofnitrideclusterfullerenes
werecomprehensivelyinvestigatedby
UV-vis-NIRspectroscopyandthestrong
influenceofthecageisomericstructure
andcagesizeonelectronicstructure
ofnitrideclusterfullereneshasbeen
elaborated.27-30

Generally,thevibrationalstructure
isimportantforthecharacterization
oftheendohedralfullerenesbecauseit
issensitivelycorrelatedtotheisomeric
structureofthecages.Moreover,the
structureofthecagedclustercould
beprobedbyitsvibrationalpattern
givenbybothinfraredandRaman
spectroscopy.Besidesthestudyon
theC80-basednitrideclusterfullerene
M3N@C80(I,II)(M=Sc,Gd,Dy,
Tm),27,29,30,34,39somenitridecluster
fullerenesbasedonothercagessuch
asM3N@C78(M=Sc,Tm)werealso
investigatedfordetailedinsightsinto
theirisomericstructuresaswellastheir
vibrationalstructures.30,34Arecent
studyontheelectronicandvibrational
structuresofthenon-IPRSc3N@C68was
madebyYangetal.20

Theelectrochemistryofaseries
ofnitrideclusterfullereneM3N@C80
(I)(M=Sc,Dy,Tm)wasstudied
systematicallytoaddressthe
effectofthecagedclusterontheir

electrochemicalbehavior.33,34,39,42
Basedonthecomparisonofthecyclic
voltammogramsofseveraltridysprosium
Dy3N@C2n(2n=78,80),i.e.,Dy3N@C80
(I),Dy3N@C80(II),andDy3N@C78
(II),Yangetal.showedtheeffectof
symmetryandsizeofthefullerene
cageontheelectrochemicalbehavior
ofDy3N@C2n(2n=78,80).42The
fascinatingfindingofthisstudyisthat
theDy3N@C80(I)monoanionexhibitsa
charge-inducedreversiblerearrangement
ofthestructure,whichmayresultfrom
thechangeoftheDy3Nclustertoa
pyramidalform.42

Outlook
Amongthephysicalpropertiesof

endohedralfullerenes,themagnetic
propertieshavenotbeenlargely
exploreddespitetheirrelevanceto
potentialapplications.Therecent
breakthroughonthehigh-yield
productionofnitrideclusterfullerenes,
however,hasadvancedthissituation.
ThemagneticstructureofM3N@C80
(M=Ho,Tb)hasbeeninvestigated,in
whichthestrongligandfieldswithinthe
M3Nclusteractontheferromagnetically
exchange-coupledmomentsofM.Asa
resultofthiscombinationofdifferent
typesofinteraction,theindividual
magneticmomentsarenotcollinearly
alignedbutareparalleltotheM-N
bonds.43,44Amorerecentstudyonthe
magneticpropertyofDy3N@C80(I)
suggestsstrongIsing-likeanisotropydue
tocrystalfieldandspin-orbitcoupling.45

Thesuccessfulsynthesisofpeapods,
i.e.,nanotubesencapsulatingfullerene

FIG.5.SchematicstructuremodelofthreeisomersofDy3N@C80.(a)IsomerI(Ih);(b)IsomerII(D5h).Themostprobablesymmetryofthethirdisomeris
proposedtobeD5dandshownintwoviews.(c)topviewalongthemainC5axisassumingthatoneDyatomlocatesontheC5axis;(d)frontview.TheDyand
Catomsaredrawninredandgray,respectively.TheNatomsarehiddenbythecentralCorDyatoms.(AdaptedfromRef.29.)

(a) (b) (c) (d)

(continuedonnextpage)
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moleculesinsidethecore,hasinitiated
anewbranchofmetallofullerene
research.Itisexpectedthatthebandgap
modulationinpeapodsgenerates
conceptuallynewmoleculardevices,
withdifferentfunctionalitiescompared
toemptysingle-wallednanotube
(SWNT)electronicdevices.46-48Detailed
informationonsuchmetallofullerene
peapodsas(EMF)m@SWNTs(EMF
=Gd@C82,La2@C80,andSc2@C84)

DunschandYang
(continuedfrompreviouspage)

hadbeenderived.49-51Thechangeof
conductionpropertiesofSWNTsupon
metallofullerenefillinghasbeenstudied
for(Dy@C82)m@SWNTs,showingthe
modulationoftheelectronicstructure
bytheinsertionofDy@C82molecules
andallowingthefabricationofnovel
transistorsandrectifiers.52,53

Projectingtothefutureofendohedral
fullerenesresearch,thisfast-growing
fieldwillundoubtedlyrevealalarge
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