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ZUSAMMENFASSUNG

Seltenerdmetalle enthaltende endohedrale Fullenaben grof3e Beachtung gefunden auf
Grund ihrer Eigenschaft Metallatome, Atome oder zganCluster innerhalb eines
Kohlenstoffkafigs einzuschlieRen. Durch AnregungideKohlenstoffkafig eingeschlossenen
Atome oder Cluster konnen die physikalischen uneénmdbchen Eigenschaften dieser
Fullerenverbindungen zielgerichtet veréndert unmpestellt werden. Das Verstandnis der
magnetischen und elektrochemischen Eigenschafteremdohedralen Fullerenen spielt eine
wichtige Rolle in der Grundlagenforschung und lieie hohes Potential fir Anwendungen
in der Materialentwicklung. In dieser Arbeit wird ied Herstellung von
Seltenerdmetallstrukturen beinhaltenden Fullerengd  die Charakterisierung deren
grundlegenden Eigenschaften beschrieben. Gleiopzeitrden Wege zur zielgerichteten
Veranderung ihrer elektronischen und magnetischgenSchaften aufgezeigt.

Im Lichtbogenverfahren nach Kratschmer-Huffman kenn verschiedene Lanthanit
basierende gemischte Metall-Nitrid-ClusterfullereMMNCF) hergestellt werden. Diese
Seltenerdmetalle enthaltende endohedrale Fullerengden in einem mehrstufigen
Flassigkeitstrennverfahren (HPLC) getrennt. Anssfbdéind wurden diese Strukturen mittels
spektroskopischer Verfahren wie UV-vis-NIR, FTIRarRan, LDI-TOF Massenspektroskopie,
NMR, Elektrochemie und in situ Spektroelektrocherharakterisiert.

Die Holmium basierenden gemischt Metall-Nitrid-Grréullerene HM 3 ,N@ Cgo (M= Sc,
Lu, Y; x=1, 2) wurden in einem “reactive gas atnmues@” oder “selective organic solid”
Verfahren hergestellt. Die getrennten und gereamgtProben wurden mit LDI-TOF
Massenspektroskopie, UV-vis-NIR, FTIR, Raman-Speditopie und NMR-Spektroskopie
charakterisiert. Di¢*C-NMR-Spektroskopie Untersuchungen zeigen ein @e®eihnliches
NMR-Verhalten was von der Anderung des zweiten Metanerhalb des Metall-Nitrid-
Clusters HgM3-«N von Sc zu Lu und weiter zu Y herruhrt.

Die Strukturen LnS&N@GCgp (Ln= Ce, Pr, Nd, Tb, Dy, Ho, Lu) MMNCF wurden sduwo
mit *C als auch**Sc-NMR-Spektroskopie untersucht. Entsprechend dear®y-Theorie
konnte nachder Reilley-Methode die Unterscheiduag & und " von &"*@durch eine
primare **C und **Sc-Analyse des LnSR@Gq (I) gezeigt werden. Die sehr gute lineare
Anpassung (B 0.99) wurde bei der Betrachtung eines eingessaten Clusters Lngd
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(Ln= Ce, Pr, Nd, Tb, Dy, Ho, Lu) innerhalb einegy:(; Kafigs erreicht. Dies zeigt die
fantastische Natur der magnetischen Anisotropiehasthanitenmetallen.

Die CgY3.N@Cyn (x= 1, 2; 2n= 80-88) MMNCF Strukturen wurden ména Verfahren
“selective organic solid” hergestellt. Die darasslierten Proben wurden mit LDI-TOF
Massenspektroskopie, UV-vis-NIR-Spektroskopie, NEpektroskopie und
elektrochemischen Methoden untersucht. Das eldktcsche Oxidationsverhalten von
CeMuN@GCgo (M= Sc, Lu und Y) wurde vom eingeschlossenen @ugCeMN; M= Sc, Lu
und Y) beeinflusst. Diese Annahme wird durch d@ und**Sc NMR Untersuchungen von
[CeMN@GCgo]" und DFT Berechnungen gestiitzt.

Soweit wir wissen ist dies die erstmalige Entdeckund der Nachweis

(@) von paramagnetischen Zustanden von Seltenerdmetalienerhalb
endohedraler Fullerene durch ein zweites diamasptets Metall mit

unterschiedlichem lonenradius zielgerichtet beassl werden konnen.

(b) dass das elektrochemisches Verhalten von Ce badare endohedralen
Fullerenen durch den eingeschlossenen Cluster,8gM= Sc, Lu und Y) eingestellt

werden kann.
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Rare-earth metal containing endohedral fullererse® fattracted much attention due to the
feasibility of encaging metal atom, atoms or clugtside of carbon cages. By switching the
metal atom or cluster entrapped inside of the cadage the physical and chemical properties
of the fullerene compounds can be tuned. The utatei;g of magnetic and electrochemical
properties of endohedral fullerenes plays an esdente in fundamental scientific researches
and potential applications in materials sciencethis thesis, synthesizing novel rare-earth
metal containing endohedral fullerene structurdésgdysng the properties of these isolated
endohedral fullerenes and the strategies of tuthegelectronic and magnetic properties of
endohedral fullerenes were introduced.

The DC-arc discharging synthesis of different lanide metal-based (Ho, Ce and Pr)
mixed metal nitride clusterfullerenes was achievétiose rare-earth metal containing
endohedral fullerenes were isolated by multi-stepLE. The isolated samples were
characterized by spectroscopic techniques includeevis-NIR, FTIR, Raman, LDI-TOF
mass spectrometry, NMR and electrochemistry.

The Ho-based mixed metal nitride clusterfullereHegM s N@GCso (M= Sc, Lu, Y; x=1, 2)
were synthesized by “reactive gas atmosphere” ndethdselective organic solid” route. The
isolated samples were characterized by LDI-TOF nsectrometry, UV-vis-NIR, FTIR,
Raman and NMR spectroscopy. THEC NMR spectroscopic studies demonstrated
exceptional NMR behaviors that resulted from switglthe second metal inside of the mixed
metal nitride cluster HM3«N from Sc to Lu and further to Y.

The LnSeN@GCg (Ln= Ce, Pr, Nd, Tb, Dy, Ho, Lu) MMNCFs were chetezized by**C
and *°*Sc NMR study respectively. According to Bleaneyiedry and Reilley method, the
separation 0" ands®" from s”*@was achieved by the primaliC and**Sc NMR analysis
of LnSeN@GCs (1). The good linear fitting B= 0.99) was obtained by considering the
encapsulating Ln$bl cluster (Ln= Ce, Pr, Nd, Th, Dy, Ho, Lu) insidgoG, cage which
indicated the fantastic nature of magnetic anggmtrof lanthanide metals.

The CeY3, N@GCn (X= 1,2; 2n= 80-88) MMNCFs were synthesized byl€stive organic
solid” route. The isolated samples were charaadrizy LDI-TOF mass spectrometry, UV-
vis-NIR, NMR spectroscopy and electrochemistry. Biectrochemical oxidation behaviors
of CeM,N@GCgp (M= Sc, Lu and Y) were interpreted as the straimeth endohedral redox
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couple C&/CE" in CeM,N@Gs, which supported by*C and/or °*Sc NMR study of
[CeMoN@GCsg” and DFT calculations.

As far as we know, this work is the first discovery(a) the (para)magnetic properties of
rare-earth metal containing endohedral fullereress foe tuned by the second diamagnetic
metal with different metal ionic radius and (b) a@techemical properties of Ce-based
endohedral fullerenes can be tuned by the strauewmlrbetween the encaged cluster and

carbon cage.
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Chapter 2 Synthesis and Isolation of Mixed Metalitlé Clusterfullerenes

Chapter 1 Introduction

Since the discovery of fullerene {ff in 1985, it has hogged the limelight as the piaén
materials: As the fourth allotrope of carbongfwas detected in a laser-vaporized cluster
beam mass spectrum by Kroto et al. It has alwag vegarded as promising material in
applications for nanoelectronics, superconductasptical switching and field-effect
transisto Due to the intrinsic nature of fullerene moleculdse empty space inside the
carbon cages could be utilized to host atom, at@tsters and even molecules. Soon after
the discovery of g, the encapsulation of lanthanum metal ion intdefehe cages was
achieved. In the process of laser vaporizatiomefrhixture of LaG and graphite, Lag was
detected as the first endohedral metallofullereriechv indicated a wide prospect of all
lanthanide metal¥In the following years, plenty of metals had bé&mpped into the fullerene
cages which included not only lanthanide metalsGnatup I-Ill metals as well which further
classified as mond-di-> and tri® metallofullerenes according to the number of miiné.
Clusterfullerenes are a new class of fullerene lfamhich includes metal carbide clustérs,
metal nitride clusterd,metal oxide cluste?sand metal sulfide clustéfswith respective to
non-metal element. Metal carbide clusterfulleremese found as the minor structures during
the production of metallofullerenes. The low yieldmetal carbide clusterfullerenes hindered
the deep studies on their properties. In 1999, Imeizide clusterfullerenes (NCFs)
SaN@GC,, were discovered by Dorn et al by introducing alsaraount of nitrogen gas into
the Kratschmer-Huffman generator during the proc#d3C-arc discharging. The dominant
structures demonstrated a higher yield than thallafther endohedral fullerenes. This novel
method for producing MN@GC,, structures was named “trimetallic nitride templgfENT)
process. Since then, great efforts have been nmmdmnhancing the yield and producing new
structures. Dunsch et al proposed a new strategyotdify arc-burning process with the idea

of the reactive-gas atmosphere which powerfullgeded the family endohedral fullerertés.

1.1 Synthesis and isolation of endohedral fullerene s

Looking through the history of fullerenes, two d@sl methods were employed to
synthesize fullerene structures. High temperataserl vaporization method was firstly
conducted to prepare empty fullerenes and endohddigrenes. The attainment of

macroscopic amounts La@Gwas successfully fulfilled and then stimulatedttier studies
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on endohedral fullerene structures and indicated pgbtential applications of endohedral
fullerenes in many fields. DC-arc discharging methws been regarded as the fantastic
contribution to the development of fullerenes stgdiCurrently, the modified Kratschmer-
Huffman DC-arc discharging method is popularly @&iplin fullerene production. Briefly
speaking, two hollow graphite rods packed with migture of metal oxides (or metals) and
graphite powders are fixed in the generator as @aod cathode. During the process of DC-
arc discharging, the anode and cathode are switthedficiently evaporate both rods and
prevent excess disorder of carbon depositing onctitbode. Normally, it is necessary to
remove the air inside the graphite rods by a stime preheating at high temperature which
could depress the yield of empty fullerenes andaroé the yield of NCFs simultaneously.

The configuration of the reactor is demonstrateBigure 1.1.

:._@_:.

Figure 1.1 The scheme of fullerenes generator.

The flourish of endohedral fullerenes family is aky accompanied by the innovation of
synthesis condition. The introducing of nitrogenirge plays an essential role in synthesizing
metal nitride clusterfullerenes. As mentioned befd8gN@Cso was the first NCF which
using the “Trimetallic Nitride Template” (TNT) meit by adding small amount of nitrogen.
But the problem that the total amount of NCFs igejlow in the soot extract (less than 5%)
could not been solved until the Dunsch and co-wsrlssvitched the nitrogen source from
nitrogen (N) to solid state of nitrogen-containing compoundaldiiim cyanamide has
prominent influence on the status of NCFs in thmilia of endohedral fullerenes. On the one
hand, the yield of SBl@GCso was significantly enhanced (from 3% to 42%) andAsQvere
the dominant product for the first time. On the aevtthand, the relative yield of empty
fullerenes and metallofullerenes were considerabppressed which facilitated the process of
purification in the next step. Dunsch and co-woskkept exploring novel approaches for

improving the yield of NCFs. Ammonia (NHwas chosen as reactive gas made remarkable
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improvement. The total yield of NCFs could reacl§a86f fullerenes in the soot. This route
for preparing NCFs was named “reactive gas atmasplmeethod. Recently, Dunsch and co-
workers proposed another strategy, “selective acgasolid” (SOS) route, guanidine
thiocyanate (CBN3HSCN) was employed as the solid-state nitrogencsowhich further
improved the total yield of NCFs and formed a nemdkcluster fullerenes, named as metal
sulfide clusterfullerenes.

High performance liquid chromatography (HPLC) iglely used for isolating of mixtures
of EMFs??® Because the polarity, electric charge, the sizthefmolecule is different from

each other, the mixture of EMFs can be separateshwliey move across the column.

1.2 Properties of metal nitride clusterfullerenes

Since the discovery of @G, it has been always regarded as the prototype of
homogenous metal nitride clusterfullerenes (NChsjhie form of MN@GCso. As revealed
from the electronic studies of @ Cso, SgN is stabilized by the icosahedrajyT, cage
through transferring six electrons from nitridestkr to the carbon cage which proved by the
13C NMR and electrochemical analysis. Therefore, wuttigl efforts have been devoted to
extend the family of metal NCFs with several sgas. Switching the encapsulated metal
atoms inside the nitride cluster is one of the fcatways to synthesize new metal nitride
clusterfullerenes. Up to now, plenty of group lletals have been successfully encaged into
the Gy cage in the form of MN@GCgp where M includes Scandium, Yttrium, Praseodymium,
Neodymium, Gadolinium, Terbium, Dysprosium, HolmiunkErbium, Thulium and
Lutetium?°3° Substituting one or two metals in the cluster méue new class of NCFs
named as mixed metal nitride clusterfullerenes (MBMY). MMNCFs provide broad

possibilities to study the spectroscopic, elect@rid magnetic properties of metal NGFEs.

1.2.1 Spectroscopic properties

The absorption spectrum of nitride cluster fulle®rnin the visible and near-IR range are
predominantly due to then* excitations of the carbon cage, which is directgpendent on
the structure and the charge state of the carbge*¢#8ased on the theoretical calculations
and experimental data, the highest occupied maecatbital (HOMO) of endohedral
fullerenes is anticipated to be localized on thebaa cage while the lowest unoccupied
molecular orbital (LUMO) is primarily on the encapelusters” Their absorption features
mainly depend on the cage symmetry and the encelgsters have minor influence on the
absorption features of NCFs. Therefore, the abswr@pectra of MN@GCgo (M=Y, Pr, Nd,
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Gd, Tb, Dy, Ho, Er, Tm and Lu) are almost identisdiich indicates that the electronic state
in the case of same cage isomer is the S4me.

It is well known that the time resolution of vibi@atal spectra is much higher than that of
NMR. Vibrational spectroscopy could be employedigorre out: a) the interaction between
carbon cage and encapsulated species; b) thedtiteranside encapsulated species and c) the
configurations of encapsulated species and carage.dVhen th&’C NMR and X-ray single
crystal studies are not available due to the logyganmetry of the carbon cage or limited
amount of the materials, vibrational spectra cqartavide supplemental information about the
structure of endohedral fullerenes. Combining tkpeeimental IR and Raman spectra with
theoretical calculations, the interpretation ofrational spectra could be achieved for specific
vibrations such as metal-nitrogen or carbon-catibmmling. Reliable prediction of vibrational
modes in IR and Raman spectra could be done inabe of switching the clusters inside the
same cage or changing cage size but preservirgathe clustef®

As a class of endohedral fullerenes, metal nitdldesterfullerenes comprise more than 60
atoms which afford a bunch of information about @ecole configuration and electronic
structure. The striking difference in number ofrasoinside the carbon cage and on the carbon
cages indicates that the vibrations of endoheddérénes largely come from vibrations of
their carbon cages. The tangentiah €age modes (800-1600 ¢nand 400-600 cif) are
almost identical for all of homogeneous metal NGiexause they own the same cage
symmetry. Since inheriting features from the cqoegling empty fullerenes, the vibrational
spectroscopic studies of endohedral fullerenesetgally sensitive to the isomeric structures
of carbon cage. However, the noticeable distinchietween the mass number of carbon atom
and metal atoms, the modes related to encagecespmmild be observed at low frequencies.
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Figure 1.2 FTIR spectra of SeN@Cgo (1), SGN@C;s and SgN@ Cgs.

The antisymmetric metal-nitrogen stretching vilmaél modes of are assigned to the most
intense low-energy IR lines in the 600-800 tmange which are sensitively depend on the
composition of the encaged metal M. FurthermoreRaman spectra the cage modes are
dominating above 220 ¢hwhile the metal-based modes are seen at loweundrages. A
remarkable example is that the studies of expetiahéR spectra of SN@GC,, (2n= 68, 78
and 80t;) which compared with theoretical studiéssee Figure 1.2. The cage modes are
unique for each structure and the experimental daththeoretical calculations agree well.
The metal-nitrogen stretching vibrational modesy increases from 599 chin SaN@ GCgo (1)
to 623 cm’ in SGN@GCyg and 660 crit in SGN@GCss. The recent reports on the analysis of
vibrational spectra of the metal NCFs combined Wl calculations indicated that inherent
strain of the SN cluster are strongly influenced by the differesite of carbon cag®.

Unveiling from DFT-computed IR spectra, the intetation of IR spectra could not be
obtained by the superposition of the individual s(§€" cation andC: anion spectrd’=®

The covalent contribution to the cluster-cage mtéons should be considered as wWel.
could be chosen as model for lanthanide metal Witse ionic radius identical or smaller
than Dy which facilitates modeling of the vibrational spracof lanthanide-containing NCFs.
DFT calculations are still available for the an#&ysf lanthanide-containing NCFs under the
consideration of similar ionic radius and differenass of Y and Dy atoms. The correlation
could be found between the ionic radius of the matal anti-symmetric metal-nitrogen
frequency in a series of M@ Cqo (I). Specially, for lanthanide-containing NCFs watiionic

radius smaller than BY, the frequency remains almost constant (around ¢i0), see
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Figure 1.3. From X-ray single crystal charactei@atthe geometry of metal nitride cluster
transform from planar (i.e. BM or Y3N) to pyramidal structure (i.e. TR or GgN) result in
the decrease of vibrational frequency originatenftbe changing the effective force constant.
The increase of the radii of the lanthanide met@ngthen the inherent strain ofsN@ Cg

(In) and result in that the inner space @f @) cage is insufficient for MN clusters due to the
large lanthanides. But, this kind of inherent straf all non-Sc MN@GCgp caused by the
limited space inside the carbon cage become apmigcieleased when the metal atoms is
replaced by one or two Sc atoms with smaller isatius®*>’ The details will be presented in

the chapter 3.
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Figure 1.3 M-N antisymmetric mode frequency in MN@Cg (I; M= Gd, Tb, Dy, Ho, Er,
Tm, Lu and Y) as a function of the ionic radius ofthe metal. The inset shows DFT-
optimized structure of GAN@Cgo-ln; pyramidalization of the GdsN cluster can be

clearly seen.

1.2.2 Electrochemical and spectroelectrochemical pr ~ operties

Since the discovery of @ Cg as first metal nitride clusterfullerene (NCF) thaks been
successfully synthesized, the electronic properiiesnetal NCFs have attracted a lot of
attention. The electronic structure of metal NCFm dbe described in the form of
(M3N)**@(G,n)®, namely, six electrons transfer from the insidgstr to the outside cage.
Cyclic voltammetry was employed to measure the xqutoperties of fullerene compounds,
which provide the information about the electrocleanHOMO-LUMO gap energy and of
the relative energies of the molecule frontier @ibin the most of common case, the HOMO-

LUMO gaps of metal NCFs decrease progressiveljnassize of the carbon cage increases
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from Cgo to Ggg, and the irreversible reductions become reversidien the carbon cage
reaches the & size?® However, LgN@GCgs is one of the exceptions of the family of
MsN@Ggs due to its unusual electrochemical behaviorwo irreversible oxidations, a
reversible first reduction and a quasi-reversildduction of LgN@Cgg were reported by

Echegoyen and co-workers.

As supposed by Campanera and co-workers, the B@}O-LUMO gap which observed
in metal NCFs can be estimated from the correspona@impty fullerenes. Theoretical
calculations had predicted that thg; Gave been remarkably stabilized by the six elestro
which transfer from the encapsulatedNMcluster. The experimental work revealed that six
electrons formally transfer to the HOMO on the carleage which forming an electronically
closed-shell ground state. The existence of secsmiaher of SeN@Cso (Dsn) was firstly
proposed by Dorn and co-workers. They performednrdemperature*C NMR to the
mixture of SeN@Cgo (In) and SeN@Cgo (Dsr). Apart from the two major lines assigned to
the L symmetry, six additional lines in ratio of 1:2:Z1 matched the pattern ofz¢Dsy.
Then, the isolation and spectroscopic characténizaivas reported by Dunsch and co-
workers and the lowest absorption of UV-vis-NIR alatuggested that the optical gap of
SeN@GCq (In, 1.7 eV) is a little bit larger than $¢@Cgo (Dsh, 1.6 €V). The electrochemical
properties of the two isomers of B@Csy and LuN@Cgy were measured by cyclic
voltammetry, Dorn and co-workers revealed two réidacpeaks and one oxidation peak for
each compound. They observed the first reductiaerpials for theDs, isomers of SIN@ Cgo
and LuN@GCg, are slightly more negative than those of thesomers of SIN@Cgo and
LusN@GCg respectively, see Figure 1.4. However, the oxwtapotential of thésy, isomers
of SGN@GCgp and LuN@ Gy is lower than those of thig isomers, which is consistent with
the result from Echegoyen’s group. The electrochampaps for theDs, isomers of
SaN@GCg and LN @Gy are significantly smaller than those of bg, isomers which agree
well their optical gap.

Combining the experimental data and theoreticalecwdar orbital calculations, it could be
concluded that the HOMO and LUMO energies aN@®Cg, (I and II) are largely dependent
on the electronic structure of theg@age. The resemblance of the energy levels of HOMO
for M3N@ Cgp manifests that the electron density distributioouad the carbon cage for their
compounds could be expressed agNM @Cso>. However, it should be mentioned that a
minor contribution from the metal nitride clustenedto the electropositive character of

encaged metal. For instance, the LUMO energieeeoBBN@Cgo (I and 11) are related to the
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encapsulating Sbl cluster. The smaller electrochemical gap aN@® Cgo (Dsy,) indicates its

relatively higher reactivity than the correspondingomer.
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Figure 1.4 Cyclic voltammogram of thel;, and Dsy, isomers of (left) SeN@Cgp and (right)
LusN@Cgpin o-dichlorobenzene solution, 0.1 M TBABE, scan rate: 500 mV/s.

The cyclic voltammograms of M@GCgo (I, II) were reported by Dunsch and co-
workers?? The cyclic voltammogram of RN@GCs (I) exhibits two electrochemically
irreversible, but chemically reversible reductioleps and one reversible oxidation step.
Compared with TRN@GCg () and SeN@GCg (l), both the redox potentials and
electrochemical gap of M@ Cgo (1) exhibit a striking resemblance to those of sN@ Cgo (1)
rather than to SBI@GCgo (). Based on a fast-scan CV study, Dunsch andocksys proposed
a double-square reaction scheme accounting for oleerved redox-reaction behavior
including the charge induced reversible rearrangerobthe DyN@Cgo (I) monoanion, see
Scheme 1.1. The first oxidation potential ofsB¥Cso (Dsn) has a negative shift relative to
that of DyYN@GCgo (In), indicating that lowering the molecular symmetof the
clusterfullerenes cage results in a pronouncedeas® in the electron-donating property,

while the reduction potentials remain unchangedHese two isomers.
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Scheme 1.1Double-square reaction scheme of the electrocte@nmedox reaction of
DysN@GCg (). DysN@GCgp (0), DysN@GCgp (1), and DyN@Cgp (2) represent the initial state
of the molecule, the monoanion, and the dianicspeetively. Charge at the cage is not given.
The stable species generated by the structuralaregment are marked by asterisks. Black
arrows with wider heads symbolize the preferable fast structural rearrangements. The arc
arrows show the main reaction pathways proposedect(echemical-chemical-
electrochemical-chemical (ECEC) mechanisms; forwasdan=solid arrows, back

scan=dashed arrows).
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Figure 1.5 Cyclic voltammograms of DyN@Cgp (1) (solid line) and DysN@Cg (1) (dash
line) in TBABF40-DCB. Scan rate: 0.1 V3. The asterisk labels an unidentified

reduction peak.

Metal NCFs have wide distribution of cage sizesicwhange from cages as small ag ©©
those as large asgé& Echegoyen and co-workers firstly reported théatson of GAN@C,,
(n= 40, 42 and 44¥ In Figure 1.6, their electrochemical studies dest@ted that the
electronic properties of metal NCFs with large cageange dramatically with the size of the
cage. For instance, irreversible CV behavior iseoled for GIN@ CGgo and GAN@ Cg4 at the
reductions step, while both reduction and oxidatbeps of GeN@Cgs exhibit reversible
electrochemical processes. In addition, ;M@ Cgg exhibits the smallest electrochemical

HOMO-LUMO gap among of the known NCFs structurese homogeneous metal nitride
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clusterfullerenes with & and (g cages have similar HOMO-LUMO gaps, which are
intermediated between those af@nd Gg. Similar conclusions could be obtained from other
lanthanide containing AN@G,, (M= Ce, Pr and Nd; 2n= 80-88).
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Figure 1.6 Cyclic voltammograms of GIN@C;, (2n= 80-88) compounds obtained in o-
DCB + 0.05M (n-Bu)NPFs (scan rate 0.1 V/s).

Generally, the studies of a redox behavior gb-liased NCFs have shown that the
endohedral cluster is redox-inert, while the oxmator reduction of NCFs occurs by
changing the charge state of the carbon cage. RgcBopov, Yang and Dunsch reported
that TiISGN@GCg (I) demonstrates an extraordinary redox behaviat the valence state of
the Ti within TiSeN changes from 1 (in the neutral state) to #'i(in the anion) and to ti
(in the cation) in the process of first reductiord axidation steps, while in former reported
M3sN@Cgo (1) structures the cage electron is removed upadation:® see Figure 1.7.
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Figure 1.7 Cyclic voltammetry of TiSGN@Cgy measured in 0o-DCB solution (room
temperature, TBABF, as supporting electrolyte) at a scan rate of 20 m¥. Dotted

vertical bars denote reversible redox potentials cBgN@ Cgo (1).

1.2.3 Magnetic properties

Endohedral fullerenes (with lanthanide atom, atamscluster encapsulated inside the
carbon cage) have attracted broad interests dile tmagnetic anisotropy of lanthanide ions.
Magnetic properties of EMFs are usually studied SQUID magmnetometry and X-ray
magnetic dichroism? The lanthanide-induced chemical shifts in NMR $@ecan also give
valuable information on the magnetic propertiesEdflFs, but the main bottlenecks in
extensive studies of the magnetic properties obkedral fullerenes NMR are their low yield
in synthesis, time-consuming purification, low cayenmetry and severe broadening of the
NMR spectral lines because if the shortened relexaimes?*®*® Furthermore, when carbon
cage is also paramagnetics, NMR studies are usnallypossible at all. For instance, the
characterizations of metallofullerenes such as Lgf@Che pristine form were not successful
because of the paramagnetic cage state. Accorditigetoxidation state of metal atom inside,
M@Cs, are classified into two groups with divalent meteN/I2+@C822') and trivalent metals
(M*@Gs5>). For the former (Tm@%3, Yb@Gs, and Sm@6,), NMR studies are in principle
possible because the carbon cage is diamagnetit/ F@Cs;*, the*C NMR measurements
of metallofullerenes in anionic forms were consaétkras a practical tool for structural
determination. Much effort has been paid to undesthe electronic and magnetic properties
of metallofullerenes which have 4f electron(s) sashiM@G, (M= La, Tm, Ce, Pr and Gd).
The 125 MHz'*C NMR spectrum of La@43 (A) anion exhibits 17 distinct lines of near-
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equal intensity and 7 lines of half the intensitlgieh clearly indicates that La@£(A) has
C,y symmetry which have been predicted by theoretieddulations and then confirmed by
the XRD characterization (Figure 1.8).

155 150 145 140 ppm
67 8
5 154 gpm 151 14 ppm 148
10 11 12 13 15
H ﬂ n 14 i6 17
148 145 ppm 142 141 ppm
18 18 20 21 22
* 23 24
. J\ | impurity
140 138 ppm 138 137 136 ppm 135

Figure 1.8 (a)**C NMR spectrum of La@GCs, anion, (b) its expanded views.

The spin-spin interaction between the lanthanideh{®**, except for L&" and L&) and
carbon cage has pronounced influence on'ffle NMR studies. The lanthanide-induced
chemical shifts originate from the magnetic anigoyr of the ionic state of lanthanide metal.
All carbon chemical shifts demonstrate temperatieggendent chemical shifts which could be
explained as the sum of diamagnetic contributioernft contact and pseudocontact
contribution. Compare to La@g&anion, the chemical shifts of Ce@@nion was confirmed
as the dominant pseudocontact mechanism and tla¢o@ein Ce@g; as well as its anion is
located at an off-centered position adjacent t@eabonal ring along th€, axis of theCy-

Csz cage>’ see Figure 1.9.
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Figure 1.9**C NMR spectrums of (a) Ce@@; anion and (b) La@G anion.
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As mentioned in the beginning of this section, mM&&Fs could be regarded as the
suitable candidate to study magnetic propertiemnefal NCFs due to their relatively high
yield. However, among of all lanthanide-containimgtal NCFs in the form of IN@GCsp
(except for Lu) nd>C NMR study is available because the complex ictéva between three
lanthanide metals and carbon cage. The magnetigestof HGN@ Ggo and TBN@ Cgp Were
performed by our group in 2005.The magnetic moment of HE@GCs and TBN@Ggo is
found to be 21z and 17ug respectively. The strong ligand field within thg€Wcluster of the
nitride cluster fullerenes HB@Cgo accounts for the unusual net magnetic moment ®f th
compounds. As a result of these interactions tdevithual magnetic moments of the Ho
metal ions are not parallel or antiparallel to eatler, but parallel to the M-N bond (see
Figure 1.10 and 11).

Mmlm.

e 18K & 28K w 5K
10K < 20K % 40K
A 80K v 160K x 320K

o
[
Q

00 05 10 15 20 25 30
HT /TR ———

ThN@Cy,

M, | &
bl s s 18K 20K

<
& 28K ¥ 40K
A 80K
o 10K v 160K

10 15 2.0 2.5 30
HTYTK™
Figure 1.10 The experimental dataM(H,T) for HosN@Cgy and ThsN@Cgo (symbols)

corrected for the diamagnetic contribution and nornalized to the saturation. The solid

line represents the fitted Langevin function with amagnetic momentp= 21 pg for
HOgN@Cgo and n= 17 173 for Tng@Cgo.
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h)

Figure 1.11 a) Structure of an MN@Cgy molecule, blue: carbon, green: nitrogen, and
red: lanthanide metal atoms; b) orientation of theindividual R magnetic moments m
(arrows) in the M3N cluster in MaN@Cgo (M= Ho or Tbh).

For MMNCFs, with two non-magnetic atoms inside thiride cluster could be an
appropriate template to understand the role ofhkmte metal on the NMR studies. In
particular, Sc-based MMNCFs are known to have atixaly higher yield compared to that of
the homogeneous NCFs with other lanthanides. Basats relatively high yield and known
cage symmetry, it is advantageous to study Sc-bsBdNCFs in the form of MSEN@ Cgo
(M= Lanthanide metal, except for Lu). To investgable of lanthanide metal inside the
MScN, we have chance to switch the lanthanide metah f€e to other ones. Up to now, the

only paramagnetic>C NMR studies of Ce-containing MMNCFs were reportét
CeSeN@Cgo and CeLuN@Cgo (I1).2

metallofullerene 3¢ NMR chemical shifts (ppm)
S5c3N @'Cga(fk:l:]' 144 57 137.24
Lu;N@Cgo(l)*® 144.0 1374
CeSc:N@Cyo 142 85 13590
Ces([@Ca™ 148.6 124.7

Table 1.1Comparison of chemical shifts 1fC NMR spectra of several endohedral fullerenes.
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Figure 1.12 97.2 MHz **Sc solution NMR spectra of CeSN@Cg in 1, 2-

dichlorobenzene at various temperatures and SN@Cgo (1) in 1, 2-dichlorobenzene.

Reported by Dorn and co-workers, the chemical shiiference between Ce®¢@ Cgo and
SeN@Cy is a subtle upfield shift of approximately 1.5 pjon two °C signals, see Figure
1.11. Comparablé®C NMR shifts were reported for @@Cso (I1) which encapsulated two
Ce* ions™ The*Sc NMR chemical shift of CeSd@ Cg exhibits a temperature-dependent
Curie upfield chemical shift and a sindfSc signal, see Figure 1.12. Similarly, tieé NMR
spectrum of LuCeN@Gp in CS at room temperature exhibits only two lines at.486and
142.65 ppm with an intensity ratio of 1 *3respectively (see Figure 1.13). It should be noted
that the chemical upfield-shifts and broadeninghef'°C signals originates from the single f
electron spin remaining on the Te4f'5d”). Those results also indicated that at room
temperature: a) rotation of the 4GeN (or CeSgN) cluster is fast enough to provide the
effective icosahedral symmetry of the cage; b)itibernal motion provides the same average
electronic environment for the two Sc atoms in@&S¢N cluster. To get a better insight into
the effect of C& variable-temperature (VT) NMR studies were perfednin the range of
268-308 K (see Figure 1.13). Confirmed by the asialyf VT *°Sc and®*C NMR, the
pseudocontact term has a dominant contributionh® garamagnetic chemical shift of

scandium atoms in Ce@ Cgp and of carbon atoms and JGeN@ G, respectively.
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Figure 1.13"*C NMR spectra of Lu,CeN@ Gy compared with LusN@Cgo (left side) were
measured at room temperature; and**C chemical shifts in the NMR spectra of
Lu,CeN@Gyo and their extrapolation to T2= 0 (right side). The room-temperature'C

shifts for CeSeN@Cgp as well as a series of some diamagnetic;NI@ Cgp are also shown

for comparison.

1.3 Motivation

Mixed metal nitride clusterfullerenes (MMNCFs) repent a new class of fullerenes which
attracted much attention due to their electronatuees as a consequence of charge transfer
and interactions between the encaged cluster anchitbon cage. Based on the former studies,
choosing the different kinds and numbers of ramthemetal can significantly influence the
electronic and magnetic properties of MMNCFs. Intipalar, the latter can be tuned by the
composition of mixed metal nitride cluster (e.g.tah@onic state and metal-nitrogen bond
length) and the magnetic moment from the encagedalma&toms. Although many
contributions have been made in the field of EM&eegch, there are still open questions in
understanding the situation in EMFs to be exploteds unknown that tuning the physical
and chemical properties of MMNCFs by switching #esond metal M in the mixed metal
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nitride cluster template Vi3 «N. Since the inner strain between the encagederlasid cage
can be tuned by changing the component of mixealnméride cluster, it could be realized
by extending the size of carbon cage (frogsy © Ggg) as well. Therefore, the relationship
between inner strains resulting from encapsulatester and carbon cage and properties of
MMNCFs should be clarified and studied in detaurtRermore, the search for new structures
with new properties is of high importance.

The reasons that we choose those lanthanide metadg PhD work can be explained as:
(&) The G cage is quite suitable for the formation of MMNC&®d the yield of gg-based
MMNCFs is quite high; (b) The Ho has more unpauéelectrons than Ce and Pr. It would
be valuable to study the paramagnetic property@iVH N MMNCFs with different second
metal even they are diamagnetic; (c) Accordingalankr studies, the Ce-based endohedral

fullerenes can be considered as the good candumiatiee electrochemical studies.
Electrochemical properties

1. The electrochemical studies on endohedral cludtertme Ce¥N@GCgso (I) are highly
important due to the extremely large encaged alustde the Gul,, cage. The redox
behavior of Ce¥N@GCg (I) in the anodic range makes it outstanding caeghdo the
CeLuN@GCgo (1) and CeSEN@GCgo (1). Our group recently reported that the remoofl
the Ce 4f electron bypassed the carbon cage leatteetformation of C&. It is quite
important to confirm whether the inner strain besw€eMN cluster and carbon cage can
release during the oxidation process. The geonwti@eY,N could be expected to be
switching from the pyramidal to planar structureongparing the inner strain between
CeM:N cluster and carbon cage, the oxidation poteofithe Ce¥N@Cgo (1) should be
somehow lower than the case of CAll@GCs (I) and CeSEN@Cgo (I) due to the
decrease of cluster size. TR NMR study of CEM,N@Gs and [C&'MN@GCsq]*

combined with theoretical study could provide ferthraluable information.

2. The cage size dependence of the electrochemicpépres of MMNCFs (cage size larger
than Go) has to overcome the barrier of relatively low Igieand time-consuming
purification. However, it is promising to find owhether the pyramidal CeM unit could
gradually become planar form by extending the cage from Go to Ggg. Based on the
former studies (MN@GC,,, M= Ce, Pr and Nd; 2n= 80-88), the redox behawibthe
series compounds of &, N@GC,, (2n=80, 84, 86 and 88; x= 0-3) help us understand
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the contribution from the single 4f electron on tBe atom during the planarization of
CeY,N unit.

3. The study of paramagnetic PsB@ Cq (1) is the first attempting to understand the even
number 4f-electrons influence on the chemical s#fitarbon signal and electrochemical
property. Compared with Ce®@GCgo (I) and CeLuN@GCg (), one more 4f electron
could change the spin density on the nitride chusted the oxidation potential will shift
accordingly. The variable temperatuf€ and**Sc NMR study armed with vibrational

spectroscopic study could provide some additiom@armation.
NMR Magnetic studies

The NMR investigation of Ho-based endohedral feltes has been hindered in a long time.
In principle, the 4 electrons locate on the Ho atom could result maekably broad NMR
peaks and strong paramagnetic chemical shiftsarN\iiR spectra. To gain insight into the
nature of influence of different encaged Ho atonith W0 4f-electrons, it is still imperative to
do °C NMR studies on MMNCFs which would be the key tpening up additional
opportunities for the studies on Hénduced paramagnetic properties. ;M@ N@!n-Cso
(M= Sc, Lu, Y; x=1, 2) were chosen as the radiughdir trivalent ions are sufficiently
different to detailed study the influence of diffat cluster size and geometry on the cluster-
cage interaction. Meanwhile, a variable temperaft®e NMR spectroscopic study of two
isomers of HOSIN@Ggo could be regarded as the probe for thé*Hinduced paramagnetic
chemical shift.

Based on the lanthanide-involved MMNCFs in the fafrlLnSeN@I,-Cgo (Ln= Ce, Pr,
Nd, Tb, Dy, Ho, Lu), the single Ln atom insidey, carbon cage could induce the
paramagnetic'C and *Sc NMR chemical shifts derived from their anisogrojm the
susceptibility. The systematic analysis of NMR cleahshifts of LnSeN@I-Cgo could help
us interpret the magnetic behavior of lanthanideéatee As the minor isomer ofgg; the
investigation of*C NMR Gg-Dsp, could be anticipated much more complicated becthese

decrease of symmetry of carbon cage.
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Chapter 2 Synthesis and Isolation of Mixed

Metal Nitride Clusterfullerenes

2.1 Introduction

After the discovery of SBN@GCg in 1999, continuous efforts have been dedicated to
attaining Scandium-, Yttrium- and Lanthanide-baBedhogeneous and mixed metal nitride
clusterfullerenes® One of the directions in which nitride clusteréunes (NCFs) research
branched was the study of mixed metal nitride eldstierenes (MMNCFs) with two or three
different metals in the nitride cluster. Numeroug-ased MMNCFs have been successfully
isolated and characterized over the last decadkidimg MSeN@GCgo (I; M= Ti,*® Y,>’ Ce>?
Nd** Dy** Tb*® and E?%), M,ScN@Go (I; M= Y, Nd** Dy** and EfY), ScYEIN@Go,”°
GA S N@GC (I, II; x= 1, 2) Lu,SaxN@Cy (I, II; x= 1, 2)* and LyY 35N@GCeo (I; x= 1,
2).%2 Furthermore, the feasibility of varying the enadpted metal atoms, stabilizing different
cage sizes (i.e. LBaN@GCss (x= 1, 2)°° DySeN@Css™ and DySeN@C;¢*) and the
existence of different isomeric structures aredweld to give rise to special electrochemical,
optical and magnetic properties of MMNCFs. Takimjoi the account the paramagnetic
contribution of the 4f-electrons from the encagesgtals, among the existing of homogenous
metal NCFs and MMNCFs, only CeSt@Cs (1)° and CeLuN@GCso (1)°* have been
successfully studied bYYC NMR. Besides, th&Sc NMR exhibited a temperature-dependent
chemical shift for CeSB@GCg (I), and the redox behaviour of CeN@GCg (1) in the
anodic range revealed that the removal of the Celetitron was fulfilled bypassing the
carbon cage. To gain a further insight into theureabf influence of the different entrapped
metals with more than one 4f-electron, it is stilperative to do the NMR study of MMNCFs
which would be the key to open up additional opyittes for the studies of their magnetic
properties and cluster-cage interactions.

In this chapter, the synthesis and isolation oflidsed, Ce-based and Pr-based MMNCFs
is presented. Ho is chosen as the major componétite mixed metal nitride cluster, namely
HoM3xN (M= Sc, Lu and Y). For H&GxN, because: a) Sc-involved MMNCFs are known
to have a relatively higher yield compared to thfathe homogeneous metal NCFs with other
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lanthanides; b) the radii of their trivalent ion®g aufficiently different to study the influence
of the different cluster size and the geometrylendluster-cage interaction; c) the knowledge
about dependence of the (para)magnetic behavioumetél NCFs comprising lanthanides
with more than single 4f-electron is still scar€aen, Lu and Y are chosen because théit M
ions are diamagnetic and because their ionic eadisomewhat smaller (£) and somewhat
larger (Y**) than Ho. Thus, variation of the "second" metahirSc to Lu to Y offers us a
chance to study whether the Ho-based magnetic grep@®f MMNCFs rely on the geometry
of metal nitride cluster. To the best of our knasge, this work will be the first investigation
of 1) the™*C NMR spectra of LiIMN@Cgo (I; Ln= Lanthanide, except for Lutetium; M= Sc,
Lu and Y); 2)**Sc NMR spectra for thBs, isomer of LnSgN@Cso, Which is significantly
complicated by the relative low-yield (comparedthe I, isomer) and the time-consuming
multi-steps isolation necessary to obtain the sidiompounds in isomerically pure form; 3)
the vibrational spectroscopic studies of3kBGN@GCgo (I; Ln= Lanthanide, except for
Lutetium).

To tune the electronic properties of metal NCFsxadi metal nitride cluster template
provides a convenient platform to achieve this gBgl selectively encapsulating the redox-
active metal into the nitride cluster, the oxidatibehaviors of metal NCFs could be
manipulated by the specific metal rather than bmidated by the charge transfer on the
carbon cage. However, there is still scarce knogdedbout the dependence of the redox
properties on the other properties of the nitridiester. Unfortunately, GBlI@GCgp is not
reported yet which could be reasonably concludedl tthe unbearable inner strains between
the pyramidal C¢N cluster and the g cage. Therefore, Ce-based mixed metal nitride@lsis
are promising to undertake this task. Combinatibi€e and other metals, the inner strain
could be preserved and fine-tuned by switchingséeond metal, for instance from Sc to Lu
or Y. Furthermore, with extending the size of carlmage from g to Ggg, the inner strains
could be released accordingly as well. Hence, tlaee plenty of open and interesting
guestions to be answered. The relationship betweemeometry of endohedral cluster and
the inner strains induced by the pyramidal clusteruld be illustrated.

Among Go-based MMNCFs, Praseodymium-containing structues& mot been reported.
Although Echegoyen and co-workers reported thehggi$, isolation and electrochemical
study of PEN@GC,, (2n= 80-88), the low yield of Pr-compounds hind#rs further NMR
studies. The motivations of the Pr-based MMNCFstlaeg vibrational spectroscopic and the
NMR study. The comparative study of MSI Cg (I; M= Lanthanide metals) could reveal:

a) the dependence of their electronic and vibratipnoperties on the encapsulated metal due

20



Chapter 2 Synthesis and Isolation of Mixed Metalitlé Clusterfullerenes

to the well-known Lanthanide contraction; b) thdifferent paramagnetit’C and**Sc NMR
behaviors could be compared considering their armadnic radii but different 4f-electrons

configurations.

2.2 Synthesis and isolation of Ho M3z, N@Cgg
2.2.2 Synthesis and isolation of Ho ,Sc3 \N@Cgg (X=1, 2)

The synthesis of H&G N@Cso MMNCFs was achieved by the “reactive gas atmosgher
method as previously described. By a modified Kié@tser-Huffman DC-arc discharging
method with the addition of NH(20 mbar) as described elsewhere. Briefly, a nnéxtof
Ho,03 and SgO; (99.9%, MaTeck GmbH, Germany) and graphite powass used (molar
ratio Ho/Sc/C=1:1:15). After dc-arc discharginge thoot was pre-extracted by acetone and
further Soxhlet-extracted by @®r 20h. Figure 2.1 displays a typical HPLC chroogaam
of the HaSGN@GC,, (x= 0-3) fullerenes extract obtained under theimed condition.
Analyzed by the integrated areas of the correspgndnromatographic peaks, the dominant
products are two isomers of [Br.N@Cgo (Xx= 1, 2), and the relative yield of $6@Cgo (I
and 1) is around 20%.

Absorbance at 320 nm/ a.u.

0I1|0I2|0I3|0I4|0I5|0I6|0

Retention time £ / min

Figure 2.1 Chromatogram of a raw HaSGxN@C;, fullerenes extract synthesized by the
“reactive gas atmosphere” method (linear combinatio of two 4.6x250 mm Buckyprep
columns, flow rate 1.6 ml/min, injection volume 20QL, toluene as mobile phase, 4{C).

The inset shows the enlarged chromatographic regioof 28.0-33.0 min.
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Figure 2.2 The HPLC isolation of fraction A by three-step recycling HPLC. (a) Removal
of HOSGN@Cgo (1) (10%x250 mm Buckyprep column; flow rate 1.5 mihin; injection
volume 5 ml; toluene as eluent; 20C). (b) Removal of SeN@C7s and HoSeN@Crs
(10x250 mm Buckyclutcher column; flow rate 1.5 ml/rm; injection volume 5 mi;
toluene as eluent). (c) Removal of RN@Cso (I) (10250 mm Buckyprep column; flow
rate 1.5 ml/min; injection volume 5 ml; toluene aseluent), (d) shows the enlarged
chromatographic region at 1025-1125 min.

Two isomers of HEBEGN@GCs (X= 1, 2) were isolated by the multi-step HPLC (see
Figures 2.1-2.5). At the first step, linear combioa of two 4.6x250 mm Buckyprep columns
was used to separate fractions A-D (Figure 2.1¢hEa the fractions was then subjected to
the isolation by recycling HPLC on a Buckyprep andBuckyclutcher column. In particular,
to isolate HeSCN@Gy (I) from fraction A, first, the Buckyprep columnas employed to
remove the HoOSB@Cgo (1) (Figure 2.2 a); second, the Buckyclutcher aohuwas employed
to remove SIN@Crs and HoSEN@ Crg (Figure 2.2 b); third, due to the close retentiomes
of the HaN@GCso (1) and HeSCN@G (1), only small amount of pure H8CN@Go (1) was
obtained by recycling HPLC after 11 cycles (Fig@r2 c and d).
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Figure 2.3 The HPLC isolation of fraction B by recgling HPLC. The removal of
SeN@C7s, HOSGN@Crs and Ho,SCN@Go (I) (10x250 mm Buckyprep column; flow

rate 1.5 ml/min; injection volume 5 ml; toluene a®luent; 20°C).

Compared to the HECN@Go (I), the isolation of HOSN@GCg (I) was achieved after
recycling fraction B 10 times to remove the oth#ucures which included SN@Crs,
HoSGN@Crs and HeSCN@Go (I). Due to the peak tailing in the first stepdiiie 2. 1 inset),
considerable amount of minor structures in the tttedB was removed in the second cycle,

see Figure 2. 3b.
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Figure 2.4 The HPLC isolation of fraction C by recygling HPLC.

The isolation of HEISCN@ G (II) from the fraction C was accomplished by colieg the
fraction between HoSN@GCgo (I) and SeN@GCgo (I) after several cycles (Figure 2.4).
Retention times of HoSN@GCg (II) and SeN@GCgo (II) are quite close; moreover, the
amount of these two compounds is quite low in tiaetion D. So the mixture of these two
compounds had to be enriched in the first stepufei®.5a), then after 24 cycles, limited
amount of the purified HoSN@ Cg (1) could be obtained (Figure 2.5 b and c).
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Figure 2.5 The isolation of fraction D. The removabf Ho,SCN@ G (I) and ScsN@ Cgo
(I (10x250 mm Buckyprep column; flow rate 1.5 mimin; injection volume 5 ml;

toluene as eluent; 26C).
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The isolated samples of kB N@GCs (I, Il; x=1, 2) were identified by laser
desorption/ionization time-of-flight (LDI-TOF) maspectrum analysis (Figure 2. 6), which
confirmed their high purity.
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Figure 2.6 Positive lon LDI-TOF mass spectra of thésolated HGSG\N@Cg (I, Il; x=1,
2).

2.2.2 Synthesis and isolation of Ho Y3 yN@Cgy (X=1, 2)

Absorbance at 320 nm/ a.u.

29 30 31 32 33 34 35

0o 10 2'0_' 3'0_' a0 5'0_' 60
Retention time tretl min

Figure 2.7 Chromatogram of a raw HQY 3\ N@C;, fullerenes extract synthesized by the
“selective organic solid” method (linear combination of two 4.6x250 mm Buckyprep
columns, flow rate 1.6 ml/min, injection volume 20QiL, toluene as mobile phase, 4{C).

The inset shows the enlarged chromatographic regioof 29.5-34.5 min.
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The synthesis of HY ;- .N@GCg (I; x= 1, 2) was achieved by “selective organic solid”
route as previously described in chapter 1. Thegs® of dc-arc discharging and solution
extraction was the same in the production ofFt9..N@ Cgo. A mixture of HeO3; and Y,O3
(99.9%, MaTeck GmbH, Germany), guanidine thiocyan@T) and graphite powder was
used (molar ratio Ho/Y/GT/C=1:1:2.5:15). The typicghromatogram of the extracted
HokY 3 xXN@GC;,, fullerenes is shown in Figure 2.7.
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Figure 2.8 The HPLC isolation of fraction 3. (10x28 mm Buckyprep column; flow rate

1.5 ml/min; injection volume 5 ml; toluene as eluetn 20 C).

Two isomer of HQY 3, ,N@GCgp (x= 0-3) were isolated by multistep HPLC (see Fighi& -
2.10). Firstly, the analytical HPLC was employedctdlect HQY 3 xN@GCgp (I) (Fraction 3)
and HQY 3 N@GCy (I1) (Fraction 4) respectively. Different to kg «N@GCgo (I; X= 1, 2), the
retention time of HE/3,N@GCg (I) in Buckyprep column (4.6x250 mm) are identical
Secondly, the Fr 3 was subjected to isolation lmyekng HPLC on a Buckyprep column
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(10x250 mm), see Figure 2. 8a. After 12 recyclingles, four sub-fractions could be
obtained which marked as Fr 31 to Fr 34. The nedajield of HQY 3-x\N@Cgo (Xx= 0-3) could
be estimated from the integrated areas of the sporeling chromatographic peaks which

agrees well with mass spectrum result of fractig¢rigure 2. 8b and c).
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Figure 2.9 The isolation of fraction Fr 32. (10x256nm Buckyprep column; flow rate 1.5

ml/min; injection volume 5 ml; toluene as eluent; B °C).
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Figure 2.10 The isolation of fraction Fr 33. (10x2% mm Buckyprep column; flow rate

1.5 ml/min; injection volume 5 ml; toluene as eluen 20 C).

Isolation of HOYL.N@GCgo (1) was accomplished by removing the small amadingsN@ Cgo
() and HRYN@Cs (1) from fraction 32 after 30 cycles. Likewisegthbure HgYN@Cgo (1)
could be obtained by removing the minor structksY ,N@ Cgo (I) and HGN@GCgo (1)) in
fraction 33 through 27 cycles. The purity of MeN@GCgo (I; x= 1, 2) were confirmed by
LDI-TOF mass spectroscopy (Figure 2.10 and 2.11).
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Figure 2.11 The isolated samples of H¥;N@Cxso (I; x=1, 2) were identified by laser-

desorption time-of-flight (LDI-TOF) mass spectrum analysis, which confirmed their
high purity.

2.2.3 Synthesis and Isolation of Ho yLu;,N@Cgq (X=1, 2)
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Figure 2.12 Chromatogram of a raw HqLus;N@C;, fullerenes extract synthesized by

Absorbance at 320 nm/ a.u.

the “reactive gas atmosphere” method (linear combiation of two 4.6x250 mm
Buckyprep columns, flow rate 1.6 ml/min, injectionvolume 200pL, toluene as mobile

phase, 40C). The inset shows the enlarged chromatographic rémn of 28.0 - 31.5 min.

The synthesis of Haus«N@GCg (X= 1, 2) was achieved by “selective organic solalite

as previously described in the synthesis ofYHoN@GCgo (I; Xx= 1, 2). The process of dc-arc
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discharging and solution extraction was the sameguture of HEY 3 \N@Cgo. A mixture of
Ho,O3 and LyOs; (99.9%, MaTeck GmbH, Germany), guanidine thiocyan@sT) and
graphite powder was used (molar ratio Ho/LuU/GT/Qz2A.5:15).
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Figure 2.13 The isolation of fraction Fr 1. (10x256nm Buckyprep column; flow rate 1.5

ml/min; injection volume 5 ml; toluene as eluent; R °C).
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Figure 2.14 The isolation of fraction Fr 12. (10x2% mm Buckyprep column; flow rate

1.5 ml/min; injection volume is 5 ml; toluene as elent; 20 °C).

The mixture of HRLus«\N@GC;,,, was subjected to isolation by analytical HPLChe first
step (Figure 2.12). Bhuz«N@GCgo (I) and HalLus_xN@GCgp (I) were separated into Fr 1
(28.0 - 29.9 min) and Fr 2 (29.9 - 31.5 min) respety according to the difference of their
cage symmetry. In the second step, three sub<dractcould be obtained after recycling
fraction 1 over 30 times which then named as FrF112 and Fr 13. Checking by mass
spectrum, the dominant structure in Fr 12 islie \N@GCg (I) (Figure 2.13). In the third
step, the Fr 12 was subjected to recycling HPLCinagar removing minor structures
(HoLuzN@GCgo (1) and HGN@GCgo (1)). As shown in Figure 2.14, Fr 122 was collelcadter 44

cycles. In the fourth step, after running anothércycles, the isolation of HbuN@ Cgp (1)
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was successfully achieved and its purity was cordd by LDI-TOF mass spectroscopy

(Figure 2.15).
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Figure 2.15 The isolation of fraction Fr 122. (10x20 mm Buckyprep column; flow rate

1.5 ml/min; injection volume 4 ml; toluene as eluetn 20 C).

Similar to HGLUN@GCgo (1), the isolation of HOLEN@ Gy (1) is extremely time-consuming
due to the retention time of (N@GCg (1) and HoLUN@GCgp () is almost identical. Only by

running on recycling HPLC over 73 cycles, small amtoof HOLWLN@Cg () was obtained,
see Figure 2.16. The purity of HolNI®Cg (I) was confirmed by LDI-TOF mass
spectroscopy (Figure 2.17).
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Figure 2.16 The isolation of fraction Fr 121. (10x20 mm Buckyprep column; flow rate

1.5 ml/min; injection volume is 4 ml; toluene as elent; 20°C).

34



Chapter 2 Synthesis and Isolation of Mixed Metalitlé Clusterfullerenes

1479 Ho,LUuN@c, ()

1489 | HoLuN@C_ (I)

Normalized Intensity

T I T T I 1
800 1000 1200 1400 1600 1800
m/z —
Figure 2.17 The isolated samples of Hous;N@Cgo (I; X=1, 2) were identified by laser-

desorption time-of-flight (LDI-TOF) mass spectrum analysis, which confirmed their

high purity.

2.3 Synthesis and isolation of Ce-based MMNCFs
2.3.1 Synthesis and isolation of CeY N@Cg ()

1 Y.Ne@c,, ()

Y.N@C,, (Il
CeY,N@C,, (I)

Absorbance at 320 nm/ a.u.

——Ce,Y, N@C,, (2n= 40-44)
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Figure 2.18 Chromatogram of CgY3..N@C,, (2n= 80-88) fullerene extract mixture

synthesized by the “SOS” method (combination of twd.6x250 mm Buckyprep columns,

flow rate 1.6 ml/min, injection volume 200uL, toluene as mobile phase, 4C).

CeYo.N@Ggo (I) was synthesized by the “selective organic d8o(SOS) route (using

guanidine thiocyanate (GT) as the nitrogen sourdéer dc-arc discharging, the soot was
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pre-extracted by acetone and further Soxhlet-etddaloy CS for 20h. The extraction solution
was dried and then endohedral fullerenes-contaiainge mixture was dissolved in toluene.
Figure 2.1 shows a typical chromatogram ofXGaN@GC,, (2n= 80-88) fullerene extract
mixture obtained under the optimized condition (analatio Ce/Y/GT/C= 1:1:2.5:15)he
largest peakt= 29.0-31.0 min) in the chromatogram is assigned #d@GCgo () and the
dominated fractiont= 31.0-33.0 min) containssK@Cgo (I1) and Ce¥N@Cgo (I). The Ce-
based mixed metal nitride (©6;.«N) could be encaged into the carbon cages larger @y

as well, which included the cage size frogs © Ggg with retention time longer than 33.0 min.

Their isolation and characterization will be dissers later.

ceY,N@C,, (I

Y N@C,, (1)

N

|
2040

2880 2000 2020

Absorbance at 320 nm/ a.u.

0 500 1000 1500 2000 2500 3000

Retention time ¢ / min
Figure 2.19 The isolation of CeYN@Cg (I). CeYN@Cgo (I) was obtained by recycling
HPLC after 29 cycles (10x250 mm Buckyprep column;léw rate 1.5 ml/min; injection
volume is 5 ml; toluene as eluent; room temperatude the inset shows the last cycle

(between 2870 and 2970 min).

Due to the retention time of CeN@GCgo (1) and YaN@GCg (I) is quite close, this fraction
was subjected to isolation by recycling HPLC onulB/prep column. Pure CeN@ Cgo (1)
was obtained by recycling HPLC after 29 cycles fmther characterized by laser-desorption
time-of-flight (LDI-TOF) mass spectroscopy whichnéiomed its high purity (see Figure
2.20).
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Figure 2.20 The LDI-TOF mass spectrum of purified @Y>N@ Cgo (1).

2.3.2 Synthesis and isolation of Ce ,Y3,N@C,, (2n= 84-88)

Y.N@C,_ ()
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X 3-X
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Figure 2.21 Chromatogram of CgY3,N@C;,, fullerenes extract mixture synthesized by

the “SOS” method (combination of two 4.6x250 mm Bug/prep columns, flow rate 1.6

ml/min, injection volume 200puL, toluene as mobile phase, 4TC).

Ce-based large MMNCFs, namely &eN@GC,, (2n= 84-88), were synthesized by the
“selective organic solid” (SOS) route as describeeciously. After dc-arc discharging, the
soot was extracted by acetone and by f@Spectively. As mentioned, the largest peak @ th
chromatogram is assigned tgN@GCg (1), and the Fraction 7% {= 38.5-42.0 min) contains
CeY 3 N@GCgg, the Fraction 8t{= 42.0-44.5 min) contains &3 N@Cgs and the Fraction
9 (tre= 42.0-44.5 min) contains &3, N@ Cgg, respectively.
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Figure 2.22 Chromatogram of the Fraction 7 of Cgrs . N@Cgs fullerenes extract
mixture synthesized by the “SOS” method (combinatio of two 4.6x250 mm Buckyprep
columns, flow rate was set at 3.0 ml/min, injectiorvolume 3 mL, toluene as mobile phase,

room temperature).

According to the integrated area of Fraction lathete Figure 2.21, it could be estimated
that the relative yield of G¥3 .N@GC,, (2n= 84-88) are much lower than theN@Cgo (I).
Pure Ce¥N@GCge could be isolated by running recycling HPLC with7; see Figure 2.22 b
and c. Because the retention time ofN®@Cgs and CeYN@Cgs is quite close, this sub-
fraction was collected as the mixture of these stvoctures.
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Figure 2.23 Chromatogram of the Fraction 8 of Cgrs;.N@Cs,s fullerenes extract
mixture synthesized by the “SOS” method (combinatio of two 4.6x250 mm Buckyprep
columns, flow rate 2.0 ml/min, injection volume 3 ra, toluene as mobile phase, room

temperature).

CeY.N@GCgq and YSN@GCg4 are major structures in the Fraction 8, see Figu28 a. Both
of them were isolated after 42 cycles. They weraratterized by LDI-TOF mass

spectroscopy which confirmed theirs high purity.
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Figure 2.24 Chromatogram of the Fraction 9 of Cgrs;N@Css fullerenes extract
mixture synthesized by the “SOS” method (combinatio of two 4.6x250 mm Buckyprep
columns, flow rate 2.0 ml/min, injection volume 3 ra, toluene as mobile phase, room

temperature).

In Fraction 9, C&/N@Cgg and Ce¥N@ Cgg were isolated after 11 cycles, see Figure 2.24.
Confirmation of their high purity was performed bl-TOF mass spectroscopy.
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2.3.3 Synthesis and isolation of CeSc ,N@Cg (1)
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Figure 2.25 Chromatogram of CgSeN@C,, (2n= 78-88) fullerene extract mixture

Absorbance at 320 nm/ a.u.

synthesized by the “SOS” method (combination of twd.6x250 mm Buckyprep columns,

flow rate 1.6 ml/min, injection volume 200uL, toluene as mobile phase, 4C).

The synthesis of Ce@¢@GCgo (I and II) was achieved by SOS route. The proceddithe
soot treatment was the same to @e®Cgo (I). The typical HPLC chromatogram of Ses.
N@GC,, (2n= 78-88) fullerene extract mixture obtained emthe optimized condition (molar
ratio Ce/Sc/GT/C= 1:1:2.5:15) in Figure 2.25.

In Figure 2.25, the Fraction 7%= 30.0-36.4 min) in the chromatogram contains
CeSeN@GCgo (I1) and two isomers of Sh@Cgo. The isolation of CeSB@GCg (Il) was
accomplished in two stages. In the first stage StaBl@Cgo (1) was removed after I€)ycles
(see Figure 2.5 b). Because the retention timee&aDl@ Cgo (I1) is very close SIN@Cygo (1),
small amount of CeSN@GCg (II) could be obtained after 25 cycles (see Figu6 c). The
high purity of CeSEN@ Cgo (Il) was confirmed by LDI-TOF mass spectroscopyalilrshown
in Figure 2.27.
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Figure 2.26 The isolation of CeS®N@Cg (I1). (a) CeSeN@Cg (II) was obtained by
recycling HPLC after 24 cycles (10x250 mm Buckypregolumn; flow rate 1.5 ml/min;

injection volume is 5 ml; toluene as eluent; roomemperature); (b) The enlarged views
of 9" and 25" cycle from (a) are shown in (b) and (c) respectilie (t«= 910-1020 min
and t.g= 2580-2700 min).
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Figure 2.27 The LDI-TOF mass spectrum of purified @SeN@ Cg (11).
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2.4 Synthesis and Isolation of Pr-based MMNCFs
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Figure 2.28 Chromatogram of PrSG..N@C,, (2n= 78-88) fullerene extract mixture

which synthesized by the “SOS” method (combinatiorof two 4.6x250 mm Buckyprep

columns, flow rate 1.6 ml/min, injection volume 20QL, toluene as mobile phase, 4®C).

Two isomers of PrSdl@GCg were synthesized by the “selective organic sqi#iDS) route
(using guanidine thiocyanate (GT) as the nitrogauree). After dc-arc discharging, the soot
was pre-extracted by acetone and further Soxhkeaebed by Cgfor 20h. The extraction
solution was dried and then endohedral fullerermedagning crude mixture was dissolved in
toluene. The HPLC chromatogram of,$&N@GC, (2n= 78-88) fullerene extract mixture
obtained under the optimized condition (molar ra@dSc/GT/C= 1:1:2.5:15) is shown in
Figure 4.1. The largest peak.£& 30.2-32.7 min) in the chromatogram is correlatedso-
based PrStN@GCg (I) and PsSCN@Go (1), and Gg-based PrStN@Cr;s and SeN@GCrs
(Fraction 4). The second dominated fraction= 32.7-36.0 min) mainly contains
PrSeN@GCg (1) and two isomers of SN@GCgo (Fraction 5). The Ce-based mixed metal
nitride (PkSgxN) could be encaged into the carbon cages rangmm G, to Ggg with
retention time between 37.0 and 59.0 min.
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Figure 2.29 The isolation of PrSgN@Cgp (I). PrSc;N@Cgo (1) was obtained by recycling
HPLC after 35 cycles (10x250 mm Buckyprep column;léw rate 1.5 ml/min; injection
volume is 5 ml of Fraction 4; toluene as eluent; @m temperature); The enlarged views
of 9" and 358" cycle from (a) are shown in (b) and (c) respectile (t.«= 860 - 965 min
and t,g= 3465 — 3670 min).
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Figure 2.30 The LDI-TOF mass spectrum of purified PSc;N@ Cgo (1).
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Because the retention time of these four compo(BeN@Cg (I) and PsScN@ Gy (1),
PrSeN@C;s and SeN@C;g) in Fraction 4 is rather close. The Fraction 4 wabjected to
next-step isolation by recycling HPLC on a Buckypreolumn (Figure 2.29). Pure
PrSeN@GCs (1) was obtained by recycling HPLC on the secotep safter 35 cycles. All of
the SGN@C;s and PrSgN@C;g could be removed after 9 cycles (see Figure 2)2thd only
trace of PISCN@ G (I) remained in the fraction. Finally, the remowélthis minor structure
could be achieved on the38ycle (see Figure 2.29 c). PsS@Cq (1) was characterized by
LDI-TOF mass spectroscopy which confirmed its hpghity (see Figure 2.30).

Absorbance at 320 nm/ a.u. &J_

0 1000 2000 3000 4000

Retention time tret I min
b) c)
sc,N@c,, (1) sc,N@c,, ()

Prsc N@c_ (Il Prsc N@C,, (Il

e
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Figure 2.31 The isolation of PrSeN@Cgy (I1). PrScoN@Cgo (1) was obtained by
recycling HPLC after 37 cycles (10x250 mm Buckypregolumn; flow rate 1.5 ml/min;
injection volume is 5 ml of Fraction 5; toluene aseluent; room temperature); The
enlarged views of 1% and 37" cycle from (a) are shown in (b) and (c) respectile (t.«=
1430 -1540 min and;= 3830 - 3940 min).
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Figure 2.32 The LDI-TOF mass spectrum of purified PSc;N@ Cgp (I1).

The isolation of Pr&S®N@Cgp (I) was accomplished in two steps. Firstly, th&EN@ CGgo
(1) was collected with SIN@GCgo (I and II) into Fraction 5 (see Figure 2.31). Swily,
similar to the case of Prg¢@Cqgo (1), the same Buckyprep column was employed toorgm
two isomers of SIN@Cgp and the details have been described in Figureb2Bie retention
time of PrSeN@GCgo (I1) is found between that of @ Cgo (1) and SeN@Cqgo (11). After 37
cycles, the PrSdl@Cgp (1) could be obtained. The high purity of PsR@GCg (II) was
confirmed by LDI-TOF mass spectroscopy which shawRigure 2.32.
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2.5 Conclusion

The synthesis of Ho-based, Ce-based and Pr-basedN®Mg was achieved by the
“reactive gas atmosphere” or “selective organiadSotoute. The isolation of §-based
MMNCFs which including HESGN@GCso (I, II; x= 1, 2), HaLus N@GCgo (I; x= 1, 2),
Ho Y 3xN@GCgp (I; x= 1, 2), Ce¥N@GCqgp (1), CeSeN@GCgo (1) and PrSeN@Cgo (1, 1) was
accomplished by multi-step HPLC. Additionally, Cased MMNCFs with carbon cage larger
than Gy were synthesized and isolated which include BEYCG, CeYoN@Cgs,
CeYN@Cgs, CeYN@Cgs and Ce¥N@GCgs. The purity of above-mentioned MMNCFs was
confirmed by LDI-TOF mass spectroscopy. To undestand tune the electronic, magnetic
and electrochemical properties of the MMNCFs, He, &d Pr are chosen due to their
different metal ionic radii, the number of 4f-elext and magnetic moment. In the following
chapter, those endohedral fullerenes will be coegbarccording to the same carbon cage
structure containing different encaged clusterh@ same encapsulated cluster in different
carbon cages.

It should be mentioned that Anja Grohme finishe@ #ynthesis of G8aN@C,

compounds.
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Chapter 3 Spectroscopic Characterization of Mixed Mtal

Nitride Clusterfullerenes

3.1 UV-Vis-NIR spectroscopy of MMNCFs

The absorptions of metal nitride clusterfuller® i CFs) in the visible and NIR range are
predominantly due to the-n* excitations of the carbon cage, which are strgrigpendent
on the structure and the charge state of the cachge. A comparison of the spectra of
Ho, S N@GCy (I, 11; x= 1, 2) in toluene solution is illustrated in Figu8.1. The electronic
absorption spectra of RBGN@GCg (I; X= 1, 2), exhibited intermediate spectral teat in
comparison with HIN@ Cgo (I) and SeN@Cgo(1). HO.SCN@Go (1) has mainly inherited the
characteristic absorption feature of N@Cgp (I) with absorption maxima at 667/696 nm,
which are slightly red-shifted to 669/698 nm in,BoN@Go (I). Substituting the cluster
Ho,ScN for HoSgN led to a further red shift of this doublet to 6788 nm. In addition, the
distinct visible absorption peak observed at 399afillosN@Cg (1) is shifted to 408 nm in
the HeSCN@ G (I) and disappeared in HoBo@Cgo (I) and SeN@Cgo (1). Similarly, the
shoulder peak of HHI@Cgo (1) at 557 nm and HoSN@GCg (1) at 562 nm gradually faded in
HoSeN@GCg (I) and SeN@GCgo(l). The electronic absorption spectra of8a.xN@ Cgo (II;
x= 0-2) are consistent with the differences in &sorption spectra of isomers Il found for
other MMNCFs. Correspondingly, the absorption pedk712 nm in the spectrum of
Ho,ScN@ Gy (Il) is red-shifted to 723 nm for Hog@¢@GCq (11), and vanished in SN@Cgo
(IN. The shoulder peak at 632 nm in the spectrumHO,SCN@Go (Il) retained in
HoSeN@GCy (I1). Similarly to isomer |, the strongest absaoptpeak in the visible range of
Ho,ScN@Go (1) at 457 nm is slightly shifted to 447 nm iretepectrum of HoSbl@ Gy (11)
and splits into a doublet peak with absorption mexat 413/472 nm for @ Cgo(11). The
electronic absorption features of HGS®& Cg, (I1) exhibit an intermediate state in comparison
with Ho,SCN@Go (I1) and SeN@GCg (I1). The similarities and differences in the overa
absorption spectrum of H8g N@GCg (I, Il; x= 1, 2) are comparable to those of
GASaN@GCs (I, II; x=1, 2) reported earliét:
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Figure 3.1 UV-vis-NIR spectra of (a) HeSa..N@Csg (I; x= 0-3) and (b) HaSaxN@Cso

(II; x= 0-2) in toluene.
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Figure 3.2 UV-vis-NIR spectra of HQY3xN@Cso (I; x= 0-3) and HaLusxN@Cxg (I; x=

0-3).

The electronic absorption spectra of M@ N@GCgo (I; x=0-3) and H@LusN@GCso (I;
x=0-3) are compared in Figure 3.2. Substitutingctbster from HeN to Hg,YN and HOY:N
do not lead to any significant shift of the doulde667/696 nm. However, more pronounced
shifts are found in the absorption spectra ofilUde N (I; x=0-3): the characteristic
absorption at 659/686 nm in {N@GCso (l) is gradually red-shifted to 661/689 nm in
HoLu,N@Ggo (I) and 661/689 nm in HouN@GCso (1), and further to 667/696 nm in
HosN@GCgo (1).

In summary, the absorption spectra offHON@Cgo (I; X= 0-3) and H@ uzxN@Cyo (I;
x= 0-3) are quite close to each other and to tluhSeLusN@Cso (I; x= 0-3)°? The close

resemblance of their electronic properties coulddiated to the similarity of ¥, Ho>* and
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Lu** in terms of their ionic radii, and the HPLC retentbehavior of corresponding NCFs

previous chapter.

CeY,N@C,,
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CeSc N@C,
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s —
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Figure 3.3 UV-Vis-NIR spectra of CeMN@Csg (I; M=Y, Lu and Sc).

A comparison of the spectra of CaN@GCg (I; M=Y, Lu and Sc) in toluene solution is
illustrated (see Figure 3.3). The overall absorptieatures of CeMN@GCg (I) are quite
similar, only with subtle shifts of the bands. Th&ibsorption onset indicated that comparable
optical band gaps and could be explained as tremglance of their electronic properties
when preserving Ce atom but substituting two metiais from Y to Lu and Sc. CeN@ Cgp
() has the characteristic absorption at 671/699 which are slightly blue-shifted to 666/694
nm in CeLuN@Ggo (1), but red-shifted to 684/726 nm in CeR@ Cgo (1).
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Figure 3.4 UV-Vis-NIR spectra of (up) MSeN@Cs (I; M= Ce, Pr and Nd) and (bottom)
MSc,N@Cgp (I; M= Ce, Pr) which compared with SGN@Cgo (I) and SgN@Cgo (II)

respectively.

A comparison of the spectra of MBS Cg (I, II; M= Ce, Pr, Nd) and SBI@GCgo (I, 1) in
toluene solution is illustrated (see Figure 3.4)e Dverall absorption features of ME®@ Cg
are quite similar, only with insignificant shift§ the bands. Their absorption onset indicated
that comparable optical band gaps and could beamqu as the resemblance of their
electronic properties when preserving two Sc atboissubstituting Lanthanide atom from
Nd to Pr and Ce. NdSW@GCgo (I) has the characteristic absorption at 718 niniclv are
slightly red-shifted to 724 nm in Pré&¢@GCgo (I) and further to 728 nm in Ce$o@Cyo ().
According to former studies on the homogeneous InNEd&s MsN@ Cgo (I; M= Pr, Nd, Gd,
Tb, Dy, Ho, Er, Tm, Lu and Y), the electronic algan property of MN@GCg, fairly
depends on the size of the encaged cluster. Thaatec spectra of Prad@Gso, agree well
with other MSeN@ Gy structures (I; M= Ce, Nd, Gd, Tb, Dy, Er, Lu an}i®Y Because their
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electronic spectra are dominated by thg (O cage and the insignificant shifts causing by
changing the MSIN cluster which is dominated by the correspondanghanide metal ions.
Figure 3.4 (bottom) shows that electronic absorpsipectra of MSIN@ Cgo (11) is different
from its isomer (I), which agrees well with thefdiences in the absorption spectra of isomers
| and Il of MsN@GCgp (M= Sc, Lu, Y). Substituting one Sc atom with GePo, the significant
change of the electronic absorption could be oleskrirstly, the strongest absorption peak
in the spectrum of Prad@GCgo (Il) is found to blue-shift from 446 nm to 442 nm
CeSeN@GCgo (I). Secondly, the shoulder peak around 725 nmthe spectrum of
PrSeN@GCg (1) remains almost unchanged in Ce$€GCg (l1), but becomes undetectable
in SGN@ Gy (11).

In Figure 3.5, a comparison of the -Vis-NIR spedf&gY ;s ,N@C,, (X= 0-2; 2n= 84, 86
and 88) in toluene solution is demonstrated. Previstudies demonstrated the reliability of
UV-Vis-NIR for the characterization of endohedrallérenes. The UV/Vis/NIR spectra of
DysN@GC,, (2n= 78-88) compounds have been reported by ooupgpreviously® The
optical band-gap of the DM@GC;, could be classified into two ranges dependinghencage
size of fullerenes. As above-mentioned, no Ce-bd#®dNCFs has been isolated and
characterized in the carbon cage from © G so far®® In general, the spectra of Ce-based
MMNCFs are comparable to thesM@GC,, (2n= 84-88) for each cage which indicates the
identical cage symmetry and similar electronic ctice. Substituting the encaged cluster
from Y3N to CeY:N in the G4 cage, the strongest visible absorption peak of M&Cg, is
622 nm, which is exactly identical tosN@GCgs. Such an absorption feature agrees well with
reported structures including M@ Cgy, DysN@Cgs and TmMN@Cgs. CeYoN@Cgs presents
reasonable correspondence to the spectra Hf@Cg. There is a marginal difference
between the characteristic absorption peak at 686 im Y;N@GCg and at 633 nm
CeYo.N@GCgs. The absorption peaks of sN@GCgg at 727/975/1034 nm slightly shift to
747/972/1039 nm in CeX@GCgg and 755/975/1046 nm in @EN@Cgs. This suggests that
the resemblance of their electronic structures a@mofN@Css, CeY-N@Cgs and
CeYN@Cgs.
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Figure 3.5 UV-Vis-NIR spectra of CeY 3 N@C,, (x= 0-2; 2n= 84, 86 and 88).
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3.2 Vibrational spectroscopy of MMNCFs

3.2.1 FTIR Vibrational Spectroscopic study of MMNCF s

Vibrational spectroscopy is a useful tool to analyke structure of fullerenes due to its
high structural sensitivity and its higher time alesion as compared to NMR
spectroscop$?**"%"The FTIR spectra of H8eN@Cso (I, II; x= 0-3) compared in Figure
3.6 show a clear similarity of the tangential cagedes (800 - 1600 cf and radial cage
modes (400 - 600 ch within each group of MMNCFs with the same cagamisr. The
spectra of the MMNCFs (isomer |) are also virtuatentical to those of other M@ Cgo
structures (I; M= Sc, Y, Gd, Th, Dy, Ho, Er, Tmhi¥ result enables us to assign the cage
isomer, Ggln(7) to all structures of isomer I. Likewise, cageodes in the spectra of
HoSaN@Cq (Il; x= 1, 2) are very similar to those of (s \N@GCgo (Il; Xx= 1, 2) and
LuxSeN@GCg (II; x= 1, 2) withDs,(6) carbon cage.
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Figure 3.6 FTIR spectra of (a) HSa.N@Csg (I; x= 0-3) and (b) HoSa«N@Cg (II; x=
0-2).
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Figure 3.5 displays that the antisymmetric mettdegien stretching vibrational modes of
Ho.SaN@GCy (I, II; x= 0-3), which are assigned to the most intensedaergy IR lines in
the 600 - 800 crh range and which are sensitively dependent on ¢imeposition of the
encaged H&eN cluster. For HEG.N@GCs (I; x= 0-3), the anti-symmetric M-N
stretching vibrational modex.n), which is two-fold degenerate for a homogeneduster
(at 599 crit in SGN@Cyo (1) and around 710 chin HosN@GCg (1)), was found to be split
for the HgSaxN clusters (645 and 673 émfor HoOSeN@Gs, 660 and 728 crh for
Ho,ScN@Gy) (Figure 3.6a). Our recent reports on the analgbigibrational spectra of the
MMNCFs combined with DFT calculations have showattthe geometry parameters of the
nitride cluster are strongly influenced by the @radii of the metal atoms. In particular, an
inherent strain of all non-Sc M@Cgp caused by the limited space inside the carbon cage
become appreciably released when the metal atoneplisced by one or two Sc atoms with
smaller ionic radius. As a result, substitutionHtf atoms by Sc results in the synchronous
elongation of the Ho-N bonds and shortening ofSbeN bonds (in comparison to k@ Ggo
and SeN@GCg). With the variation of the cluster compositiohe vsc.y shifts from 599 ci
in SGN@GCyo (1) to 673 cnt in HoSeN@GCeo (1) and to 728 ¢ in Ho,SCN@Go (1). When
the SegN cluster is replaced by the kBN cluster within Go:Dsp, the M-N stretching

vibrational modes have a similar splitting (seeulrég3.6 b).
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Figure 3.7 The FTIR spectra of (a) HQY 3xXN@ Cgp and HoLu 3 XN@Cgo (I; Xx= 0-3).

The FTIR spectra of H¥ 3 xN@GCgp and HQLuzxN@GCygo (I; Xx= 1, 2) are compared with
MsN@GCg (I; M= Ho, Y and Lu) in Figure 3.7. Their tangaaitiand radial cage vibrational
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modes are virtually identical to those of othefN® Cg structures (I; M=, Lu, Ho, Dy, Gd
and Tm) which allow us to assign the same cageeasdfyo:ln). But in contrast to H&G.
N@GCg (I; x= 1, 2), no considerable splitting of antigyretric M-N stretching vibrational
modes has been observed iny¥ON@Cgo or HoLuz x-N@GCgo (I; x= 1, 2) due to similar
ionic radii of LU** (0.85 A), HG* (0.90 A) and Y¥* (0.90 A)®? Switching the encaged cluster
from LusN to HaN, and further to N results in the change of.n from 703/715 cn in
LusN@GCgo (1) to 703/712 crit in HosN@GCeo (1), and further to 714/725 chrin YsN@ Cgo (1).
X-ray single crystal studies have shown thagNLgluster is planar in LIN@ Cgo (1) and Y3N
cluster is slightly pyramidal in @ GCgo (I) (the N being 0.083 A displaced out of ¥ane).
Theoretical calculation predicted that Mois still a planar structure inside the carbonecag
The magnitude of the splitting of antisymmetric Msietching vibrational modes of k.
N@GCg (1) is larger than in the case of Ya,N@GCg (I) which could be understood as the
ionic radii difference between FloLu** and HG*-Y**. FTIR analysis demonstrated marginal
shifts caused by shrinking of the encaged nitridster, that is, in the order ofsM@ Cgo—
HOY N@ Cgo— HOYN@Cgo— HOsN@ Cgo— HOLUN@ Cgo— HOLUN@ Cgo— LUsN@ Ceo.
The M-N stretching frequency is correlated with steicture of MN, which is dependent on
the cluster size and/or the radius of metal iondissussed above. However, it is impossible

to distinguishvye-n, vy-n @andvy .y from each other according to the abovementiongal da

M3N@Cso v / Cmt
YsN@Cago 715, 725
HoY N@ Csgo 713,722
Ho,YN@Cago 704, 712
HosN@Cso 703, 712
Ho,LUN@Cgo 673, 698, 715, 725
HoLu:N@Cso 674, 699, 711, 725
LusN@Cgo 703, 715

Table 3.1 Characteristic antisymmetric metal-nitrogen vilmmaal modes of Ho-based
MMNCEFs.

The FTIR spectra of the isomer | obEEN@Go (M= Gd, Dy, Ho, Lu and Sc) is presented
in the Figure 3.8a. As statedy.n is generally split in MBgN@GCso (Xx= 1, 2), the high-

frequency vibrational mode has been definitivelyigised tovsc_n By considering the ionic
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radius of the Lanthanide metal ¥r(Ce**: 1.03 A, PF*: 1.01 A, Nd*: 0.995 A, Gd*: 0.94 A,
Tb**: 0.92 A, Dy*": 0.91 A, HG": 0.90 A, Ef*: 0.88 A, Ld*: 0.85 A; S&": 0.75 A), our
results agree well with the previous studies 0bSBN@ G (1) and DyScN@G, (1), and
LusScN@Go (I). For MbSEN@Go (1), vsen steadily increases from 599 ¢rin SagN@ Gy (1)
to 710 cnt (M= Lu), 725 cnt (Er), 728 cnit (Ho), 737 cnit (Dy), 749 cnit (Th), 759 crit
(Gd) and 769 cih (Nd). Meanwhiley,,.y gradually decreases from 668 tin Lu,ScN@ Gy
(1) to 661 cni (M= Er and Ho), and further to 737 nDy), 659 cni (Dy), 658 cni (Th),
649 cm® (Gd) and 598 cih (Nd). The magnitude of the splitting of antisymrieetM-N
stretching vibrational modes of McN@Go (Av= vsc-n - Vin-n) became remarkable since the
metal ionic radii difference between the encage@®t Lanthanide metal in the order of Lu,

Er, Ho, Dy, Th, Gd and Nd), see Figure 3.8b.
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Figure 3.8 FTIR spectra of (a) LnSCN@ Go (I; Ln= Nd, Gd, Tb, Dy, Ho, Er and Lu) and
SaN@Cq (1); (b) the dependence oWsc.y and vn.y Of LNoSCN@Go on the ionic radius

(r) of the encaged Lanthanide metal.

In contrast to the LISCN@ Gy (1), in the series of LnSh@ Cgo (1) the shifts includingvse.
n andv,.y are less pronounced: &)y of LUSGN@Gg (I) (652 cm') shifts to 667 crl (Er),
672 cm'® (Ho), 678 cnit (Dy), 684 cnt (Tb), 694 crit (Gd), 715 crit (Nd) to 718 crit (Pr)
and 728 crit (Ce), see Figure 3.9a. The good linear correlabenveen the frequency and
ionic radius is observed for the data points fromta Ce for LnSEN@Cgo (1) (Figure 3.9b);
b) vin-n Of LUSGN@GCeo (1) (652 cmi') shifts to 647 ci (Er), 645 crit (Ho), 647cn (Dy, Tb
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and Gd), 637 cfh (Nd) to 639 crit (Pr) and further to 644 cin(Ce). Noticeably, thesc.y
increases in the order of lanthanide metal ioniius from Lu (0.85 A) to Ce (1.03 A).
However, the changes af,.y fluctuate in the range from 652 &no 637 cnit.
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Figure 3.9 FTIR spectra of (a) LnSeN@Cgo (I; Ln= Ce, Pr, Nd, Gd, Tb, Dy, Ho, Er and
Lu) and SgN@Cg (1); (b) the dependence obsc.n and v .y 0f LhSGN@Cgp On the ionic

radius (r) of the encaged Lanthanide metal.
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Due to the relatively low yield and complicated gees of purification, only several
structures of isomer Il MG N@GCgo have been obtained. Comparison of the FTIR spectra
for those MScN@ G and MSeN@Cgp (M= Gd, Dy, Ho and Lux= 1, 2) is demonstrated in
Figure 3.10. For MScN@Go(Il), vsc.n increases from 594 ¢hin SeN@Cy (I1) to 697 cmt*

(Lu), 714 cm® (Ho), 716 crit (Dy), and 741 cr (Gd). Similar to the MSN@GCso (1), vinn
declines from 661 cth(Lu) to 651 cnt (Ho), 650 crit (Dy) and 646 ci (Gd). Switching
the cage symmetry of gg from | to Il results in that FTIR spectra of M8 Cgo (I1)
demonstrates less prominent shiftg,n of SGN@ Cgo (II) (594 cm?) shifts to 649 cm (Lu),
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665 cm® (Ho), 669 crt (Dy) and 685 cil (Gd). Since the radius of Flois somewhat
smaller than that of Gtland Dy", the fluctuations ofs..n induced by encaged Ho atom(s)
are less prominent than those for Gd and Dy bwelathan Lu. As discussed above, the
splitting of vu.n is considerably dependent on two factors: the asmipn of the encaged
cluster (MScN or MSegN) and the symmetry of carbon cage 6r Dsp). It could be
summarized that: (a) for carbon cage with the ssynametry [, or Dsp), the splitting ofvu.n

in M2ScN@ G is stronger than in MSN@Cgo; (b) for LieSCN@ G and LnSeN@ Cgo, the
splitting of vy-n In LMSCN@Gp is stronger than in LnSH@GCgp due to the change of cage
symmetry; (c) the good linearity based .y from Lu to Ce for LnSEIN@GCgo (1) could be
obtained (R is 0.995) and (d) for the encaged metal with simihetal ionic radii (e.g. H6
and Y¥*"), it is difficult to distinguishi.n modes.

3.2.2 Raman Spectroscopic study of MMNCFs

The Raman spectra of nitride cluster fullerenes roomly consist of four regions: the
tangential G modes in the range of 1000 - 1600 ra gaplike region from 815 to 1000 ¢m
the radial breathing cage modes between 200 and@t5and the low-energy metal cage
modes below 200 ch® A detailed analysis of low-energy metal cage maslshiown below,
which give us more information on the structuréhaf cluster and cluster-cage interaction.
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Figure 3.11 Raman spectra of (a) H&GN@Cgo (I; x= 0-2) and (b) HaSgN@Cgo (II;
x= 0-2) measured at 120 K and with the laser wavelgth of 647 nm.

A comparison of the Raman spectra of,5l@ N@GCq (I, 1l; x=0-2) is presented in the
Figure 3.11. Similar to the IR spectra, spectraigras of the HE G N@Cgo MMNCFs with
the same carbon cage are rather similar and asedayably different when two cage isomers
of the same cluster composition are compared wétth eother. Some differences in the
relative intensity of the Raman bands could beilasdrto the different resonance effects of
the specific structures. To investigate the inteoacbetween the H&c«N cluster and the
Cgo Ccage, the low-energy part of the vibrational patia the Raman spectrum was studied as
well, due to its correlation to the bond formatlmetween the nitride cluster and carbon cage.
The low-energy part of the Raman spectra ofFdn.N@Cgo (I, 1l; X=0-2) observed at 120 K
with the laser wavelength of 647 nm consisted ef iddial GGy cage modes and of cluster-
based modes ranging from 220 to 407c(Rigure 3.12). The cluster-based modes included
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the in-plane cluster deformation mode and the ffatsstl translations and rotations of the
nitride cluster, which provided critical informatiaon the interaction between the entrapped
nitride cluster and the gg cage. As shown in our earlier report on the Ra®&im/study on
the G4dSaxN@GCso, the medium-intensity Raman lines o8& Cgo (1) at 210 crit referred

to the frustrated in-plane cluster translation vatpartial contribution from the in-planesM
deformation. The two-fold degenerate mode of thedgeneous 3Bl cluster is split into two
components for the Hog@¢ and HeScN mixed cluster similar to the anitisymmetric M-N
modes in the IR spectra (this mode is also two-degde in the homogeneous nitride
clusterfullerenes). In the Raman spectrum of thwnir |, two lines at 213/166 ¢hfor
HoSeN@GCs and at 178/162 cihfor Ho,ScN@Gy are assigned to this kind of vibrations.
Compared to isomer |, the subtle shifts of lines ifmmer Il of HRSGN@GCs could be
determined, 211/160 chfor the HoSeN@Cso and 173/159 cih for Ho,SCN@Go, due to
the alteration of the cage symmetry. Based on @xjetal and earlier theoretical studies, the
difference between the &l N@Cgp and HRSGN@GCs (X= 1, 2), could be explained by
the increasing mass of the metal cluster and theedsing cluster-cage force constants.
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Figure 3.12 The low-energy Raman spectra of H8gN@Cg (I, II; x= 0-2) measured at

100 50

120 K and with the laser wavelength of 647 nm.

The low-energy Raman spectrum of \HosxN@GCgo (I; x= 1, 2) are compared with
HosN@GCq (1), see Figure 3.13a. Comparable to their FTIBcHpa, the metal-cage stretching
vibrational modes of HolLiN and HeLuN do not lead to any significant splitting anchbee
as the mode of homogeneous sNocluster (160 cil). In the contrary, the metal-cage
vibrational mode of HgYsxN (I; x= 1, 2) is split into two components for th®Y,N and
Ho,YN mixed cluster, although these two clusterfullexe are almost undistinguishable in
their FTIR spectra. In Figure 3.12b, two peaks @6/170 crit for HoY.N@Ggo and at
181/163 crit for Ho,YN@Cg are assigned to this kind of vibrations. It iss@aable that for
Ho,Lus xN@GCgp (X= 1, 2) structures could not be effectively distirsiped from both the FTIR
and the low-energy Raman spectra due to the sityilairboth the ionic radii and mass of Ho

and Lu.
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Figure 3.13 The low-energy Raman spectra of (a) HbuzxN@Cgo (I; x= 1-3) and (b)

Ho,Y 3xN@Cgo (I; x= 1-3) were obtained at 120 K and with the laser welength of 647

nm.
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3.3 NMR spectroscopy of Ln-based MMNCFs

In the present state of the NCFs knowledge, NMR spectra could be regarded as a
definitive proof for determining the symmetry ofetltarbon cage. The studies of Cerium-
based MMNCFs (CeSN@Cgo and CeLuN@ Cgp) showed that even the single 4f-electron on
the Ce atom induces considerable paramagnetic chémsiift and broadening of tHéC
NMR lines>*** Similar effects were observed in numerdt@ NMR studies of Ce-based

%53,69—72

mono>° and dimetallofullerené and their derivative§’*To our knowledge, the only

paramagnetic®C NMR studies of non-Ce lanthanide metallofullesenveere reported for
three isomers of Tm@g° and for the Pr@& anion’®’’ The influence of multiple 4f-

electrons on the carbon cage is still unresolvezstion which requires further study.

CeY N@C,,

Y.N@C,

PrSc N@C,

sc,N@C,,

160'143'1§6'1i4'142'1io'1és'156'154'152'150
C chemical shift 6 /ppm
Figure 3.14°C NMR spectra of CeYaN@Cso (1), PrScN@Cso (1), Y3sN@Cgo (1) and
SeN@Cyq (I) respectively at 298 K.

The 125 MHZ"C NMR spectra of CeXN@GCg (1) and PrSgN@Cgo (1) at 298 K presented
in Figure 3.14 exhibit two peaks. Similar tosS@Ceo (1)® and sN@GCgo (1)°°, the intensity
ratio of these two peaks is 3:1, which is charagtierfor NCFs with the g (1) cage isomer.
As introduced in the previous reports about @ NMR study of ¥Lus,N@Gs (1) and
LuSaN@GCg (I; x= 0-3), the geometrical factor influences tre chemical shifts of
MMNCFs without considering paramagnetic contribatiécor Ce¥N@GCgo (1), two §(**C)
signals around 144 and 138 ppm are still closééo¥sN@Cgo (1) which indicates thes€C

NMR chemical shifts are changed by-&fe** paramagnetic contribution as well. However, it

68



Chapter 3 Spectroscopic Characterization of MixedaM€itride Clusterfullerenes

seems that thé®C chemical shifts of ProN@Gs (I) are majorly dominated by the
paramagnetic action of 4Pr*.

m
HoSc,N@C,, 119{\ 74 HI
160 140 120 100 80 60 40 20 0

*C chemical shift d/ppm

b) *
59 5
Ho,YN@C,,
2
2

66
Ho LUN@C, \
77
Ho,ScN@C,, L
Vot

¥ ] ¥ ) 2] ) ] I L ] L I ' I S I S I
140 120 100 80 60 40 20 0 -20
C chemical shift 5 /ppm

Figure 3.15"%C NMR spectra of (a) HOM\N@ Cgo and (b) HoMN@Cg (I; M= Y, Lu and
Sc) CS/ds-acetone at the room temperature. Black dots denoteusN@Cgo (1) in (a).
Asterisks denote the signals of the solvent.

Herein, we report the firstC NMR spectroscopy of HMsxN@Cso (I; M= Y, Lu and Sc;
x= 1-2) which obtained at room temperature exhibt broad peaks with chemical shift of
119 and 74 ppm (Ho@N@GCgy), 107 and 66 ppm (HoLNM@GCsy), 101 and 76 ppm
(HoY:N@Ggp), 77 and 2 ppm (H&CN@G), 66 and 2 ppm (HRUN@GCs), 59 and 5 ppm
(Ho.YN@Csg), respectively (see Figure 3.15). The intensitjioraf those two peaks is
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roughly 3:1 for each structure, which is charastarifor classical NCF with thegg(ly) cage
isomer as CeXN@GCg (1) and PrSgN@ Cgo (1).

/ \ HoscN@c,, ()
I\ HoSc,N@C,, (Il
J\ PrSc,N@C,, (1)

_ LuSc,N@C,, (1)

ek PRI ICRPRY Tew
anad

. 645 . .460. . .860. . .12l00. . .16l00
Sc chemical shift 5 /ppm
Figure 3.16%°Sc NMR spectra of HOSEN@Cg (I, 11), PrScoN@Cso (1) measured in the

solution of CS/ds-acetone at 298 K which compared with LUSSN@ Cgo (1).

The **Sc NMR spectroscopy of Lus¢@Cso (1), PrSeN@GCe (1), HOSeN@Cyo (1) and
HoSeN@ Gy (1) are compared in Figure 3.16. Each of abovetmaeed compounds exhibit
a single and symmetric peak which indicates theadyn behavior of the two Sc atoms
encaged in the carbon cage. Substituting the ieblanthanide metal from 4€€e* to 4f-
Pr* and 4t°-Ho*", paramagnetic chemical shifts induced by the spoading lanthanide
metal are different. Switching the symmetry of daebon cage fron, to Ds, but preserving
encapsulated Hogd, the significant difference between the two isosnef HoSeN@ Cgo
could be observed. More discussions about the ntiagpeoperties of MMNCFs will be
completed in the next chapter, which related to ithelved lanthanide metal and the

geometry of encaged cluster and/or the carbon cage.
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3.4 Conclusion

In summary, HEBEG N@GCgo (I, II; x= 1, 2), HQLus«N@GCgo (I; x= 1, 2), HQY 3. N@Cqgo (I;
x= 1, 2), Ce¥N@GCy (I), CaY:,:N@GC, (2n= 84, 86 and 88; x= 1-3), CeSl@ Cg (II),
PrSeN@GCs (I, 1) were characterized. A systematic comparisd the UV-Vis-NIR, FTIR
and Raman spectroscopic studies indicates thatiltinaional modes of Hd 3 xN@ Cgo (M=
Sc, Lu, Y;x= 1, 2) resemble to HN@GCgo (I) and MsSN@GCg (I; M= Sc, Lu, Y). The 4f
electron(s) located on the encaged lanthanide ntetl 4f-Cée**, 4#-Pr* and 41%-Ho*")
results in remarkabl&C NMR paramagnetic chemical shifts. TH&c NMR spectroscopic
study demonstrated that lanthanide-induced paraetiggshifts are influenced by both the
component of metal nitride cluster and the geomefmgncapsulated cluster and carbon cage.
Particularly, based on the current available dathe® diamagnetic metal, such as Sc, Lu, Y,
could help us tune the paramagnetic properties MIN@Fs which substantially broaden
potential applications of EMFs. The state of pargmegic lanthanide metals in MMNCFs and

their electrochemical properties will be preseritethe following chapters.
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Chapter 4 Magnetic Properties of Mixed Metal

Nitride Clusterfullerenes

4.1 BC NMR spectroscopic study of CeM ,N@Cg

As introduced in the former reports, there are kivmls of carbon atoms within thes@p,
the pyrene-type carbon atoms (triple-hexagon jonsti THJs, whose NMR signals appear at
chemical shifts of 137-138 ppm) and corannulenetypcarbon  atoms
(pentagon/hexagon/hexagon junctions, PHHJs, whd4R Bignals appear at a higher shift of
ca 144 ppm). Without the consideration of paramtagrentribution, the appreciable upfield-
shifts are induced by shrinking the size of theaged nitride cluster in the order of
YaN@Cgo— YLUN@Ggo— YLUN@Cgo— LUusN@Cgo— LUSCN@Go— LUSGN@Ceo
(summarized in Table 4.1).

LuY N@C,, L 144;41 o L 137.95
Lu,N@C,, J 144.02 [ 137.39
LuSc N@C,, J__“_1‘}3'99 | - 136.90

CeY N@C,, ,‘ 143.51 e 138.25

ympoly R e
CeLuN@C, ,‘ 142.93 136.76
CeSc N@C,, ﬁ 142.86 135.89

148 146 144 142 140 138 136 134 132
®C NMR chemical shift 5 /ppm
Figure 4.1 The 125 MHZz**C NMR spectra of CeMN@Cgo and LuM N@Cgo (I; M= Sc,

Lu and Y) in CS,/dg-acetone at 298 K.

The 125 MHZ"*C NMR spectra of CeMN@Gso (M= Sc, Lu, Y) obtained at 288 K exhibit
two peaks with the intensity ratio of 3:1 (Figurd}4 which unambiguously proves th¢7)

symmetry of the carbon cage and rapid rotationhef €eMN cluster in all these NCFs.
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Established on the current knowledge, @¢® Cso has a dual advantage ff{C NMR study
of Cgo-based MMNCFs as a result of the competition betwgeometrical factor of large
cluster and weakly paramagnetic contribution, bsealioth of these two terms inherently
originate from the nature of €e Firstly, because of the substantially differesmic¢ radii of
Ce** (1.03 A) and Y (0.90 A), Ce¥N has a larger size thangl¥ inside the same & (I)
cage. Secondly, recent studies on the GNI@GCsy and CeSEN@Cgp demonstrated that the
single 4f-electron on Gé& (4f'5d) resulted in chemical upfield-shifts due to theamaagnetic
contribution. Compared to the typiei(*>C) values in diamagnetic M@ Cso-11(7) NCFs, the
13C NMR signals in CeMN@GCs, experience a paramagnetic shift of 1-3 ppm duéhéo
single 4f electron of C&.

PHHJs / ppm THJs / ppm A S/ ppm
CeY,N@Cqgo 143.51 138.25 5.26
CeLu:N@Cgp 142.93 136.76 6.17
CeSeN@Cso 142.86 135.89 6.97
YsN@Cgp 144.44 138.04 6.40
YoLUN@Cgo 144.41 137.95 6.46
YLu:N@Cgo 144.22 137.66 6.56
LusN@Csp 144.02 137.39 6.63
Lu,ScN@ G 143.99 137.12 6.87
LuSc,N@Cgp 143.99 136.90 7.09
SaN@Cs 144.18 136.87 7.31

Table 4.1125 MHz™*C NMR chemical shift data (ppm) of CeNI@Cg, (I; M= Sc, Lu, Y),
compared with YLus,N@GCgo (1) and LySeN@GCso () (x= 0-3) MMNCFs in CSds-

acetone at 298 K.

In these two respects large metal ionic radius angaired 4f-electron will cause
competitive’*C NMR chemical shifts. Under the weakly paramagnetintribution from C¥,
the pattern of chemical downfield-shifts from Cd$@GCs () to CeLuN@GCgo (I) and
further to Ce¥N@GCyo (I) agrees well with our former studies on the e@gramidalization
induced by the increasing the size of endohedradtet as LUuS&N—LusN—LuY,N. With
small metal ion radius of $c(0.75 A) and L&' (0.85 A), the downfield-shifts of THJs and
PHHJs are largely dominated by the paramagnetitribation which has been supported by
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crystal structure data and DFT calculation respebti But, in the case of CeN@GCg (1) the
geometrical factor influences on the THJs slightigre than the paramagnetic contribution of
PHHJs (for ¥N@GCg (1): 138.04 ppm and for CekN@Cgo (I): 138.25 ppm). Such a kind of
unique chemical shifts agrees well with our formarbital axis vector (POAV) analysfs®
that the THJs are much more sensitive than PHHJsh# pyramidalization of the carbon
atoms (Go-ln) with endohedral clusters. In due turn, a perfeetar correlation between
pyramidalization of the carbon atoms and a chenshdt was established. Figure 4.1 shows

that the same reasoning applies also to E®ICs,.

308 K /‘ 143.65 138.45
298 K J‘ 143.51 138.25
288 K ,\ 143.37 q 138.05
278 K J‘ 143.23 137.85
268 K “ 143.09 137.65

146 ;3 144 142 140 138 136
C NMR chemical shift s /ppm
Figure 4.2 The variable-temperature *C NMR spectra of CeY;N@Cg (I) in the

temperature range of 268-308 K.

308 K “ 143.03 F 136.02
298 K Jk 142.86 A 135.89
288 K “ 142.69 L 135.73
278 K ” 142.50 5 135.61
268 K Jl 142.30 y 135.45

146 144 142 140 138 136 134
®C NMR chemical shift 5/ppm
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Figure 4.3 The variable-temperature *C NMR spectra of CeSeN@Cg, (1) in the
temperature range of 268-308 K.

In the range of 268-308 K, the variable-temperald®NMR studies of CeXN@Cy (1)
and CeSEIN@Cqgp (I) were for the first time performed to undersidhe effect of the size of
different CeMN (see Figure 4.2 and 4.3). Similar to Cell@GCgo (I), hyperfine chemical
shifts in paramagnetic molecule in solution coutd éxpressed as Fermi contaét)(and
pseudo-contactig) shifts, which scale with temperatureTas andT 2 (hereT is the absolute
temperature), respectively. Since the contact tggns negligible based on the former studies
of Ce-based endohedral fullerenes, the chemicéll i be expressed as= dgia + Cpe' T 2.
The diamagnetic termd¢,) can be estimated by extrapolating thelependence td °=0,
while thecy. is determined as an increment of the linear depeceb vs T2 In Figure 4.4,
extrapolation tol >=0 gavedyia (Coo) Values of 145.38/140.92 ppm (-04I0° K?/-0.24x10°
K% for CeY.N@Gs () and 145.29/137.93 ppm (-02K0° K%-0.1710° K?) for
CeSeN@GCgo (I) respectively, and those are comparable to @ebwLN@Cg (1) value
(145.12/139.93 ppm, -0.¥20° K%-0.28<10° K?). The extrapolatedgi, chemical shifts are in
the range of the values found for diamagnetigNi®Cgy NCFs thus confirming the
prevalence of the pseudocontact term. €heconstants are all near -020° K? which is
comparable to the values in £8Cso-11, with freely circulating Ce atoms and are signifittg
smaller thanc,. constants in Ce-EMFs with more restricted moti@e@ Cgo-Dsn) or

localized position of Ce atoms (§@C;, or Ce@Cyg).

146 -
144 -\“‘*‘
142:

140 -

5("*C) / ppm

138 -

136-\“,11

0.0 4.0x10° s.zoxm"‘2 1.2x10°
T 1K
Figure 4.4 The line-fitting plots for **C NMR chemical shift & vs. T2 are shown for

CeY:N@Cgo (1) (red), CeLuosN@Cg (1) (black) and CeSeN@Cgo (1) (blue).
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308 K J\ 142.90 132.03
298 K “ 142.72 . 131.82
288 K “ 142.54 131.59
278 K “ 142.37 131.35

268 K H 142.18 , 131.09

148 144 140 136 132 128
C NMR chemical shift 6 /ppm
Figure 4.5 The variable-temperature *C NMR spectra of PrSeN@Cg (I) in the

temperature range of 268-308 K.

3M 142.83 130.66

298 K 142.76 130.31
288 K k 142,70 129.91
278 K 142.65 129.56

zsm 142.58 129.18

148 144 140 136 132 128 124
13 - .
C NMR chemical shift §/ppm
Figure 4.6 The variable-temperature *C NMR spectra of NdSeN@Cg, (I) in the

temperature range of 268-308 K.

In Figure 4.5 and 4.6, the variable-temperattiez NMR studies of PrSbl@Cgo (I) and
NdSeN@GCs (I) were performed to measure the effect of*Rand Nd* in **C NMR
characterization. Extrapolation ©°=0 gavedgia (Coe) values of Pr&®N@Cgo (1) are 145.14
and 134.95 ppm (-0.X10° K? and -0.2%10° K?). However, the extrapolated values of
NdSeN@Cy (1) are 143.58 and 135.24 ppm (-040° K? and -0.4410° K?) which behave
different compare to Ce&d¢@Cqgo (1) and PrSeN@ Cgo (1).
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Figure 4.7 The line-fitting plots for **C chemical shift 8 vs. T2 are shown for
CeSeN@Cqgo (1) (black), PrScN@Cgp (1) (blue) and NdSeN@Cgo (1) (brown).

The 125 MHz™C NMR spectra of H®aGN@GCy (I; x= 1-2) obtained at room
temperature exhibit two broad peaks with chemibét of 119 and 74 ppm (HOSN@ Cgo),
and 77 and 2 ppm (HS8cN@Gy), respectively (Figure 4.8). The paramagnetictstiifthe
13C NMR lines induced by each Sc-to-Ho substitutisr2b - 40 ppm for the more intense
peak and 60-70 ppm for the second peak. For cosgarithe shift of thé“C lines in
CeMoN@GCg (M = Sc, Lu, Y) in comparison to §¢@ Cgp they did not exceed 2 ppm. Such a
large difference in the lanthanide-induced shifviobsly originates form the much higher
effective magnetic moment of 4fHo>* (10.6 pg)** than 4f-Ce** (2.54 ug)®>. A complete
interpretation of the paramagnetic chemical shaft be achieved only by the combination of
two factors, local instantaneous paramagneticssbifcarbon atoms induced by Hi@and the
internal motion of the encapsulated metal nitrilisster which averages these interactions on
the NMR time scale. Replacing the 30 «N cluster with HgLuz«N and HQY 3xN resulted
in varying the geometry of Ho-based endohedraltefuand the interaction between the

encaged Ho ion and the neighboring carbon atoms.

7



Chapter 4 Magnetic Properties of Mixed Metal Nitridleisterfullerenes

sc,N@c,, ()

)
77
Ho,ScN@C,, (1) 2
o
HoSe,N@C,, (1)
144.21
136.88
L]

160 140 120 100 80 60 40 20 O
C chemical shift 5§ /ppm
Figure 4.8 ®C NMR spectra of HaSa«N@Cs (I; x= 0-2) CS/ds-acetone at the room

temperature. An asterisk denotes the signal of theolvent.

The'*C NMR spectra of HOMN@ Cso and HGMN@Cs (I; M= Sc, Lu and Y) are shown
in Figure 4.9. For HOMN@GCg and HGMN@Csq (I; M= Sc, Lu and Y), all of these Ho-
containing structures exhibited roughly two peakshie ratio of 3:1, which is characteristic
for Cgo-basedNCFs with thel, symmetry. Based on our studies on GERCgo (I; M= Sc,
Lu and Y) in section 4.1, tH€C NMR chemical shifts could be induced by geomatractor
of encaged cluster and by paramagnetic contribuff@m encaged lanthanide metal
respectively. It could be expected that substigutire metal atom(s) from Sc to Lu and Y in
HoM:N@GCgp and HGMN@Cgp influence the geometry of the encaged nitridetelushich
supported by vibrational spectroscopic studiesnateduced in the Chapter 3. Switching Ho-
based cluster from Hogd to HoLwN and further to Ho¥N leads to two broad peaks with
chemical shift of 107 and 66 ppm (HoN@GCgy), and 101 and 76 ppm (HeN@ Cgo),
respectively (see Figure 4.9). Similarly, afterstithting the cluster from B&cN to HeLuUN
and HeYN, two broader peaks with 66 and 2 ppm for,HON@GCgp and 59 and 5 ppm for
Ho,YN@Cgo were obtained respectively. Different to formards¢s on CeMN@Cg (I; M=
Sc, Lu, Y) structures, the chemical shift of PHIddd THJs, in HM 3 ,N@Cgo (I; M= Sc, Lu,
Y), is definitely dominated by the paramagnetic tcbation from HS*. However, it should
be pointed out that the geometrical factors stilypan important role in inducing the
chemical shift. For instance, the chemical shiff bBiJs of HOYXN@GCgo and HRYN@Cg are
smaller than HGBG N@Cgo and HaLus ,N@GCgo. This indicates that two factors influence
the chemical shift simultaneously. Full analysish@se factors is still underway.
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Figure 4.9 *C NMR spectra of HOM,N@Cgo and Ho,MN@Cg (I; M= Sc, Lu and Y)
CS,/ds-acetone at the room temperature. Black dots denoteusN@Cg, () in a).

Asterisks denote the signal of the solvent.
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4.2 **Sc NMR spectroscopic study of MMNCFs

The NMR studies of magnetic properties of endoHefditterenes are limited to the Ce-
containing structures (Ce@f Ce@GC, and CeSIN@Cgo (1)). To explore the influence
caused by other lanthanide metals, it is quiet &g to extend this field. Compared to Ce-
containing endohedral fullerenes, Pr-containingicttires could be regarded as the good
candidate not only due to one more 4f-electron $imtilar ionic radius to Cé as well.
Figures 4.10-4.13 display the 125 MEfSc NMR spectra of Pre@Cg (1) obtained in the
temperature range of 268-308 K. The single and sstmenpeak indicates the dynamic
behavior of the Sc atoms encaged in the carbon. dage®Sc NMR, the extrapolation to
T =0 gavec,. values of 12.0810° ppm- K for PrSeN@GCg (1), and this is comparable to the
CeSeN@Cg (1) (6.60<10° ppm- K)*? and NdSeN@Cgo (1) (4.37x10° ppm- K€). These results
agree well with the theory of Lanthanide-induceeéymocontact shifts with variable crystal
field parameters. In principle, the observed pseadtact contribution t6°C and**Sc NMR
shifts for lanthanide-containing endohedral fullexe in solution is originated from the
anisotropy in the susceptibility. To understand thie of lanthanide metal in the studies of
3¢ and *°*Sc NMR chemical shifts, we performédSc NMR on MSeN@GCgo (I) with
variation of the encaged cluster composition (fl@ento Pr and Nd). From the comparison of
the *Sc NMR spectra of MSBI@GCgo, the lanthanide-induced NMR chemical shifts do not
only rely on the number of 4f-electron(s) and/oe ttnagnetic moment of Eh but the
anisotropy in the susceptibility as well. In priplei, the magnetic moment of Rid3.62uz) is
larger than P (3.58us) and C&" (2.54ug) because Nd has one more unpaired 4f electron
than Pf*, but the®®Sc NMR chemical shifts of Prad¢@GCs (1) (455 ppm) is much stronger
than CeSIN@Cg (1) (280 ppm) and NdSBI@Cg (1) (361 ppm).
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Figure 4.10 The variable-temperature*®Sc NMR spectra of PrSeN@Cg (1) in the

temperature range of 268-308 K.
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Figure 4.11 The line-fitting plots for **Sc NMR chemical shifté vs. T2 are shown for
PTSCZN@Cgo (|)
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Figure 4.12 The variable-temperature**Sc NMR spectra of NdSgN@Cg, (I) in the
temperature range of 268-308 K.
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Figure 4.13 The line-fitting plots for “*Sc NMR chemical shifté vs. T2 are shown for

NdSGN@Cgo (1).

Large temperature-dependent paramagnetic shifte atso observed in th€Sc NMR
spectra of HOSN@GCgp (1, ) shown in Figure 4.14-4.15. In the temperatrange from 268
K to 308 K in the C&solution, both compounds exhibited singi8c NMR peak, showing
that two Sc atoms are averaged by the cluster digsaim comparison to th€Sc signals in
SeN@Gs (8 = 199.5 ppm forl, and 211.7 ppm fobs, isomers),**Sc chemical shifts of
HoSeN@GCyp are shifted downfield by ca 900 ppm for tlecage § = 1178-956 ppm) and
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700 ppm for thdsy-cage § = 950-786 ppm), while the line is ca 1.5 timesdo@r (note that
the **Sc lines are intrinsically broadened because of goedruple moment of Sc).
Importantly, for the same compound, paramagnetit oh the “°Sc signal is much higher
than that in thé*C NMR spectrum, which can be explained by a dynamaitire of thé*C
NMR. In **C NMR, the measured signal is averaged for all@adtoms of a given type (and
hence it has contribution both from the atoms wtach far away from the Ho ion and have
small instant paramagnetic contribution and frorosth which are close to Ho). On the
contrary, the HoS&N cluster has rigid geometry with constant Sc—Hsiatices. As a result,

*>Sc NMR is a more sensitive probe of the paramageéfect of Ho atom.
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Figure 4.14 *°*Sc NMR spectra of (a) HoSEN@Cs (1) and (b) HoSeN@Cs, (II)

measured at the different temperature.
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The main contributions to paramagnetieemical shifts in solution are Fermi contadt)(
and pseudo-contact) shifts, which scale with temperature & and T2 (here T is
absolute temperature), respectively. For Ce-basexhom or dimetallofullerenes and
MMNCFs, the temperature-dependent NMR studies fedethat the contact terrd is
negligible, and the chemical shift can be simplypressed a$ = dgia + cpc-'l“z. For
HoSeN@ Gy, the diamagnetic ternddi;) can be estimated by extrapolatihglependence to
T72=0, while thec,. is determined as an increment of the linear depereb vs T2, If the
assumption that pseudocontact shift is the domiteant is correctggia Should be close to the
**Sc chemical shift of SB@GCs isomers § = 200-212 ppm§:>* For both isomers,
extrapolation toT =0 yieldeddqa = 271 ppm. For comparison, extrapolationTto=0 gave
ddia Values of =531 and —-319 ppm figrandDsy, isomers, respectively, which is substantially
further from the SIN@GCg, value. Thus, the prevalence of the pseudocongth tis
confirmed for HOSEN@ Cgo. At the same time, the difference between extatpdbgi, values
and experimental value for 6@ GCgp is rather large which indicates that the contaantis
probably not negligible. Precise estimation of temtact term contribution to lanthanide
paramagnetic shift is not possible at this momemd &equires a study of a series of
MScN@GCso MMNCFs with different lanthanides.

84



Chapter 4 Magnetic Properties of Mixed Metal Nitridleisterfullerenes

1200+

1150+

-
iy
o
?

-
(=]
(1]
P

5 (**Sc) / ppm

y=66x+271

=Y
[=]
o
?

9504 "

105 11.0 11.5 120 125 130 135 14.0

T2x10° (K?)
1000 b)

y=49x+271

750

105 11.0 115 122'.0 ' 162'.5 'gé.o 135 140

T?x10° (K?)
Figure 4.15 The line-fitting plots for chemical shit & vs. T2 are shown for a)
HoSGN@Cgo (1) and HOSGN@Cgo (11).

Interestingly, althougldgi, values for the two isomers of HoBI@ Gy are identical, their
Coc Values determined from the linear fitting of expemtal data by thégia + cpC-T2 function
are substantially different: for tHg isomer, the fitting gives,. = 663 ppm:- K. while Cpc Of
the Ds, isomer is found to be 49+0.5 ppnf:KThe reason for such a significant variation is
not clear at this moment; possibly, the differemafec,. constants partially reflects the
difference in the geometrical structure of the HdEcluster inside different carbon cages
(note thatc, scales with the distance R between paramagnettercand the atom of interest
as R°).2° FTIR spectroscopy (see above) demonstrated tleafréquencies of the metal-
nitrogen modes in HOSN@GCq (Il) are ca. 10 cit lower than in HoOSIN@Cgo (1), which
means that corresponding bond lengths in Diae isomer are somewhat longer. Besides,
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single-crystal X-ray studies of M@Cgo-Dsn (M = Sc, Th, Tm) also show that the nitride
cluster inside the §-Ds, cage tends to be somewhat more distorted fromtrigenal
symmetry than in thé, isomers. In addition to the geometrical changéstodion of the
cluster may also change the crystal-field splittpayameters and hence also affect ¢he
values.

It is also instructive to compare pseudocontactitshin MMNCFs with different
lanthanides. Variable-temperatuf&Sc chemical shifts of MSN@Gsl, (M= Ce - Nd)
described above give,. values of 4.4 -.12.05 ppm?Kwhich is an order of magnitude
smaller than found in this work for Hoo@GCgc-In. A ten-fold increase of the,: value for
HoSeN@GCs is reasonable taking into account a higher magmattment of H8" when
compared to that of & In particular, in the framework of Bleaney thegifythe difference
in geometrical and crystal-field parameters for GBI CGso and HoSeN@ Gy are neglected,
the ratio of pseudocontact shifts induced by'@ad HS" at room temperature is expected to

be -6.3/-39.G} which is close to the experimentally determineibraf ¢, values for*°Sc.
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4.3 The analysis of NMR spectroscopy of LnSc  ,N@Cgg

Figure 4.15 The scheme of lanthanide-induced parargaetic shifts in LnSgN@ Cgo.

The pseudocontact contribution to the NMR shiftsl&mthanide complexes in solution is
derived from the anisotropy in the susceptibilibanthanide-induced®C and*°*Sc NMR
shifts in MMNCFs are illustrated in Figure 4.15.eTparamagnetic chemical shifts originate
from the contribution of Pseudocontaéf C() and Fermi contacts{°") terms which provide
valuable information. For §gg-based metal nitride clusterfullerenes, it couldtcbasidered as a
good chance to compare their paramagnetic NMR at@rahifts of LnSeN@GCgo (1) due to
their relatively high yield, similar metal ionicdas and identical electronic properties of the
carbon cage but encaging switchable lanthanide Isnetigth different magnetic properties.
However, MMNCFs are strikingly different to the argc metallic complex. Moreover, the
lanthanide metal-containing encaged cluster subatgncomplicates the analysis of the
paramagnetic chemical shifts due to the free mgatluster inside carbon cage, which
different from organic metallic complexes with dgtructures.
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Figure 4.16'°C NMR spectra of LnSeN@Cg (I; Ln= Ce, Pr, Nd, Th, Dy, Ho and Lu)

CS,/ds-acetonve at 288 K.
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Figure 4.17 Plots of A8 / <S>, vs. G, / <S>, for *C NMR chemical shifts of
LNnSc,N@Cg (I; Ln= Ce, Pr, Nd, Tb, Dy, Ho and Lu).
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Ce Pr Nd Ho Th Dy
C,, @ -6.48 -11.41 -4.46 -39.25 -96.8/ -100.00
<S> 0.98 2.97 4.49 -22.63 -31.82 -28.5(
5 -1.92 -3.38 -1.32 -11.64 -25.74 -29.65
5" 0.53 1.60 2.41 -12.17 -17.11 -15.34

Table 4.2 The list ofC,, <S>, 5" © anddé®". P The values ofc., and <S> are fundamental
parameters of given lanthanide ions.

The paramagnetic chemical shit®@ can be defined as the difference betwedtt
observed shift from paramagnetic compound &fftiobtained from diamagnetic reference
compound. For of LnSBl@GCs (1), La>*, Y3 or Lu*" is regarded as suitable standards. In our
system, LUSEN@GCgo (I) is chosen and compared with Ce-, Pr-, Nd-, ,Hib- and Dy-
involved structures. ThEC NMR spectra of LnSN@GCy (I; Ln= Ce, Pr, Nd, Th, Dy, Ho
and Lu) are obtained at 288K and presented in EBigut6. As introduced by Reilley and co-
workers® the separation of"© and5°" from 6@ can be achieved via Equations 4.1 - 4.4.
5" can be attributed to the unpaired electron detpatidn from the LA™ onto the nucleus
and influence neighboring atom(s) through chemimahds. But, as increasing number of
bonds between Ln arid its influences become marginally smafi®" is proportional to the
expectation values &, for that Li**. In Equation 4.1F(i) is a proportionality constant which
specially depends on the specific nucleudowever,s” includes geometric information of
the target compound. Based on Bleaney'’s theoryfamider developed by Mironov et al, the
6" could be simply described as the contributionhef $um ofC_, and BG(i). Particularly,

B-G(i) cover the parameters comprising of the magnetisofropy and the corresponding
crystal field. SinceC,, and(S,),, are known, the plotting od***(i)/(S,),, vs. C.,,/{S,),
covering Ce, Pr, Ho, Tb and Dy vyields intercepE({() ) and slope BIG i() value

0" could be written in the

simultaneously. After those mathematical treatmestfs® and
form of Equation 4.3 and 4.4. The valuess®f ands”“ computed this way are listed in the
Table 4.2. By comparing®" ands™, it should be noted that the good linear fittifg< 0.99)
can be obtained without considering Nd which sutggeshat for NdSEN@GCgo requires
further studies. Moreover, tfé&Sc NMR characterization of Ln@¢@ Cs pointed out that the

unique behavior of NdSN@GCg as well, see Figure 4.18.
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Figure 4.18 °*Sc NMR spectra of LnSeN@Cg (I; M= Ce, Pr, Nd, Th, Ho and Lu)
CS,/ds-acetone at 288 K.
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4.4 Conclusion

In summary, we performetfC and**Sc NMR study of a series of lanthanide-involved
MMNCFs. Variable temperaturéC NMR study of CeMN@ Cso (M= Sc, Lu, Y) reveals that
paramagnetic°’C NMR chemical shifts originate from the unpairedelectron on C¥ in
CeMN cluster. The single 4f electron located on theaged C#& induces the weakly
paramagnetic up-field chemical shifts which comdinégth the down-field chemical shifts
induce the pyramidal CeN. Strikingly different to CeS®N@GCg, PrSeN@Gs and
NdSeN@Gs, 4f°%Ho*" results in a remarkable broadness of the NMR peafd
extraordinary paramagnetic chemical shifts in ¥@ and*Sc NMR spectra. The variable-
temperaturé®Sc NMR spectroscopic study demonstrated that thénHioced paramagnetic
shift is dominated by the pseudocontact term. Aes filst successful and comprehensive
report on the'*C and**Sc NMR with more than the unpaired 4f-electron ba encaged
nitride cluster with different cage symmetry, thady of HoOSeN@GCg, (I and 1l) shows the
possibilities for further detailed studies of thats of paramagnetic metal atoms in MMNCFs.
Due to the well-known fact that lanthanide conigtt the primary**C and **Sc NMR
analysis of LnSEIN@GCgp (I) was achieved which could be improved in witmsidering the
slight changes in the crystal field parameters thase the combination of theoretical
calculations and the confirmation of their singlgstal structures in the future. The good
linear fitting (%= 0.99) could be obtained by considering the endafing LnSeN cluster
(Ln= Ce, Pr, Nd, Th, Dy, Ho, Lu) insideg&l, cage which indicated the fantastic nature of
magnetic anisotropy of lanthanide metals. The pg@kempplication of single molecular

magnet could be expected.
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Chapter 5 Electrochemical Study of Ce-based Mixed lelal

Nitride Clusterfullerenes

The electrochemical properties of MMNCFs are ndlyidependent on the carbon cage
and encaged speci&®3The extensive experimental and theoretical stuti@sonstrated that
all of the lanthanide involved ggbased I;) homogeneous metal NCFs had similar redox
behaviors and the Ml cluster plays a marginal part in the contributtorthe LUMO of the
endohedral fullerenes, except for;ScThe knowledge about the electrochemical properti
is that the oxidation or reduction of metal NCFsws by changing the charge state of the
carbon cag&® For MsN@ Gy (except for M= Sc), the spin state of the catind anion can
be described as mostly locating on the carbon aalgereas the inner cluster remains redox-
inert. Although the great progress in synthesise class of endohedral fullerenes has been
already achieved, seeking new strategies to aetivat metal nitride cluster inside the carbon
cage and further tune the electronic propertiesiefal NCFs becomes a big challenge. Our
group recently reported the electrochemical studyl®INCFs which enlightened us how to
influence and manipulate the electronic state oFBIQAs revealed from previous studies, it is
well known that MMNCFs inherit the electronic propes of metal NCFs and take the
advantage of their relatively higher yield. To tuhe electronic properties of NCFs, mixed
metal nitride cluster template provides a convenipiatform to achieve this goal. By
selectively encapsulating the redox-active metad, dxidation behaviors of NCFs could be
tuned by endohedral species rather than be dondirfgtehe charge transfer on the carbon
cage. For instance, both of TIM@GCs (M = Sc, Yf°**®®proceed through a change of the
valence state of the Ti atom. Redox behaviour dbeedral Ce is another exquisite example
of the special role of the mixed-metal nitride ¢hrs Whereas the valence state of'de
Ce@GCn (2n=72, 78, 80), Ce@g or CeN@GCn (2n= 88, 92, 96) remains unaffected by the
electrochemical oxidation of the EMF molecules, wprecedented negative shift of the
oxidation potential of CeLAN@ Cgo in comparison to the standard values aN@® Cgo NCFs
was discovered and tentatively assigned to the hedtal oxidation of CE& to Cé'.
Remarkably, examples of the ¥€€" redox couple in organolanthanide chemistry areerat

scarce (e.g., Ce@ls),>" Ce(Cp)(O-i-Pr)# Ce(octaethylporphyrinf® a recent work on the
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Ce complexes in the Shibasaki's heterobimetakiméwork)?® and finding of such couple in
EMF opens a new dimension in organocerium chemiS§t#¥In this chapter, we exhibit that
the redox potential of the &¢Cée" couple in the CeMN and CeMN cluster systematically

varies with the radius of the second metal andsibe of the carbon cage (fromd@o Ggs).

5.1 Electrochemical study of CeY ,N@Csg

The electrochemical studies of CaM@ Gy (I; M= Sc, Lu and Y) and Prad@Cgp were
performed ino-DCB solution with TBAPE as supporting electrolyte at room temperature
which are shown in Figure 5.1 and summarized inlddhl. In the cathodic range,
CeYo.N@GCgo exhibits two electrochemically irreversible redant steps with half-wave
potentials ) at -1.36 V and -1.88 V (all potentials hereatisgvs Fc(Cp)™). Variation of
the E, values with different cluster composition of C#Wdid not exceed 0.10 V. This
behavior is typical for MN@GCsy NCFs and is consistent with the carbon cage-based
reductions. In the anodic range, GBN®Cg, exhibits one electrochemically reversible
reduction step with half-wave potential at -0.07Idshould be noted that the electrochemical
oxidation behavior of PrS8@Cgo is similar to those of MN@GCgo (M= Sc, Y or lanthanide
metal). However, the oxidation behavior of the GBI Cg is significantly different from
that of PrSeN@GCg, or other MN@GCgo. Significantly, the Ej, difference between
CeSeN@GCgo and PrSgN@GCgp is 0.31 V. Furthermore, the substantial negathiéisscould
be induced by enlarging the size of the encagestariun the order of Ceg@¢@Cg (0.33 V)

— CeLuN@GCy (0.01 V)— CeYoN@GCqo (-0.07 V). Thus, enlarging the size of the encaged
CeM:N cluster induces substantial negative shift (up.4D V) of the oxidation potential. It
could be found that the electrochemical energy gafp€e-based MMNCFs are mainly
dependent on the oxidation potential rather thdnggon potential.
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Figure 5.1 Cyclic voltammograms of CeMN@Cgo (M= Sc, Lu and Y) and PrSeN@Cgo

measured at room temperature in o0-DCB solution with TBABF, as supporting

electrolyte, scan rate 100 mV/s.

Compound method E12(0X) Ep(red-1) | Ep(red-Il) gapec
CeYo.N@Cgo CVv -0.07 -1.36 —-1.88 1.30
SWV -0.06 -1.32 -1.83 1.25
CeLuN@GCgo CV 0.01 -1.43 -1.92 1.44
SWV 0.01 -1.39 -1.88 1.40
CeSeN@ Cgo CV 0.33 -1.34 -1.87 1.67
SWV 0.33 -1.31 -1.83 1.64
PrSeN@ Cgo CVv 0.64 -1.32 -1.91 1.96
SWV 0.64 -1.26 -1.83 1.91

Table 5.1 Redox potentials of CeMl@Cgo-In(7) and PrSgN@Cgo-1n(7). (2) All values in V
versus Fe(CpJ”° couple; (b) CV denotes cyclic voltammetry, SWV d&s square-wave

voltammetry E; ), is half-wave potential (for CV), artd, is a peak potential.

The large difference between the oxidation poté&ntdCeLuN@ Cgp and other MN@ Cgo
NCFs €1,~0.6-0.7 V) served as a first indication of the &sed redox process in
CeLwuN@GCgo. Likewise, the endohedral oxidation of Ce can bstglated for CeXN@Cgo
studied in this work. Significantly more positivaigdation potential of CeSbl@Cgo raises

the question whether it can be assigned to thehesutal C&/Ce" couple as well, or whether
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an oxidation of the carbon cage takes place. Fopavison, we have studied redox properties
of PrSeN@GCgp as the closest analogue of C#E@Cgp with a similar size of the nitride
cluster. Reversible oxidation of PeS@ Gy is found at +0.64 V, in close similarity to many
other MAN@GCgp molecules. TheE;»(ox) difference of 0.31 V between CeS®@Cs, and
PrSeN@ GCgo indicates that oxidation of Ceb@Cgp is a Ce-based process.

(Ce! Y 2N@Cgol J:_M » (a)

[CeLuN@Ceql" |
(Co/SeN@Carl” | ‘
ce'lY,N@Cqggo ﬁ ;
CelLuuN@Cgg |
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Figure 5.2 (a)**C NMR spectra of paramagnetic C& M_N@Cg (M= Sc, Lu, Y) and
their oxidized diamagnetic counterparts [C&'Y,N@Csg]+ measured in 0-d-DCB at 288

K: (b) **Sc NMR spectra of CeSIN@ Cgo and [CeSeN@Cgq]*.

A compelling evidence of the endohedral oxidatidnCe" in all studied CeMN@ Cso
NCFs is obtained by’C NMR spectroscopy. If the oxidation of CeNM@Cy is a fullerene-
based process, their radical cations are expededive no measureable NMR spectra,
whereas an endohedral 'GeCéY oxidation should produce diamagnetic cations aibkes
by C NMR spectroscopy without a paramagnetic shifteNEN@GCsg* cations were
obtained ino-DCB solution by reacting NCFs with [Fe(GP]BF4]~ (M = Y) or Ag'[PFs]”

(M = Sc, Lu). The spectra measured after additiaihe oxidation agent (Figure 5.2a) show a
two-line pattern similar to CepN@GCgo, but the peaks are shifted to the lower fieldselto
the chemical shifts of diamagnetic sNI@Cgy NCFs anddgiq Vvalues determined for
CeMoN@GCy in the VT-NMR studies (Table 5.2). Furthermoreg fheak at = 280 ppm in
the °Sc NMR spectrum of Ced@Cy is shifted to 175 ppm in [CeS@ Csq [PF,
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which is close to the value 6t**Sc) = 190 ppm measured fors8@ G in 0-DCB (Figure
5.2b). Thus, NMR spectroscopy unambiguously prawes diamagnetic [CEMN@ GCsol*

cations are produced.

CeM:N@Cso | q=0" q=+1
0 Coc ' x10° K? | dgia o
CeSeN@Cg | 142.69 -0.22 14520 144.02
135.74 -0.17 137.98 135.08
CeLu;N@GCgo | 142.79 -0.20 144.85 144.24
136.72 -0.23 139.06 136.59
CeYN@Cgo 143.22 -0.17 14538 144.27
138.00 -0.24 140.92 137.31

Table 5.2"°C NMR chemical shiftsq ppn) in CeMiN@Cso-In(7). [a] The data are given for
a neutral stategé 0) and the cationic state= +1); [b] G anddyia are obtained in GS
solution in the 268-208 K range.

As far as the endohedral oxidation of'Cis confirmed, the question to be considered is
why the oxidation potential of the &ein the CeMN cluster depends so strongly on the
second cluster metal, M, which is not involvedhe tedox process? To address this problem
we have performed DFT calculations of the GBI Gy and MMN@GCso molecules in the
neutral and charged states. Table 5.3 lists theatian potentials (IP) of the molecules under
study. Two ionization pathways, te> Cd" (IPce and oxidation of the fullerene cage
(IPcagd, Were analyzed. The former was modeled by thgletirstate of the [CeMN@ Cg]”
cation, whereas the latter was addressed by stydytriplet state of [CepN@Csg] .

moleculé®  IPce  IPcage dyvn (0—>+1)®"  deen (0—+1)
CeY.N@Cgy 6.34 6.96 2.0522.117 2.106-1.956
Y3N@Cgo 6.95 2.048
CeLuN@Gyy 6.50 6.95 2.01:22.090 2.108-1.994
LusN@GCso 6.93 2.043
CeSeN@GCgy 6.85 6.96 1.946>2.047 2.192>2.051
SeN@Cgo 6.90 2.025

Table 5.3DFT-computed IP and bond lengths in G&MRCGgo and MMN@GCgo (M = Sc, Lu,
Y). [a] IP values in eV, bond length in A; [b] M—bbnds are slightly different in CeM

clusters (within 0.01 A), the mean values are diste
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Computed IPs of MN@GCgo NCFs and IBygevalues of CeMN@ Gy are all within the range
of 6.90-6.96 eV (Table 5.3). Hence, if oxidation @NM,N@Cgp molecules were a cage-
based process, similar oxidation potentials cogakpected. However, in perfect agreement
with electrochemical data, computation shows teataval of the 4felectron from C& is
more energetically favourable, i.e clits lower than IRgefor all CeMiN@Cgo. Furthermore,
IPce values show noticeable variation with the secortai(from 6.34 eV in CeXlN@Cgp to
6.85 eV in CeSIN@GCgg) and follow the same trend as found in oxidatiateptials. Thus,
there is a qualitative agreement with experimeel@attrochemical data and hence the results

of calculations can be used for a more detailedlyaiseof the role of the second cluster metal.

Figure 5.3 DFT-optimized structures of (a) CE Y,N@Cgo and (b) [CEVYN@Cgd*.

For CeSeN@GCgo, DFT predicts a planar Ce$t cluster with the Ce—N bond length of
2.192 A (experimental value is 2.184 A) in Figur &nd 5.4. The Sc—N bond length is only
1.946 A (exp. 1.933/1.944 R), considerably shotian 2.025 A in SIN@ Cso. When two Sc
atoms in CeSfN are replaced by Lu with the larger ionic raditirie Ce—N bond becomes
shorter (2.108 A), and the length of Lu-N bond€12. A) is decreased compared to
LusN@GCgo (2.043 A). In Ce¥N@GCgo the Ce—N bond length is shortened to 2.100 A, ader
the averaged Y—N bond length, 2.052 A, is virtuadigntical to that in YN@GCgo, 2.048 A.
This analysis shows that thegage provides a limited interior space, and endapen of
the large C& ion within the CeMN cluster results in a significant strain leadimgthe
shortening of the M—N bonds as compared to theigtles in MN@GCgo. Obviously, this
strain is increasing with the ionic radius of MFurthermore, as thesM cluster in ¥N@ Cso
is already strongly strained the Y-—N bonds caneabine shorter in CeX@GCgo. Instead, to
increase the length of the Ce—N bond, the nitragem is displaced above the GgMane by
0.408 A and the CeX cluster becomes pyramidal (CeSand CeLuN clusters are planar).
This situation is similar to that in @d@ Cgo with pyramidal GeN cluster.
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mcrease of the strain

: o—J e eo-dg 0@
Ce(lll 2. 192J 2. 108J 2. 1OOJ
46 2.012

2.052

1.9

Ce(IV) 2051 J 1994 J
2.047 2.090

negatlve shift of the oxidation potential

Figure 5.4 DFT-optimized bond lengths (A) of the CEM,N and Cé"MN clusters (M=
Y, Lu and Sc) in CeMilN@Cgo and [CeMN@Csg]*, respectively.

When Ce-based oxidation of CeNt@ Cgp takes place, the inner strain is reduced because
ionic radius of C& (0.85 A) is dramatically smaller than that of°G@.03 A). Hence, Ce-N
bonds in [CEM,N@GCsg* cations are much shorter than in correspondingralemolecules,
whereas M—N bonds are longer (in fact, even lorilgan in MsSN@Cgp). The effect is most
apparent for yttrium: the Y—N bonds in [C8¥Y@Cgq]*, 2.117 A, are longer than insM@ Cgo,
2.048 A, whereas the Ce—N bond is as short as 18986d the CEY,N cluster is planar.
Based on the optimized bond lengths, we can corcthdt the effective radius of Een
NCFs is comparable to that of Sc. Thus, the Cedadustrain in the Cepl cluster is
released when Ce is oxidized and a substitutionnaf M atom in the MN cluster by the
"small" Cé" allows the release of the inner strain of the gadaclusters.

We can thus conclude that the driving force of te" oxidation in CeMN@Gs
molecules is the release of the inherent straisaduy the large size of the cluster and the
limited inner space of the carbon cage. The latfgeicluster, the stronger the strain and hence
the molecule is more eager to be oxidized. An imeeeof the ionic radius of the second
cluster metal in CeMN@GCgo (Sc, Lu, Y) increases the size of the cluster lagnace shifts the
oxidation potential to more negative values. Ineottvords, the difference in the oxidation
potentials of endohedral &eions allows the electrochemical determination té strain
energy in NCFs. As far as we know, this is thet fiiscovery of a relationship between the

redox potential of an endohedral fullerenes andydwmmetry of endohedral species.
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5.2 Electrochemical study of Ce ,Y;,N@C,, (2n= 84, 86, 88)

Due to the inherent strain between the metal mitcblister and carbon cage, the general
and relative yield of NCFs is quite sensitive te tind of entrapped metd.The NCFs
experienced rapid development in recent years, mbshetal nitride clusters could be
preferably stabilized by theg@l, cage*®® The unique strategy of mixed metal nitride cluster
template enhances the general yield of MMNCFs.&pthe Sc-based MMNCFs have been
widely studied in the form of LnSN@GCgp (Ln= La, Ce, Nd, Gd, Tbh, Dy, Ho, Er, Lu, Y and
Ti) and in the form of MSCN@ Go (M= Nd, Gd, Dy, Ho, Er, Lu and Y). Nevertheless; the
cage size larger thanggthe yield of Sc-based MMNCFs strikingly declinetligh becomes
the bottleneck for the extensive studies. Intemgdyi Gd-based NCFs firstly exhibited that
the most abundant product toward s8@GCss.gs** As explained by Echegoyest al, the
increase of the cluster size results in the shiithe major product toward LN@ Cgs-g6 (LN=
La, Ce Pr and Nd). Therefore, the series of lantleahased NCFs could be divided into two
groups by taking into account of the differencettudir ionic radii regarding Gd as the
threshold: a) Group I: La, Ce, Pr and Nd; b) Grdugd, Tb, Dy, Ho, Er, Tm and Lu. The
electrochemical studies of @@ C,, (2n= 80-88) were performed by Echegowtral which
indicated that increasing the cage size does gaifgiantly affect their reduction potentials,
but considerably influences their oxidation potaisti Their further studies demonstrated
LnsN@GCgs (Ln= Ce, Pr and Nd) behave similar to 8@ Cgg with the first oxidation at low
potentials (c.a. 0.06-0.08 V). As the natural otistaof homogenous metal NCFs with
extremely small or large metal ionic radius, in tese of Sc, no M@C,, structure with
cage larger than g was confirmed; in the case of La and Ce, negN@®@C,, or LaN@ G,
with cage size smaller thanggCwas isolated and characterized. After the firstcegsful
attempt of CeMN@GCgp (M= Sc, Lu, Y), it would be a fantastic chancewander in the
garden of Ce-based MMNCFs with cage betwegna@d Gg with the supporting of second
metal as scaffold metal For lanthanide metal with the ionic radius srealthan G&, the
distribution of the product is similar to that okN@GC,, (Lh= Tb-Lu) with the preferred
formation of LeN@Ggo. With the radius of 0.90 A, the geometry of thgNYinside the &
cage is slightly pyramidal which could be consideas the advantage to sustain the suitable
cluster-cage strain as in the case af\GeN@GC,, (2n= 84 and 86). We hypothesize that once
combining Y with the lanthanide metal (Ln= La, &, and Nd): a) the mixed metal nitride
cluster LRY3.xN could be feasibly entrapped to the cage as smsal}, due to the effective
tailoring of the cluster size; b) the product dimition could be induced to a novel pattern

which enhances the relative yield of the, CeN@Cgs-55 (X= 1, 2); ) the electrochemical,

99



Chapter 5 Electrochemical Study of Ce-based MixedaMeitride Clusterfullerenes

paramagnetic and spectroscopic properties of CElMNI@Fs with cage size smaller thagsC

could be realized.

CeY,N@C_

Current

25 20 45 40 05 00 05 10
E (V) vs Fe(Cp),

Figure 5.5 Cyclic voltammogram of .N@Cgs, CeY.N@Cggs and CeYN@Csgs (Vvs.
Fc(Cp)."®) measured in 0-DCB solution with 0.1 M TBABE as supporting electrolyte,

scan rate is 100 mV /s.

The electrochemical measurements of Ce-based MMN@Fs performed (vs. Fc(Gpf)
in o-dichlorobenzeneofDCB) solution with 0.1 M TBABE as supporting electrolyte. The
cyclic voltammetry (CV) and square-wave voltammd®yVV) of YsN@GCgs, CeYoN@Ces
and CeYN@Cgg are compared in Figure 5.5 and summarized in TalleIn the cathodic
range, ¥N@ Ggg exhibits two electrochemically reversible redust&teps with E, at -1.30
and -1.62 V and one irreversible step wih near at -2.13 V. In the anodic range, two
electrochemically reversible oxidation stefi§,4) at 0.10 and 0.50 V are observed which
agree well with known structuressM@GCss (M= Ce, Pr, Nd, Gd and Y}.1°1%2Substituting
the encaged cluster fromsN to CeY;N or CeYN does not considerably influence the
reduction behaviors of the & N@GCss (x= 1, 2). However, the oxidation behaviors of
CeY.N@GCgs exhibited four electrochemical steps which arefeddént to BSN@GCss and
CeYN@Csgs. Although the redox potentials of (& N@GCgs measured in our system are
slightly higher than previous results, their electremical gapECy,y) of are almost the same

(~1.40 V; calculated as the difference of peak pidé measured by SWV). No considerable
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contribution was observed from the presence of eed@l Ce atom(s) in ¥é3 N@ Cgg (X=

1, 2).

Compounds  method ox-ll  ox-l red-1 red-1 =
YsN@Css CVv 050 0.10 -1.30 [-1.62] 1.40
sSw 051 010 -1.29 -1.62/-1.83 1.39
CeYo.N@GCgs CvV 0.53 010 -1.29 [-1.62/-1.70] 1.39
sSw 0.53 010 -1.28 -1.60 1.38
CeYN@Css CVv 055 013 -1.25 [-1.56/-1.69] 1.38
Sw 055 013 -1.25 -1.62 1.37

YN@GCgs CVv 0.43 0.03 [-1.43] [-1.70] 1.46
GhN@Cgs CvV 045 0.05 [-1.39] [-1.71] 1.44
GhN@Cgs Cv 0.49 0.06 [-1.43] [-1.74] 1.49
NdsN@ Ces Cv 0.53 0.07 [-1.36] [-1.75] 1.43
PrN@GCss CVv 0.54 0.09 [-1.34] [-1.72] 1.43
CaN@GCss CVv 0.63 0.08 [-1.30] [-1.57] 1.38
YsN@Css Cv  [0.87] 0.36 [-1.33] [-1.73] 1.69
sSw 0.78 036 -1.28 -1.68 1.65

CeYo.N@GCgs CvV 0.82 0.27 [-1.3§] [-1.76] 1.65
sSw 083 027 -1.34 -1.73 1.61

CeYN@Cgs  CV 0.17 [-1.35] [-1.75] 1.52
SW 0.16 -1.32 -1.71 1.48

GhN@Ces CvV 0.33 [-1.39] [-1.72] 1.72
NdsN@ Ces Y 0.36 [-1.46] [-1.79] 1.82
PEN@ Css CcVv 0.31 [-1.48] [-1.80] 1.79
Y3N@GCas CvV 0.75 0.34 [-1.35] [-1.78] 1.69
sSw 0.75 034 -1.30 -1.73 1.64

CeYo.N@Css CVv 0.81 0.22 [-1.36] [-1.81] 1.58
Sw 0.82 023 -1.29 -1.75 1.52

NdsN@ Cas CVv 0.31 [-1.44] 1.75
GhN@Ces CVv 0.32 [-1.37] [-1.76] 1.69

Table 5.4Redox potential of G&3 N@GC,, (2n= 84, 86, 88) compared withsM@C,,, (a)
All values in V versus Fe(Cg)° couple; (b) CV denotes cyclic voltammetry, SWV oers

square-wave voltammetrfg,» is half-wave potential (for CV), arff, is a peak potential; [] -

peak potentials for irreversible steps.
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Figure 5.6 Cyclic voltammogram of BN@Cgs, CeY.N@Cgs and the mixture of

CeYN@Cgs and YsN@Cgs measured in 0-DCB solution with 0.1 M TBABE as

supporting electrolyte, scan rate is 100 mV /s.

As aforementioned, with slight shrinking of cageesirom Gg to Gss, C&N@ Cgs could be
determined from mass spectrum but no pure strudtasebeen isolated. Therefore, typical
metal NCFs including GHN@Cgs, NGN@ Cgs and PsN@Cgs were employed as references
for the electrochemical study of (& ,N@GCgs (X= 0-2), see Table 5.4. Due to the retention
time of CeYN@Cgs and Ys3N@GCgs is very close, these two compounds were collecteéde
same fraction but no other structure is detectethfmass spectrum characterization. The
reduction potentials for G¥€3; . N@GCgs are in good agreement with reported results, see
Figure 5.6. It should be noted that replacing onavith Ce, the oxidation potentials of
CeY-N@Ggs (Eio= 0.27 V) is slightly lower than MN@GCgs (Ei= 0.36 V) and other
MsN@Gss systems (Gd: 0.33 V, Nd: 0.36 V and Pr: 0.31*It became more convincing
that CeYN cluster encaged intoggcage results in its first oxidation potential lowe 0.17
V. The second reversible oxidation behavior cowddubnambiguously assigned to the minor
structure ¥N@Ggs in this fraction due to it&;,, (~0.36 V). Hence, the electrochemical gaps
of CaY3N@GCgs are dependent on the endohedral Ce atom(s) anuhgdished with
previous known MMNCFs with § cage.
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Current

CeY N@C,,
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E(V)vs Fe(Cp)2
Figure 5.7 Cyclic voltammogram of N@Cgs and CeY,N@Cgs measured in 0-DCB

solution with 0.1 M TBABF, as supporting electrolyte, scan rate is 100 mV /s.

To further investigate Ce-induced the electrochahoxidation potential shifts, JN@ Cgq
and Ce¥N@GCg, were studied in the same process, see FigureFbr7YsN@GCg,, it is the
first time to observe the two reversible electroultal oxidation steps among the presence of
metal NCFs with g-Cs cage. The first oxidation step ogN@ Ggs-Cs at Ey .= 0.34 V agrees
well with GAN@GCss-Cs and NdN@GCss-Cs reported by Echegoyeet al*® Switching the
cluster from ¥N to CeY,N conducts unanticipated fact that the first elsdtiemical
oxidation step of CeXlN@GCg4 becomes irreversible but the second step remaweysible.
Once increasing the scan rate from 0.1 to 1.0%Vtlse reversibility of the oxidation step
could be gradually improved, see Figure 5.8. Thiucgon behaviors of CeX@GCs, and
Y3N@GCg4 are almost identical, the electrochemical gap ®f8l@ Cg4 strongly correlated to

the size of the encaged cluster which is consistihtour recent report on CeM@ Cgo.
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Figure 5.8 CV scan rate study of the first reductia wave of Ce¥N@Cgs. Scan rates of

0.10, 0.25, 0.50, 1.00 V/s.

compoun® 1P IPeage  AIPP! E12 (0X) d([l(ﬁ—N dv-n
YsN@GCgs 6.22 0.10 2.185
CeYoN@Gggra 6.80 6.23 -0.57 0.10 2.231 2.161
CeY.N@GCgg-b 6.49 6.22 -0.27 0.10 2.230 2.164
CeYN@Cgg-a 6.57 6.22 -0.35 0.13 2.220 2.130
CeYN@Cgg-b 6.60 6.22 -0.38 0.13 2.218 2.122
CeYN@Cgg-c 6.62 6.22 -0.40 0.13 2.219 2.122
CaN@GCgs 6.41 6.26 -0.15
Y sN@Cgs 6.56 0.36 2.161
CeY.N@GCge 6.78 6.55 -0.23 0.27 2.200 2.137
CeYN@Csgs 6.50 6.54 0.04 0.17 2.192 2.099
CaN@GCgs 6.32 6.58 0.26
Y3sN@Css 6.51 0.34 2.145
CeYoN@Cgsa 6.46 6.53 0.07 0.22 2.211 2.109
CeY.N@GCgsb 6.59 6.54 -0.05 0.22 2.166 2.127

Table 5.5DFT-computed IP and bond lengths inke,N@Cy, and SN@GC,,, (X=1, 2; 2n=
84-88). [a] IP values in eV; [DAP= IP;ge- IPce [c] The mean values of M—N bonds are
listed.
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Table 5.5 shows that computedtdRalues of CgY 3 N@Cgs (x= 0-3) is higher than By
Consequently, the oxidation of &¥N@Cgs and Ce¥N@GCgs molecules is a cage-based
process due to their first reduction and oxidatmmtentials are similar to GN@GCgs and
Y3sN@Ggs. Our calculations point out that evensNeinside the @ cage, the IRy is still
lower than the IB. which is consistent with the electrochemical stgdihat all of CgYs.
«N@Cgg (x= 0-3) which behave similar to @d@ Ggg, NdsN@ Cgg and PsN@ Cgs. Computed
AIP (the difference betweendBeand IR of C&Y s N@Con (X=1, 2; 2n= 84, 86) MMNCFs
are smaller than the case of C&AMRCso (M= Sc, Lu, Y). The DFT-optimized structure of
Ce Y3 N@C,, (2n=84-88) are presented in Figure 5.9 - 5.12eBam our current results, it
could be presumed that the different position of @ and Ce¥N cluster inside the carbon
cage (from @4 to Ggg) play an essential role in the ionization potdstiaf Ggs- and Ge
compounds. For CeX@GCs-(a, b) and C&/N@Csgg-(a, b, ¢), each of G¥34N unit is planar
in the flattened carbon cage. The positions of @e atom(s) do not influence their
electrochemical behaviors. Shrinking the cage i@ Cgg to Ggg and further to g, results
in the increasing of the inner strain between theaged cluster and carbon cage which
decreasing the Ce-N bond length and driving than@aeed oxidation potential negatively
shift. Secondly, the primary calculations suggkat the IR, could be lower than the {Reby
comparing the conformer CeM@ Ggs-a and Ce¥N@Cgs-b. In the G4-Cs cage, the single Ce
atom locating at the pentagon/pentagon pair is ranezgy favorable than the case of Y atom
which is good agreement with the negative shiftsogridation potential. However, the
theoretical calculations underestimate the eneeygllof ionized Ce in G¥N@Cgs and
CeYo.N@GCse.
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-optimized structures of (a) Ce¥N@Cgg-a and (b) CeYoN@ Cgg-b.

Figure 5.10 DFT-optimized structures of (a) C&/N@Cgg-a, (b) CeYN@Cgg-b and (c)

CeYN @ Css-C.
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Figure 5.12 DFT-optimized structures of (a) Ce¥YN@Cgs-a and (b) CeY.N@Cgy-b.
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5.3 Conclusion

In summary, we performed electrochemical study cfedes of Ce-based compounds,
CaYs N@G, (X=1, 2; 2n=84, 86, 88). We have found that etedtemical oxidation of
CeY.N@GCq is an endohedral redox process with the oxidaifoBe" to Cé" state in Ce¥N.
The unambiguous proof is provided B¢ NMR spectroscopy of the [CeN@GCgg]* cations.
Although the second cluster metal M (M= Sc, Lu af)ds not involved in the redox process,
the oxidation potential of CeMl@Cgp was found to be a function of the ionic radiudio$
metal covering the range of 0.4 V; more negativiiesm were found for larger metal ions
(Y®". This phenomenon is explained by the inherermtirstin the CEM,N@Cg, fullerenes
caused by the large size of the'®&N cluster and the release of this strain whel @gth
small ionic radius is formed. In the case of yttriuthis causes a change of the cluster
geometry from pyramidal in the neutral G&X@Cgo to planar in the cation. Expanding from
carbon cage from4gto Gge, the decrease of the strain between encage
CeY,:N cluster and ¢, cage was revealed by the electrochemical studietheir redox
potentials. Based on the systematical electrochedmsitdies of Cg&'3 \N@C,, (2n= 84-88;
x= 0-2), it could be concluded that the oxidatiagntial of Ce-based MMNCFs: a) for the
Cgs cage, there is no significant contribution comfrgm the encaged Ce atom(s) which is
considered as the cage-dominated process; b) fo¥;QE@GCgs, changing the number of
entrapped Ce atom significantly induced the negasivift of the oxidation potential which
was regarded as the Ce-based process; c) {ofsQ@C,, (X=1, 2; 2n=80-88), preserving
the endohedral cluster but increasing the sizeadban cage from £ to Ggg results in the

releasing the inherent strain between the entrapluster and carbon cage.
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Conclusion of Thesis

In this thesis, Ce-, Pr-, Ho-based and Sc-, Lu- &nihvolved mixed metal nitride
clusterfullerenes (MMNCFs) were synthesized by ¢te@ gas atmosphere” or “selective
organic solid” route. Metal nitride cluster temglgMsN) provides a convenient platform for
the construction of rare-earth containing endoHeflléerenes in the form of mixed metal
nitride cluster fullerenes (L3 xN@GC,; Ln=lanthanide metal). Different metals and carbon
cages can be regarded as the infinite buildingksidor the endohedral fullerenes family. Sc,
Lu and Y are employed as the second metal (M) te:t@a) the size and the geometry of
entrapped mixed metal nitride cluster; (b) the mehe strain between encaged species and
carbon cage; (c) the paramagnetic contribution ftarf (Ln:MsxN@GCso) to *C and**Sc
NMR chemical shifts; (d) the electrochemical oxidat potential of Cg/3 ,N@C,,. The
isolation of (a) Go-based MMNCFs which including H8G N@GCgo (I, II; x= 1, 2), HgLus.
N@Cgo (I; x=1, 2), HQY5:N@GCso (I; x= 1, 2), Ce¥N@GCgo (I), CeSeN@GCyo (I1) and
PrSeN@GCq (I, Il) was accomplished by multi-step HPLC. Moveo, Ce-based MMNCFs
with cage size larger thangCwere isolated which include CeN@GCgs, CeYoN@ Cge,
CeYN@Cgs, CeYN@Cgg and Ce¥N@GCgs. The purity of above-mentioned MMNCFs was
confirmed by LDI-TOF mass spectroscopy.

The UV-vis-NIR absorption spectra of above-mentbheyM; ,N@C, (I, 1l; x= 1, 2;
Ln= Ce, Pr, Ho; M= Sc, Lu, Y; 2n=80-88) measureddluene are similar and exhibit only
subtle shifts of the bands' wavelengths. Thesetisgpace also comparable to those of many
other MBN@GCgo NCFs with thel,(7) carbon cage and show that (a) electronic ptigseof
CeMuN@GCq (I; M= Sc, Lu, Y), HQMa.N@GCg (I; M= Sc, Lu, Y), LnSeN@GCgo (I, II; Ln=
Ce and Pr) are not significantly altered by switchthe second metal; (b) the characteristic
absorption feature of Q€3 .N@C,, (x= 0-2; 2n= 84, 86, 88) is essentially dependenthe
carbon cage and (c) Ce has seemingly no contribtibidhe frontier orbital compared to other
lanthanide metals.

The vibrational spectroscopy is employed to retiealstructure information on endohedral
fullerenes due to its high structural sensitivi@n the one hand, FTIR spectra own its
advantages for the analyzing the antisymmetric kmtiaogen stretching vibrational modes
(vm-n) of LM 3 N@GCgo (I, 1I; Xx= 0-3), which are assigned to the mogéense low-energy IR

lines in the 600-800 cthrange and which are sensitively dependent ondgheosition of the

109



Conclusion of Thesis

encaged LgMs4N cluster. It could be concluded that (a) for cartmage with the same
symmetry [, or Dsp), the splitting ofvy.n in M2SCN@ Gy is stronger than in MSN@ Ggo; (b)
for Ln,SCN@Gp and LnSeN@ Ggo, the splitting ofvm.y in LN,SCN@ G is stronger than in
LnSeN@GCgp due to the inherent strain between the encapsutdtister and carbon cage; (c)
the good linearity based og..n from Lu to Ce for LnSEN@ Cgo (I) could be obtained and (d)
for the encaged metal with similar metal ionic ra@ig. HG* and Y*"), it is different to
distinguishvy.y modes. On the other hand, Raman spectra coulddaravitical information
on the interaction between the entrapped metaldaitcluster and the g cage. The low-
energy Raman spectra of Ho-based MMNCFs,MHGN@Cgy, M= Sc, Lu and Y) are
interpreted as the big difference in the term efrtinass makes noteworthy distinction.

To understand and tune magnetic properties of tMNKIFs, Ce, Pr and Ho are chosen
due to their strikingly different metal ionic radthe different number of 4f-electron and
magnetic moment. Meanwhile, Sc, Lu and Y are setkes second metal (M) to change the
size of LpM3,N and inner strain between encaged cluster ancdoathge. In this thesis,
those endohedral fullerenes are compared in tha fufr CeMN@GCso (I; M= Sc, Lu, Y),
HoM 3 N@GCso (I; M= Sc, Lu, Y) and LnSIN@Cgo (I; Ln= Ce, Pr, Nd, Tb, Dy, Ho and Lu)
based on the same carbon cage symmetry which norgailifferent encaged cluster or the
same encapsulated cluster in different carbon CHge 4f electron(s) located on the encaged
lanthanide metalse(g. 4f-Ce**, 4F-Pr* and 4t°-Ho®") results in remarkablé’C NMR
paramagnetic chemical shifts. Considering two ®mathave no significant influence to the
13C NMR spetra, those paramagnetic chemical shifttddoe clearly assigned as contribution
from the corresponding Lanthanide metals in thed:NS:luster. Reviewing the MMNCFs in
the form of LnSeN@GCg (I; Ln= Ce, Pr, Nd, Th, Dy, Ho and Lu), the encdgeetal with
different magnetic moment could result in the twodd peaks in thé’C NMR spectra.
Particularly, the THJs carbon atoms of thg:kz demonstrated lanthanide metal dependent
paramagnetic chemical shifts. According to the Bé&gés theory and Reilley method, the
paramagnetic chemical shift could be deducted whpmbvide valuable parameters
comprising of the magnetic anisotropy and the smpweding crystal field. By selectively
choosing the same scaffold metals M (M= Sc, Lu,th¢*C NMR chemical shifts of PHHJs
and THJs in CeMWN@GCgo and HgM3 ,N@GCqgp (I; M= Sc, Lu, Y) are remarkably different.
For Ho-based MMNCEFs, it could be expected that dbahshifts definitely were dominated
by the paramagnetic contribution from encageld-4b*®*. However, it should be pointed out

that the geometrical factors still play an impottasie in inducing the chemical shifts.
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Conclusion of Thesis

The temperature-dependefiSc NMR spectroscopic study demonstrated that |aidea
metal-induced paramagnetic chemical shifts arenflaenced by the component of nitride
cluster and the geometry of mixed metal nitridestdu and carbon cage. The free rotation of
encapsulated cluster inside carbon cage complictitedinterpretation of thé°Sc NMR
behaviors and the isolation separation of the dmution of Pseudocontacs ) and Fermi
contact §°°") terms.

The convincing proofs of the strain-driven endolédedox couple C&Ce" in mixed
metal nitride clusterfullerenes CeN@Cs (M= Sc, Lu, Y) were presented by the
characterization of cyclic voltammtry aniC NMR spectroscopy. The neutral st&&é NMR
spectra of CBM,N@GCgo and their cationic form ([C&MN@GCsg]*) which produced by the
addition of the oxidation agent were compared amerpreted. The two-line pattern 5C
NMR spectrum and weakly paramagnetic shifts agmeell with previous reports on the
MsN@GCs (M= Sc, Lu, Y). It should be highlighted that tféSc NMR spectrum of
CeSeN@GCs, with 4(*°Sc)= 280 ppm in neutral state is found to shift1f65 ppm in
[CeSeN@Cs'[PFs]”, which is close to the value af(**Sc)= 190 ppm measured for
SeN@Cs in 0-DCB. Therefore, thé*C and*Sc NMR spectroscopy definitely confirmed
that diamagnetic [CE&VI,N@Ggg] * cations are produced.

Based on the systematic studies of their electroated behaviors, it could be concluded
that the oxidation potentials of Ce/Y-involved MMRE: (a) the substantial shifts of the
oxidation potential of CeMN@Cgo (M= Sc, Lu, Y) which induced by enlarging the sife
the CeMN cluster could be up to 0.40 V in the order of G&EDCs (0.33 V) —
CeLuN@GCgo (0.01 V) — CeYoN@GCgo (-0.07 V). The electrochemical energy gaps of Ce-
based MMNCFs are mainly dependent on the oxidapotential rather than reduction
potential; (b) for the G& 3. xN@Cgg cage, it could be confirmed as cage dominatedegssoc
due to switching the encaged cluster fronsNYto CeY;N or CeYN does not induce the
oxidation potential shifts; (c) for dgconcerned Ce-containing compounds, the oxidation
potential negatively shifted which was regardethasCe-based process changing the number
of entrapped Ce in the case of GBYand CgYN cluster inside of g cage; (d) the
comparison of the electrochemical oxidation behaviof CeY,.N@Cg, and YsN@GCgs
revealed that the negative oxidation potentialtsadtually is a Ce-based process which
influenced by the inherent strain between the Beduster and g; cage.

111



Reference

Reference

(1) Heath, J. R.; O'Brien, S. C.; Zhang, Q.; LYu; Curl, R. F.; Tittel, F. K,;
Smalley, R. E.: Lanthanum complexes of spheroideb@n shells] Am Chem Sot985 107,
7779-7780.

(2) Kratschmer, W.; Lamb, L. D.; Fostiropoulos; Kuffman, D. R.: Solid &: a
new form of carbonNature199Q 347, 354-358.

3) Klingeler, R.; Kann, G.; Wirth, I.; Eisebit§.; Bechthold, P. S.; Neeb, M;
Eberhardt, W.: La@§: A metallic endohedral fulleren&he Journal of Chemical Physics
2001, 115 7215.

4) Chai, Y.; Guo, T.; Jin, C.; Haufler, R. E.;i6éante, L. P. F.; Fure, J.; Wang, L.;
Alford, J. M.; Smalley, R. E.: Fullerenes with mistanside. The Journal of Physical
Chemistryl1991, 95, 7564-7568.

(5) Akasaka, T.; Nagase, S.; Kobayashi, K.; WalcM.; Yamamoto, K
Funasaka, H.; Kako, M.; Hoshino, T.; Erata, C and"*3¥.a NMR Studies of Lg@Cgo: First
Evidence for Circular Motion of Metal Atoms in Eruedral Dimetallofullerenes.
Angewandte Chemie International Edition in Engli€97, 36, 1643-1645.

(6) Popov, A. A.; Zhang, L.; Dunsch, L.. A Pseugma in a Cage:
Trimetallofullerene ¥@ Cgo Mimics YsN@GCgo with Nitrogen Substituted by a Pseudoatom.
Acs Nand201Q 4, 795-802.

(7 liduka, Y.; Wakahara, T.; Nakajima, K.; Tsughj T.; Nakahodo, T.; Maeda,
Y.; Akasaka, T.; Mizorogi, N.; Nagase, S3C NMR spectroscopic study of scandium

dimetallofullerene, S@ Cg4 vs. SeC,@Cso. Chem CommuB00§ 0, 2057-2059.

112



Reference

(8) Stevenson, S.; Rice, G.; Glass, T.; Harich,G€omer, F.; Jordan, M. R.; Cratft,
J.; Hadju, E.; Bible, R.; Olmstead, M. M.; Maitka, Fisher, A. J.; Balch, A. L.; Dorn, H. C.:
Small-bandgap endohedral metallofullerenes in lyighd and purity.Nature 1999 401, 55-
S7.

(9) Stevenson, S.; Mackey, M. A.; Stuart, M. Anilips, J. P.; Easterling, M. L.;
Chancellor, C. J.; Olmstead, M. M.; Balch, A. L.: Bistorted Tetrahedral Metal Oxide
Cluster inside an Icosahedral Carbon Cage. Symtheolation, and Structural
Characterization of ScdB-O)@Ir-Cgo. J Am Chem Sa2008 130, 11844-11845.

(10) Dunsch, L.; Yang, S.; Zhang, L.; Svitova, Bswald, S.; Popov, A. A.: Metal
Sulfide in a @, Fullerene Cage: A New Form of Endohedral Clustknfenes.J Am Chem
So0c201Q 132 5413-5421.

(11) Dunsch, L.; Krause, M.; Noack, J.; Georgi; Bndohedral nitride cluster

fullerenes: Formation and spectroscopic analysidPfMN@C,, (0<<x < 3; N=39,40).

Journal of Physics and Chemistry of Sol&f¥)4 65, 309-315.

(12) Shinohara, H.; Yamaguchi, H.; Hayashi, NtoSH.; Ohkohchi, M.; Ando, Y.;
Saito, Y.: Isolation and spectroscopic propertiesaandium fullerenes (8@ Crs, Se@ Csy,
and Se@GCg4). The Journal of Physical Chemistt93 97, 4259-4261.

(13) Kikuchi, K.; Nakahara, N.; Wakabayashi, T.pridla, M.; Matsumiya, H.;
Moriwaki, T.; Suzuki, S.; Shiromaru, H.; Saito, KKamauchi, K.; Ikemoto, I.; Achiba, Y.:
Isolation and identification of fullerene family:7& Crs, Cgz, Cga, Coo and Ge. Chem Phys
Lett1992 188 177-180.

(14) Meier, M. S.; Selegue, J. P.: Efficient prgpize separation of & and Go.
Gel permeation chromatography of fullerenes usif% toluene as mobile phasEhe

Journal of Organic Chemistr{992 57, 1924-1926.

113



Reference

(15) Tagmatarchis, N.; Aslanis, E.; Shinohara, Hrassides, K.: Isolation and
Spectroscopic Study of a Series of Mono- and DigrbiEndohedral & and G
MetallofullerenesThe Journal of Physical Chemistry2B0Q 104, 11010-11012.

(16) Wang, C.-R.; Inakuma, M.; Shinohara, H.: Mefallerenes Sg@Cs; (I, 1)
and Se@GCg; (1, 11): isolation and spectroscopic studi€hem Phys Let999 300, 379-384.

(17) Okazaki, T.; Lian, Y.; Gu, Z.; Suenaga, K.js&hori, S.: Isolation and
spectroscopic characterization of Sm-containingaitedtillerenesChem Phys Le200Q 320
435-440.

(18) Xu, Z.; Nakane, T.; Shinohara, H.: Product@om Isolation of Ca@4: (I1-1V)
and Ca@@; (I, II) MetallofullerenesJ Am Chem Sot996 118 11309-11310.

(19) Okimoto, H.; Kitaura, R.; Nakamura, T.; It¥,; Kitamura, Y.; Akachi, T.;
Ogawa, D.; Imazu, N.; Kato, Y.; Asada, Y.; Sugai, @sawa, H.; Matsushita, T.; Muro, T.;
Shinohara, H.: Element-Specific Magnetic PropertieBi-Erbium Ep@ Cs, and EsC,@ Cs»
Metallofullerenes: A Synchrotron Soft X-ray MagmretCircular Dichroism Study.The
Journal of Physical Chemistry 2008 112 6103-61009.

(20) Inoue, T.; Tomiyama, T.; Sugai, T.; Okazaki; Suematsu, T.; Fujii, N.;
Utsumi, H.; Nojima, K.; Shinohara, H.: Trapping a,; (Radical in Endohedral
Metallofullerenes: Synthesis and Structures of ,(6)@GCs, (Isomers |1, Il, and I1ll).The
Journal of Physical Chemistry B)04 108 7573-7579.

(21) Chen, N.; Beavers, C. M.; Mulet-Gas, M.; Hgdez-Fortea, A.; Munoz, E. J.;
Li, Y.-Y.; Olmstead, M. M.; Balch, A. L.; Poblet, M.; Echegoyen, L.: S6@G(10528)-G:
A Dimetallic Sulfide Endohedral Fullerene with aN&solated Pentagon Rule CageAm
Chem So2012 134, 7851-7860.

(22) Tsuchiya, T.; Wakahara, T.; Shirakura, S.pNt Y.; Akasaka, T.; Kobayashi,
K.; Nagase, S.; Kato, T.; Kadish, K. M.: Reductioh Endohedral MetallofullerenesA

Convenient Method for Isolatio@hem Mate2004 16, 4343-4346.

114



Reference

(23) Yang, Y.; Arias, F.; Echegoyen, L.; ChibarteP. F.; Flanagan, S.; Robertson,
A.; Wilson, L. J.: Reversible Fullerene Electrochstny: Correlation with the HOMO-LUMO
Energy Difference for g, Cro, Cre, Crs, and G4. J Am Chem Sot995 117, 7801-7804.

(24) Xu, J.; Li, M.; Shi, Z.; Gu, Z.: Electrocheral Survey: The Effect of the Cage
Size and Structure on the Electronic Structurea &eries of Ytterbium Metallofullerenes.
Chemistry — A European Journ2006 12, 562-567.

(25) Elliott, B.; Yu, L.; Echegoyen, L.: A Simplsomeric Separation ofdpand Ih
SaN@GCyo by Selective Chemical Oxidatiod Am Chem Sa2005 127, 10885-10888.

(26) Angeli, C. D.; Cai, T.; Duchamp, J. C.; Reild,E.; Singer, E. S.; Gibson, H.
W.; Dorn, H. C.: Purification of Trimetallic Nitriel Templated Endohedral Metallofullerenes
by a Chemical Reaction of Congeners with EutectMedhylanthraceneChem Mater2008
20, 4993-4997.

(27) Akiyama, K.; Hamano, T.; Nakanishi, Y.; Takby E.; Noda, S.; Wang, Z.;
Kubuki, S.; Shinohara, H.: Non-HPLC Rapid Separatali Metallofullerenes and Empty
Cages with TiCGJ Lewis Acid.J Am Chem So2012 134, 9762-9767.

(28) Olmstead, M. M.; de Bettencourt-Dias, A.; bamp, J. C.; Stevenson, S.;
Marciu, D.; Dorn, H. C.; Balch, A. L.: Isolation @nStructural Characterization of the
Endohedral Fullerene §¢@C;s. Angewandte Chemie International Editia@01, 40, 1223-
1225.

(29) Dunsch, L.; Yang, S.: Metal Nitride ClusterlErenes: Their Current State and
Future Prospect&mall2007, 3, 1298-1320.

(30) Yang, S.; Popov, A. A.; Dunsch, L.: Violatitite isolated pentagon rule (IPR):
the endohedral non-IPR;§£cage of SIN@ C;o. Angew Chem Int Ed EngD07, 46, 1256-9.

(31) lezzi, E. B.; Duchamp, J. C.; Fletcher, K, Blass, T. E.; Dorn, H. C.:
Lutetium-based Trimetallic Nitride Endohedral Métélllerenes: New Contrast Agents.

Nano Lett2002 2, 1187-1190.

115



Reference

(32) Krause, M.; Dunsch, L.: Isolation and Chaedstition of Two SIN@Cgp
Isomers Chemphyscher2004 5, 1445-1449.

(33) Cai, T.; Xu, L.; Anderson, M. R.; Ge, Z.; Zu; Wang, X.; Olmstead, M. M.;
Balch, A. L.; Gibson, H. W.; Dorn, H. C.: Structueed Enhanced Reactivity Rates of thg D
SeN@GCg and LuN@Cgp Metallofullerene Isomers:The Importance of the Pyracylene
Motif. J Am Chem Sa2006 128 8581-8589.

(34) Yang, S.; Popov, A. A.; Chen, C.; Dunsch, Mixed Metal Nitride
Clusterfullerenes in Cage Isomers: s86\N@GCg (X = 1, 2) As Compared with
M, S xN@Cgo (M = Er, Dy, Gd, Nd).The Journal of Physical Chemistry2D09 113 7616-
7623.

(35) Dunsch, L.; Yang, S.: Endohedral clusterfelfees-playing with cluster and
cage sizes?hys Chem Chem Ph2607, 9, 3067-3081.

(36) Yang, S.; Kalbac, M.; Popov, A.; Dunsch, A.Facile Route to the Non-IPR
Fullerene SeIN@GCss: Synthesis, Spectroscopic Characterization, andsibe Functional
Theory Computations (IPR=Isolated Pentagon R@&emistry — A European Journ2006
12, 7856-7863.

(37) Popov, A. A.: Metal-Cage Bonding, MoleculatrUstures and Vibrational
Spectra of Endohedral Fullerenes: Bridging Expenimeand Theory. Journal of
Computational and Theoretical Nanoscie299 6, 292-317.

(38) Popov, A. A.; Dunsch, L.: Structure, Stapiliand Cluster-Cage Interactions in
Nitride Clusterfullerenes M3AN@C2n (M = Sc, Y; 2r68-98): a Density Functional Theory
Study.J Am Chem Sa2007, 129, 11835-11849.

(39) Popov, A. A.; Avdoshenko, S. M.; Pendas, A.; unsch, L.. Bonding
between strongly repulsive metal atoms: an oxymarade real in a confined space of

endohedral metallofullerengShem CommuB012 48, 8031-8050.

116



Reference

(40) Valencia, R.; Rodriguez-Fortea, A.; Clotet; e Graaf, C.; Chaur, M. N.;
Echegoyen, L.; Poblet, J. M.: Electronic Structared Redox Properties of Metal Nitride
Endohedral FullerenesM@GC,, (M=Sc, Y, La, and Gd; 2n=80, 84, 88, 92, 3Bhemistry —
A European Journa2009 15, 10997-11009.

(41) Chaur, M. N.; Melin, F.; Ashby, J.; ElliotB.; Kumbhar, A.; Rao, A. M.;
Echegoyen, L.: Lanthanum Nitride Endohedral Fuliee LaN@GC,, (43 < n < 55):
Preferential Formation of LB@ Cys. Chemistry - A European Journa008 14, 8213-82109.

(42) Yang, S.; Zalibera, M.; Rapta, P.; Dunsch, Charge-Induced Reversible
Rearrangement of Endohedral Fullerenes: Electrotgm of Tridysprosium Nitride
Clusterfullerenes Dy3AN@C2n (2n=78, 8CGhemistry — A European Journ2006 12, 7848-
7855.

(43) Chaur, M. N.; Melin, F.; Elliott, B.; Athang,. J.; Walker, K.; Holloway, B. C.;
Echegoyen, L.: GIN@C,, (n = 40, 42, and 44)Remarkably Low HOMO-LUMO Gap and
Unusual Electrochemical Reversibility of i@ Cgs. J Am Chem So2007 129, 14826-
14829.

(44) Melin, F.; Chaur, M. N.; Engmann, S.; Ellid®&.; Kumbhar, A.; Athans, A. J.;
Echegoyen, L.: The Large ABN@C;, (40<<n<49) Cluster Fullerene Family: Preferential

Templating of a g Cage by a Trimetallic Nitride ClusteAngewandte Chemi2007, 119,
9190-9193.

(45) Popov, A. A.; Chen, C.; Yang, S.; Lipps, Punsch, L.. Spin-Flow
Vibrational Spectroscopy of Molecules with Flexit#@in Density: Electrochemistry, ESR,
Cluster and Spin Dynamics, and Bonding in BNE@ Cgo. Acs Nand@201Q 4, 4857-4871.

(46) Sakaguchi, K.; Fujii, R.; Kodama, T.; Nishika H.; Ikemoto, I.; Achiba, Y.;
Kikuchi, K.: Production and Characterization of efetatom-encapsulated Metallofullerene,

CaHo@G:,. Chemistry Letter2007, 36, 832-833.

117



Reference

(47) Kikuchi, K.; Akiyama, K.; Sakaguchi, K.; Kode, T.; Nishikawa, H.;
Ikemoto, I.; Ishigaki, T.; Achiba, Y.; Sueki, K.;dkahara, H.: Production and isolation of the
isomers of dimetallofullerenes, HoTm@&nd Tm@Cs,. Chem Phys Let200Q 319, 472-
476.

(48) Cagle, D. W.; Thrash, T. P.; Alford, M.; Chitte, L. P. F.; Ehrhardt, G. J.;
Wilson, L. J.: Synthesis, Characterization, and tigu Activation of Holmium
MetallofullerenesJ Am Chem Sot996 118 8043-8047.

(49) Akasaka, T.; Wakahara, T.; Nagase, S.; KoslayaK.; Waelchli, M.;
Yamamoto, K.; Kondo, M.; Shirakura, S.; Okubo, $laeda, Y.; Kato, T.; Kako, M,
Nakadaira, Y.; Nagahata, R.; Gao, X.; Van CaemélbeE.; Kadish, K. M.: La@§; Anion.
An Unusually Stable Metallofullerenéd. Am Chem Sa200Q 122, 9316-9317.

(50) Yamada, M.; Wakahara, T.; Lian, Y.; Tsuchiya,Akasaka, T.; Waelchli, M.;
Mizorogi, N.; Nagase, S.; Kadish, K. M.: Analysisl@anthanide-Induced NMR Shifts of the
Ce@Gg Anion.J Am Chem Sa2006 128 1400-1401.

(51) Woaolf, M.; Muller, K.-H.; Skourski, Y.; EckertD.; Georgi, P.; Krause, M.;
Dunsch, L.: Magnetic Moments of the Endohedral @ug-ullerenes HIN@GCso and
ThsN@GCso: The Role of Ligand FieldAngewandte Chemie International Editiag@05 44,
3306-3309.

(52) Wang, X.; Zuo, T.; Olmstead, M. M.; DuchandpC.; Glass, T. E.; Cromer, F.;
Balch, A. L.; Dorn, H. C.: Preparation and Struetof CeSeN@GCgsy: An Icosahedral Carbon
Cage Enclosing an Acentric CeS8icUnit with Buried f Electron SpinJ] Am Chem So2006
128 8884-8889.

(53) Yamada, M.; Nakahodo, T.; Wakahara, T.; TatghT.; Maeda, Y.; Akasaka,
T.; Kako, M.; Yoza, K.; Horn, E.; Mizorogi, N.; Kalyashi, K.; Nagase, S.: Positional
Control of Encapsulated Atoms Inside a FullerengeCay Exohedral Addition] Am Chem

So0c2005 127, 14570-14571.

118



Reference

(54) Zhang, L.; Popov, A. A.; Yang, S.; Klod, SRapta, P.; Dunsch, L.: An
endohedral redox system in a fullerene cage: theb&®=d mixed-metal cluster fullerene
Lu,CeN@Go. Phys Chem Chem Ph281Q 12, 7840-7847.

(55) Fu, W.; Xu, L.; Azurmendi, H.; Ge, J.; Fuhrét; Zuo, T.; Reid, J.; Shu, C.;
Harich, K.; Dorn, H. C.?% and**C NMR Cluster and Carbon Cage Studies of an Yttrium
Metallofullerene Family, ¥YN@C, (n = 40-43).J Am Chem Sa2009 131, 11762-11769.

(56) Yang, S.; Chen, C.; Popov, A. A.; Zhang, Wiy, F.; Dunsch, L.: An
endohedral titanium(iii) in a clusterfullerene: foog a non-group-1ll metal nitride into the
Cgo-Ih fullerene cageChem Commug009 0, 6391-6393.

(57) Chen, N.; Fan, L.-Z.; Tan, K.; Wu, Y.-Q.; SHt.-Y.; Lu, X.; Wang, C.-R.:
Comparative Spectroscopic and Reactivity StudieS@kY «N@Cgo (X = 0—-3).The Journal
of Physical Chemistry 2007, 111, 11823-11828.

(58) Stevenson, S.; Chancellor, C. J.; Lee, H. ™Mmstead, M. M.; Balch, A. L.:
Internal and External Factors in the Structuraldrgation in Cocrystals of the Mixed-Metal
Endohedrals (GdSN@I-Cgo, GASCN@K-Cgo, and ThSeN@I,-Cgg) and Nickel(ll)
Octaethylporphyrinlnorg Chen2008 47, 1420-1427.

(59) Olmstead, M. M.; de Bettencourt-Dias, A.; bamp, J. C.; Stevenson, S.;
Dorn, H. C.; Balch, A. L.: Isolation and Crystaltaghic Characterization of Erg¢@ Cgo:
an Endohedral Fullerene Which Crystallizes with Redable Internal Orded Am Chem Soc
2000 122 12220-12226.

(60) Chen, N.; Zhang, E.-Y.; Wang, C.-R.goE&Encaging Four Different Atoms:
The Synthesis, Isolation, and CharacterizationS©fYErN@Go. The Journal of Physical
Chemistry B2006G 110, 13322-13325.

(61) Yang, S.; Popov, A.; Kalbac, M.; Dunsch, The Isomers of Gadolinium
Scandium Nitride Clusterfullerenes &tz \N@GCgp (x=1, 2) and Their Influence on Cluster

Structure Chemistry — A European Journ2008 14, 2084-2092.

119



Reference

(62) Yang, S.; Popov, A. A.; Dunsch, L.: Carbonrdeyidalization in Fullerene
Cages Induced by the Endohedral Cluster: Non-SoamdiMixed Metal Nitride
ClusterfullerenesAngewandte Chemie International Editid808 47, 8196-8200.

(63) Yang, S.; Popov, A. A.; Dunsch, L.: Large puxmetal nitride clusters
encapsulated in a small cage: the confinement ef G-based clusterfullerene€hem
Commur2008 0, 2885-2887.

(64) Yang, S.; Popov, A. A.; Dunsch, L.: The Ratan Asymmetric Nitride
Cluster on a Fullerene Cagefhe Non-IPR Endohedral Dyg@¢@C;s. The Journal of
Physical Chemistry R007, 111, 13659-13663.

(65) Yang, S.; Dunsch, L.: A Large Family of Dysgium-based Trimetallic

Nitride Endohedral FullerenesDysN@GC,, (39 < n < 44). The Journal of Physical

Chemistry B2005 109 12320-12328.

(66) Chaur, M. N.; Valencia, R.; Rodriguez-Fort&g,Poblet, J. M.; Echegoyen, L.:
Trimetallic Nitride Endohedral Fullerenes: Experimed and Theoretical Evidence for the
MsN®* @C,°~ model.Angewandte Chemie International EditidB09 48, 1425-1428.

(67) Popov, A. A.; Yang, S.; Dunsch, L.: EndohédallerenesChemical Reviews
2013

(68) Krause, M.; Kuzmany, H.; Georgi, P.; Dunsth, Vietze, K.; Seifert, G.:
Structure and stability of endohedral fullerengNg@ Gso: A Raman, infrared, and theoretical
analysis.The Journal of Chemical Physi2z801, 115, 6596.

(69) Yamada, M.; Wakahara, T.; Tsuchiya, T.; Maeda Kako, M.; Akasaka, T.;
Yoza, K.; Horn, E.; Mizorogi, N.; Nagase, S.: Ldoatof the metal atoms in @@C;s and its
bis-silylated derivativeChem CommuBg008 0, 558-560.

(70) Feng, L.; Suzuki, M.; Mizorogi, N.; Lu, X.;amada, M.; Akasaka, T.; Nagase,
S.: Mapping the Metal Positions inside Spherical Cages: Crystallographic and Theoretical

Studies of Cg@Dsp-Cgp and Ce@Ih-Cgo. Chemistry — A European Journ2013 19, 988-993.

120



Reference

(71) Yamada, M.; Wakahara, T.; Tsuchiya, T.; Maeda Akasaka, T.; Mizorogi,
N.; Nagase, S.: Spectroscopic and Theoretical Stofdfndohedral Dimetallofullerene
Having a Non-IPR Fullerene Cage:&&C;,. The Journal of Physical Chemistry2808 112,
7627-7631.

(72) Yamada, M.; Mizorogi, N.; Tsuchiya, T.; Ak&sa T.; Nagase, S.: Synthesis
and Characterization of the D5h Isomer of the Eedol Dimetallofullerene G& Cgo: Two-
Dimensional Circulation of Encapsulated Metal Atoimside a Fullerene Cag€hemistry —
A European Journa2009 15, 9486-9493.

(73) Takano, Y.; Aoyagi, M.; Yamada, M.; Nikawa,; Kblanina, Z.; Mizorogi, N.;
Ishitsuka, M. O.; Tsuchiya, T.; Maeda, Y.; AkasaKg, Kato, T.; Nagase, S.: Anisotropic
Magnetic Behavior of Anionic Ce@gCarbene Adductsl Am Chem So2009 131, 9340-
9346.

(74) Maeda, Y.; Miyashita, J.; Hasegawa, T.; WakahT.; Tsuchiya, T.; Feng, L.;
Lian, Y.; Akasaka, T.; Kobayashi, K.; Nagase, Sak&, M.; Yamamoto, K.; Kadish, K. M.:
Chemical Reactivities of the Cation and Anion of @@ (M =Y, La, and Ce)J Am Chem
So0c2005 127, 2143-2146.

(75) Kodama, T.; Ozawa, N.; Miyake, Y.; Sakagudhi, Nishikawa, H.; Ikemoto,
.; Kikuchi, K.; Achiba, Y.: Structural Study of Tee Isomers of Tm@g by *C NMR
Spectroscopyd Am Chem Saz2002 124, 1452-1455.

(76) Ding, J.; Yang, S.: Isolation and Charactgion of Pr@G,; and Ps@Cgo. J
Am Chem Sot996 118 11254-11257.

(77) Akasaka, T.; Okubo, S.; Kondo, M.; Maeda, Wakahara, T.; Kato, T.;
Suzuki, T.; Yamamoto, K.; Kobayashi, K.; Nagase,I$olation and characterization of two
Pr@G:. isomersChem Phys Le200Q 319, 153-156.

(78) Heine, T.; Bihl, M.; Fowler, P. W.; Seife.: Modelling the®®>C NMR

chemical shifts of g fullerenesChem Phys Le00Q 316, 373-380.

121



Reference

(79) Sun, G.; Kertesz, M.: Isomer Identificatioor fFullerene @ by *C NMR
Spectrum: A Density-Functional Theory Studyhe Journal of Physical Chemistry2801,
105 5212-5220.

(80) Bleaney, B.: Nuclear magnetic resonance sftsolution due to lanthanide
ions.Journal of Magnetic Resonance (1969)/2 8, 91-100.

(81) Reilley, C. N.; Good, B. W.; Desreux, J. &tructure-independent method for
dissecting contact and dipolar NMR shifts in lamida complexes and its use in structure
determinationAnalytical Chemistryl975 47, 2110-2116.

(82) Di Pietro, S.; Piano, S. L.; Di Bari, L.: Rs®contact shifts in lanthanide
complexes with variable crystal field parameté&sordination Chemistry RevieW811, 255
2810-2820.

(83) Chaur, M. N.; Aparicio-Anglés, X.; Mercado, B.; Elliott, B.; Rodriguez-
Fortea, A.; Clotet, A.; Olmstead, M. M.; Balch, IA; Poblet, J. M.; Echegoyen, L.: Structural
and Electrochemical Property Correlations of Matadllitride Endohedral Metallofullerenes.
The Journal of Physical Chemistry201Q 114, 13003-130009.

(84) Rapta, P.; Popov, A. A.; Yang, S.; DunschQharged states of §¢@GCsg: an
in situ spectroelectrochemical study of the radication and radical anion of a non-IPR
fullerene.J Phys Chem 2008 112 5858-65.

(85) Zhang, L.; Chen, N.; Fan, L.; Wang, C.; Yar®; Electrochemistry of
SeN@Cs and SeN@GCy (Ih): On achieving reversible redox waves of theeétal nitride
endohedral fullerenedournal of Electroanalytical Chemist®007, 608 15-21.

(86) Chen, C.; Liu, F.; Li, S.; Wang, N.; Popov, A.; Jiao, M.; Wei, T.; Li, Q.;
Dunsch, L.; Yang, S.: Titanium/Yttrium Mixed Methlitride Clusterfullerene TiN@ Cgo:

Synthesis, Isolation, and Effect of the Group-liétdl.Inorg Chenm2012 51, 3039-3045.

122



Reference

(87) Streitwieser, A.; Kinsley, S. A.; Rigsbee,TJ; Fragala, I. L.; Ciliberto, E.:
Photoelectron spectra and bonding in cerocenepbif]lannulene)cerium(lV)J Am Chem
Socl1985 107, 7786-7788.

(88) Gulino, A.; Casarin, M.; Conticello, V. P.;aGdiello, J. G.; Mauermann, H.;
Fragala, I.; Marks, T. J.: Efficient synthesis,ordharacteristics, and electronic structure of a
tetravalent tris(cyclopentadienyl)cerium alkoxidemgplex. Organometallics1988 7, 2360-
2364.

(89) Buchler, J. W.; Scharbert, B.: Metal compkexdth tetrapyrrole ligands. 50.
Redox potentials of sandwichlike metal bis(octagtbgphyrinates) and their correlation with
ring-ring distances] Am Chem Sat988 110, 4272-4276.

(90) Robinson, J. R.; Carroll, P. J.; Walsh, P.Sthelter, E. J.: The Impact of
Ligand Reorganization on Cerium(lll) Oxidation Chstry. Angewandte Chemie
International Edition2012 51, 10159-10163.

(91) Donohoe, R. J.; Duchowski, J. K.; Bocian, B2: Hole delocalization in
oxidized cerium(1V) porphyrin sandwich complex@dsAm Chem Sot988 110 6119-6124.

(92) R. Antonio, M.; Soderholm, L.; W. Williams,;@llah, N.; C. Francesconi, L.:
Redox behavior of cerium in heteropolyoxotungstaaenplexes.Journal of the Chemical
Society, Dalton Transactiordi999 0, 3825-3830.

(93) Cui, Y.; Chen, G.; Ren, J.; Qian, Y.; Huadg, Syntheses, Structures and
Magnetic Behaviors of Di- and Trinuclear Pivalateni@plexes Containing Both Cobalt(ll)
and Lanthanide(lll) londnorg Chen200Q 39, 4165-4168.

(94) Behrsing, T.; Bond, A. M.; Deacon, G. B.; &gh, C. M.; Forsyth, M.;
Kamble, K. J.; Skelton, B. W.; White, A. H.: Ceriuacetylacetonates—new aspects,
including the lamellar clathrate [Ce(acgdc)lOH,O. Inorganica Chimica Act2003 352, 229-

237.

123



Reference

(95) Ashley, A.; Balazs, G.; Cowley, A.; Green, Booth, C. H.; O'Hare, D.:
Bis(permethylpentalene)cerium - another ambiguity lanthanide oxidation stat&Chem
Commur007, 0, 1515-1517.

(96) Arif, A. M.; Gray, C. J.; Alan Hart, F.; Hulwuse, M. B.: Synthesis and
structure of lanthanide complexes of a mixed danacrocyclic ligandinorganica Chimica
Acta1985 109 179-183.

(97) Xu, J.; Radkov, E.; Ziegler, M.; Raymond,X: Plutonium(IV) Sequestration:
Structural and Thermodynamic Evaluation of the &otdinarily Stable Cerium(IV)
Hydroxypyridinonate Complexesihorg Chenm200Q 39, 4156-4164.

(98) Buchler, J. W.; Dippell, T.: Oxidation anddetion of Cerium(lV) Sandwich
Complexes with Porphyrin Ligands Linked by Alipltabiether Bridges of Variable Chain
Length.European Journal of Inorganic Chemistt998 1998 445-449.

(99) Chaur, M. N.; Melin, F.; Ortiz, A. L.; Echegen, L.. Chemical,
Electrochemical, and Structural Properties of Emdiohl MetallofullerenesAngewandte
Chemie International EditioB009 48, 7514-7538.

(100) Tarabek, J.; Yang, S.; Dunsch, L.. Redox pPries of Mixed
Lutetium/Yttrium Nitride Clusterfullerenes: Endohlatl LuY3;N@GCg () (x=0-3)
CompoundsChemphysche2009 10, 1037-1043.

(101) Fu, W.; Zhang, J.; Champion, H.; Fuhrer,Azuremendi, H.; Zuo, T.; Zhang,
J.; Harich, K.; Dorn, H. C.: Electronic Propertasd**C NMR Structural Study of 3@ Ces.
Inorg Chenm2011, 50, 4256-4259.

(102) Chaur, M. N.; Melin, F.; Elliott, B.; KumbhaA.; Athans, A. J.; Echegoyen, L.:
New MsN@GC;, Endohedral Metallofullerene Families (M=Nd, Pr,; @e40-53): Expanding
the Preferential Templating of thegg3Cage and Approaching theg3Cage.Chemistry — A

European Journa008 14, 4594-4599.

124



Acknowledgement

Acknowledgement

Foremost, | would like to thank my supervisor, Pif. Lothar Dunsch, for his supervision
and encouragement during my Ph.D. study at IF\WWspect to his tremendous enthusiasm
and extensive knowledge that dedicated to fullesesgience. Besides my supervisor in
Leibniz Institute for Solid State and Materials Baxh Dresden (IFW Dresden), | would like
to express my sincere gratitude to Prof. Dr. RaBeckert in Friedrich-Schiller-Universitat
for solid support all the time. Meanwhile, | wodile to thank the rest of my dissertation
committee.

In particular, | thank Dr. Alexey A Popov in IFW &sden for theoretical work during my
study. | appreciate his guidance and contributamy work. There are several colleagues in
our department that | would like to acknowledge ahhincludes Frank Ziegs, Sandra
Schiemenz, Marco Rosenkranz, Birgit Urban, AlexanBerger, Christine Malbrich, Anja
Grohme, David Kunhardt, Runshuang Lu, Qingming Ddbg Sabrina Klod, Dr. Evgenia
Dmitrieva, Dr. Kinga Haubner, Dr. Lin Zhang, Dr. @nbao Chen, Dr. Anna Svitova and Dr.
Shangfeng Yang. This dissertation contains theipettive advice as well. | will benefit from
the scientific and technical knowledge | learninfrthem in the rest of my scientific career. It
has been a great pleasure for me to work in ouardeent.

Additionally, I would like to thank Prof. Lou-ZheRan in Beijing Normal University and
Prof. Chun-Ru Wang in Institute of Chemistry Chmésademy of Sciences for introducing
me to the field of fullerene researches many yagcs

Finally, 1 would like to thank my parents for theincouraging during | study in Dresden.

125



Appendix: Experimental details

1. Synthesis and Extraction

As mentioned in Figure 1.1, the sketch of the agpar for synthesizing endohedral
metallofullerenes (EMFs) is demonstrated. Before-&d€ discharging, two core-drilled
graphite rods were filled with the mixture of mégahphite or metal oxide/graphite. In
general, for the productions of NCFs or MMNCFs, tkinds of nitrogen source were
commonly used in our group including ammonia gNHs reactive gas and guanidine
thiocyanate as the solid state source as desapiteibusly. Pumping the generator is a quite
necessary step for enhancing the yield of metal N@Rkd depressing the yield of empty
fullerenes by removing the air in the generatoithim presence of 50 mbar He atmosphere, 15
A current is applied for the preheating of the it rods around 20 minutes. For the
“reactive gas atmosphere” method, the 20 mbag Bt 200 mbar He are filled into the
generator after the preheating process which destrin the section of the synthesis of
Ho.Sa N@GCgo (I, II; x=1, 2). For “selective organic solid” (SQSoute, guanidine
thiocyanate (GT) which mixed with metal oxide (Ge®rEO11, HO;O3, LU203, S603, Y203)
and graphite powder is filled into the core-drilledis as well. The molar ratio of Ln/M/GT/C
is 1:1:2.5:15 (Ln= lanthanide metal; M= Sc, Y). Bgplying 100 A current, two metal oxide
containing graphite rods are fixed as anode angodat Switching connection with the DC
apparatus, the rods on both sides could be regaadednode alternatively during the
evaporation. The distance between anode and catb@®wut 1 cm by moving the two rods
forward as the conduction of the evaporation. AflEC-arc discharging, the soot was
collected and pre-extracted by acetone for 1 hadrfarther Soxhlet-extracted by €fr 20
hours. The extraction solution was dried with thetgction of N flow and the crude

fullerenes containing mixture is dissolved in talaesolution for the isolation in the next step.

2. HPLC isolation

In general, the isolation of metal NCFs and MMNG$performed by multi-step HPLC
with toluene as the eluent. The first step runnimg Hewlett-Packard instrument (series

1100), a combination of two analytical 4.6x250 mmcByprep columns (Nacalai Tesque,
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Japan) was applied. The second- and third-ste@tisol were performed by a recycling
HPLC (Sunchrom, Germany) using a Buckyprep columa Buckyclutcher column (Nacalai
Tesque, Japan) and toluene as the eluent. The tB¢tde set to 320 nm was employed for

fullerenes detection for all steps.

3. Spectroscopic and electrochemical characterizati ons

The purity of the isolated MMNCFs compounds wasckkd by laser desorption/ionization
time-of-flight (LDI-TOF) MS analysis running in botand positive and negative ion modes
(Biflex Ill, Bruker, Germany). UV-Vis-NIR spectrd solated MMNCFs structures dissolved
in toluene were recorded by using a UV-Vis-NIR MBTRO0 spectrometer (Shimadzu, Japan)
at 1 nm resolution, and a quartz cell of 1 mm pbthgth. For FTIR and Raman
characterization of MMNCFs, the drops of solutitates sample was dried on the surface of
KBr single crystal disk which recorded by usingl&8 66v spectrometer (Bruker, Germany)
at room temperature. The 125 MH3C NMR and 121.5 MHZ”Sc NMR spectroscopic
measurements were performed at in a multiprobe H&dd1152Z on an Avance 500
spectrometer (Bruker, Germany) at room temperaturearbon disulfide solution witkls-
acetone as a lock @-ds-DCB solution. Cyclic voltammetric experiments werenducted
with a PAR 273 potentiostat at room temperaturénénglove box. A standard three-electrode
system contains a Platinum wires and a silver weeved as the working, counter, and
pseudoreference electrodes, respectively. Thdleltst-DCB solvent is used. The supporting
electrolyte is TBABE (0.1 M). The potentials were measured againstFa(€p)™"® couple

which regarded as the internal standard.
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