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Mass spectra of metal-doped carbon and fullerene clusters
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We present a systematic study of the abundancies of metal-doped cluster catighg M=Ca,

Sc, Y, La, Ce, Gdx=1,2) produced in a laser vaporization source. The mass spectra f &nd

M,C, reveal the onset of endohedrally doped fullerenes from which the smallest possible cage sizes
can be deduced., €, and LaC,, show a distinct transition from alternation odd—even to even—odd

at n=69 andn="71, respectively, which can be explained by a substantial change in the doped
fullerene structure, i.e., from networked to bi-endohedral systems. A metal induced cluster form-
ation pathway is briefly discussed. @000 American Institute of Physics.

[S0021-960600)01428-9

I. INTRODUCTION clusters doped with rare earth atoms as well as their counter-

A short time after having suggested the fullerene strucparts withoutf-electrons. A recent publication dealing with
ture of small carbon clustefsSmalleyet al. found evidence the mass spectroscopy characterization of metallocarbon
for the existence of carbon cages with a single lanthanunalusters incorporation Sc, Y, and Ca reveals data similar to
atom trapped inside.In laser fragmentation experiments the present oneS. However, our extended studies lead to
LaCq, shrank by successive,dosses, and it was “difficult somewhat different conclusions, in particular concerning the
to fragment past Laf; and impossible to go past LdC onset of bi-endohedral fullerenes.
without bursting the cluster.>* This observation was the In the present paper we, therefore, present mass spec-
dawn of an extensive research activity on endohedrallfrum of carbon cluster cations doped with calcium, scan-
doped carbon cages, since they were expected to exhikijum, yttrium, lanthanum, cerium, and gadolinium. Charac-
unique properties controlled by the attributes of the encapsueristics intensity patterns in the mass spectra allow drawing
lated atoms. Even now, 15 years after the initial discovery, conclusions about the geometrical structure of the generated
basic properties are still not understood, e.g., the vanishinghetal-doped fullerene cations. Especially the smallest pos-
density of states at the Fermi level in bulk La@,é which  sjple endohedrally doped cage sizes can be deduced from the
is supposed to be metallic according to a simple charggpectra. Moreover, a clue about the electronic structure of

transfer picture. some of the clusters is obtained.
So far, only a few metallofullerene compounds.g.,

La@G;,) are available in larger quantities amenable to con-

ventional investigation methods in solid state spectroscopy.

Among these doped fullerenes are only clusters with 60 or

more than 70 carbon atoms. They have been investigated by, expERIMENT
e.g., resonant photoelectron spectroscopyray photoelec-

tron  spectroscop§,®  x-ray scatterind,ol’ll absorption The experimental setup used in the present work is de-
Spectroscopy; electron spin resonancé,"® and density- yoted to the mass selected deposition of cluster ions onto a
functional theory:® Comparatively little is known about ¢ neirate under UHV conditioR8lt consists of a three-stage
metal—garbon compounds co_ntamlng more than one met%letup containing a laser evaporation source, a magnetic-field
atom, since only several species®] have been isolated by,

high liauid ch N dAy® On the oth mass selector, and a deposition chamber. Metal-doped car-
€.g., high-pressure fiquid chromatograpiy. ©n the oer —, ,, ;sters have been produced by evaporation of a mixed
hand, gas-phase molecular beam studies have proven the ex- . .
. . fnetal—carbon and prepared as described eHrked subse-
istence of a multitude of endohedrally doped fullerenes cov- . . S
ering a far wider range of masses. Information on thosequent condensation of the plasma in a pulsed helium jet at a
metal—carbon compounds that are not available in macrg’ressure between one and two bar. After adiabatic expansion
scopic quantities is limited to theoretical approachigdand the' cluster cations are 'accelerate'd electrostatically .to a ki-
gas-phase experiments, namely anion laser photoelectrd}?t'c energy of 4 keV prior to passing the entrance slit of the
spectroscopf and ion mobility measuremerft&:2 Most of magnetic mass analyzer. The current results have been ob-
these experiments are on La-doped fullerenes, whereby sorf@ned using a mass resolution mf Am~250. By scanning
recent ion mobility studies have also been extended to NE€ magnetic flux density the cluster cations have been mass
and Zr. In order to build a bridge to the studies on chemicallyS€lected. They have been detected with a secondary electron
extractable fullerenes we here largely want to concentrate offultiplier behind the exit slit of the mass analyzer. Due to
the high impact energies constant detector sensitivity for all

3Electronic mail: r.klingeler@fz-juelich.de masses is expected.
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FIG. 1. Mass spectra of metal-doped carbon cluster cations as produced n (number of carbon atoms)
from metal-doped carbon rods in a laser evaporation source. Metal—carbon
compounds cover a wide range of cluster masses. FIG. 2. Intensities of singly doped carbon cluster cations as a function of the

number of carbon atoms in the clustérs. The intensity oscillations are
characteristic for cage structures. From the onset of the oscillations the
IIl. RESULTS AND DISCUSSION smallest possible endohedrally doped cage sizes 1@ be deduced.

Figure 1 shows the mass spectra of the metal-doped car-
bon cluster cations )C, as produced in the laser evapora-
tion source. Clusters between 30 amu and about 1700 anfhemically equivalent to Léand Ca. The smallest observed
are shown in the spectra. The spectra can be divided into tweage structures ane= 30 for Sc,n=36 for Y, La, Ce, Gd,
domains. On the left hand side the spectra always start withndn=44 for Ca. The intensity patterns are very similar for
the metal monomer, followed by mass peaks correspondinyC, . LaC, , CeG, , and GdG , and it appears that the
to singly metal-doped carbon clustersC{l. Pure carbon smallest possible cage size is the same for the latter com-
clusters with masses smaller than the metal monomer are ngeunds. Prominent species are M@C M@Cs,, and
observed. The high mass domain on the right-hand-side d1@Cgo, in agreement with a recent publicatith.

each spectrum is dominated by metal-carbon cage structures. The observation of La@Jg as the smallest possible en-
dohedrally doped fullerene matches the results of the

“shrink-wrapping” experiments performed by Smalley
Figure 2 shows the intensities of singly metal-doped caret al* As the formation pathway of La@g is either via
bon cluster cations M{ as a function ofn, the number of  shrinkage of bigger compounds or/and via growth of smaller
carbon atoms in the cluster. The spectra reveal the onset ebmpounds, the existence of endohedral Lag@@ems pos-
distinct even—odd alternations at certain cluster sizes. Theible. Indeed, when operating the cluster source at a particu-
distance between two consecutive mass peaks is 24 amiar low helium background pressuf800 mbay, La@q4
which corresponds to one,@nit, thus labelling the onset of gains intensity with respect to the neighboring La@g.
fullerenes. Since the abundance spectra of metal-doped caFhis can be taken as indication that L3®& an endohedrally
bon cluster cations differ clearly from the pristine one, exo-doped carbon cage too, although it would have to be signifi-
hedral doping can be excluded. We, therefore, consider thesantly less stable than La@C,s. Hence we infer from the
intensity patterns to be a strong indicators for endohedrallylata the existence of endohedrally doped metallofullerenes
doped cages M@{C. Thus, the present mass spectra repreLa@G, for n=34, and they are the most stablie isomers for
sent a systematic and extensive investigation of the smallest=36. This result is in perfect agreement with the results of
possible endohedrally doped cage size for dopants that afen mobility measurements.

A. Endohedrally doped fullerenes
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FIG. 4. Intensities of YC, and LgC, as a function of the number of
n (number of carbon atoms) carbon atoms in the clustefs). The transition from alternation odd—even to
Fven—odd ah=69 andn="71, respectively, indicates a structural transition
from endohedrally doped networked cages M@ (WM& to bi-

gndohedrally doped cages,®@C. , as depicted by the two sketches.

FIG. 3. Intensities of twofold doped carbon cluster cations as a function o
the number of carbon atoms in the clustérs The intensity oscillations are
characteristic for cage structures. From the onset of the oscillations th
smallest possible endohedrally doped networked cage sizes M@ (MC
can be deduced.

metal atoms is integral into the network of the odd-numbered
A similar statement can be made for YCcluster. carbon cage, thus stabilizing a fullerenelike cluster, as pro-
Y@C; labels the onset of a distinct even—odd oscillation.Posed by Shelimoet al.in the case of Laf>.* This kind of
When the source is driven at a certain conditigrelium ~ ¢2ge will be referred to as “networked” in the following,
background pressuse400 mbay, the spectra show enhanced (MCn)”W. Since the onset of this oscillation is in the same
intensities for YG, and YC}, with respect to their odd- SIZ€ range as the one of the entjohedrally doped pure carbon
numbered neighbor peaks. This points to the existence di2ges, the second metal atom is most likely an endohedral
endohedral Y@ for n=32 developing into the most stable rather than an exohedral one. Thus, just like in the case of
isomers forn= 36. singly doped carbon cages, the present mass spectra repre-
Similar deductions can be derived for Ga@nd Ce¢; .~ Sént a direct way to reveal' the smallesitworkedcarbon
At n=44 andn= 36, respectively, a strong even—odd alter-c29€ capable of encapsulating a metal atom.
nation is observed, which identifies the endohedral isomers The intensity patterns of twofold doped 2@, and
to be the most stable ones. Again, at slightly different conl-22C, show another specific feature at higher masses,
ditions, an oscillation with considerably lower amplitude "@Mely & sharp transition from an alternation odd—even to
starts ain=40 andn= 32, respectively. evgn—odd ah=69 andn="71, respectivelyFig. 4). At this
Concerning Sc and Y, the present investigation reveal®0int even-numbered cages become more stable than the
smaller endohedrally doped cage sizes than a recef@dd-numbered ones. Thus itis very I|ke.Iy that tvv_ofold dqped
publication?® in which M@G,, are suggested to be the carbon cages exceeding a certain size proylde sufficient
smallest metal encapsulating species. However, concernirgP@ce to encapsulate both metal atoms inside@¥&,),

La as dopant the present results are in agreement with earligfile cages smaller than a cer'gain sizprefer endohedrally
observations published by Smalleyal® and Jarrolcet al?® doped networked structures with one metal atom as part of
the carbon web (M@ (MQ™). Thus, a structural transition

occurs as a function of, and the present investigation indi-
catesn=70 andn=72 to be the smallest pure cage size
Figure 3 shows the intensities of twofold metal-dopedcapable of encapsulating two Y and La atoms, respectively.
carbon cluster cations M, (M=Sc, Y, La, Ce) as a func- Taking into consideration our results concerning the smallest
tion of n. The most interesting feature in these plots in thepossible endohedrally doped cage sizes for the other metals
onset of an odd—even alternation at a certain cluster size, thatvestigated, we suspect & and GdC, to have this tran-
is n=27 for Sc,n=33 for Y and La, anch=31 for Ce. As  sition aroundn=70, too, and S&£. at a slightly smaller
already mentioned we consider this kind of oscillation to becage size. Concerning L@, , these results are in agreement
a strong indicator for cagelike structures. But why shouldwith the findings of Shelimoet al., who report the appear-
odd-numbered cages be more stable than their everance of a fullerene isomer aroumd=72 where both metal
numbered neighbors? A likely explanation is that one of theatoms are endohedr&l Concerning ¥C,, a recent publica-

B. Twofold doped carbon cages
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TABLE |I. lonic radii and smallest possible cage sizes of endohedral pure

and networked cages. The values in parantheses pertain to the onset of the 13
leading even—odd alternatiofisee text for details SCC +
n
Smallest 25
Endohedral
N . . +
Oxidation Endohedral networked Bi-endohedral lonic YC
Element state pure cage size cage size  cage size radius/& 25 I
Sc +3 30 27 0.89
Y +3 3632 33 70 1.04
La +3 36(34) 33 72 1.17
Ce +3 3632 31 1.15
+4 3632 31 1.01 2
Gd +3 36 1.08 g
Ca +2 44(40) 1.14 =

A. F. Hollemann, E. Wiberg,.ehrbuch der Anorganischen Chentialter
de Gruyter, Berlin-New York, 1995

tion suggests Y@Cs;, to be the onset of di-metallo-
fullerenes?® The discrepancy might arise from different clus-
ter source conditions, which could lead to the preferential
stabilization of different isomers.

Within the mass range of the endohedrally doped net-
worked cages (35n<69) Y@(YC,)™" clusters show CaC ™
Y@ (YC)™" and Y@(YGy)"™™" as prominent species, n
which are smaller than their endohedrally doped pure : . : . ; ;
fullerene cage counterparts Y nd Y@G, by five car- 0 4 &8 12 16 20 24 2B
bon atoms. The reason for thg%&hanced%}tability should be 0 (number of carbon atoms)
found in the specific electronic structure of these clusters

rather than in their geometrical structure, since 46 and 5§|G- 5. Intensities of smgly doped carbon_ cluster cations asafunctlon of the
number of carbon atoms in the clustém in the low mass domain. Com-

atoms membered cagemcluding the networked Y atom 44 ¢ 4l spectra, except for SgGnd Cag; , is the threefold oscillation

are not supposed to exhibit extraordinary symmetry featuregarting an=4.

similar to a Gy or a G fullerene. In the case of bi-

endohedrally doped cagea#70) Y,@C,,, Y,@Cy,, and

Y,@C;, are prominent species. endohedrally doped cluster with respect to disintegration
upon shrinkage, and thef 4netal cerium is more successful

in doing so than the group llIb transition metals. Consider a
pristine carbon cage, take away one of the carbon atoms with

Table | summarizes the results on the smallest pOSSiblﬁS four valence e|ectron5, and rep|ace it by a lanthanum
cage sizes of endohedrally doped pure and networked carb@fom, which has got three valence electrons. In order to re-
cages. A major spread of the smallest possit{lenin) as &  place the missing carbon atom, the lanthanum atom needs to
function of the metal ionic radius is not found, since theform three bonds with the neighboring carbon atoms, and
ionic radii of the metals studied in the present work are clos@nree electrons are required. Thus, the networked cage lacks
to each other. Thus, the present results support the hypotne 7-system electron compared to the pristine cage, and the
esis that the smallest endohedral fullerene that can be formegectron density both outside and inside the carbon shell is
for a given element is a function of its ionic radius, as for-reduced. This reduced charge density should be the decisive
mulated by Guoet al’® Taking into consideration the re- feature for encapsulating a metal atom at the smaller cage
ducednp,, for Sc and its smaller ionic radius with respect to sjzes. The question remains why cerium is more effective,
the other metal ions, the general trend of increasiggwith  githough it has got four valence electrons. However, since
increasing ionic radius is confirmed. The different behaviorfthe cerium valence region contains strongly localizeld 4
of Ca, which exhibits Ca@f; as smallest endohedrally character, a reduced ability to contribute to the Ce—C bonds
doped compound, might be due to its different chemical bemay be expected.
havior.

The differences in the smallest possible sizes betwee
pure carbon cages and networked cages are two dtbines
carbon atoms minus the networked metal gtfonthe group The mass spectra always start with the metal monomer
[lIb transition metals, and four atoms for cerium. The small-for all metals investigated in this work, and they show simi-
est possible endohedrally doped networked cage size lar gross features for all singly metal-doped species except
smaller than the smallest possible endohedrally doped purfer CaG; . The intensities of M¢ as a function oh reveal
carbon cage size. Thus, networking seems to stabilize the huddle of peculiarities that have to be investigated. 5).

C. Smallest cage size of doped fullerenes

B. smail MC} and M,C; clusters
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Common to all spectra, except for C?C is the enhanced pristine fullerenes, and thefdmetals Ce and Gd show a
intensity of MG} and MG}, which are the prominent fea- M@Cg, to Cg, ratio of about four. However, when using a
tures in this mass domain. In contrast to this, the Ca-dopefixed metal-graphite rod, the relative abundance gfabd
carbon cluster cations exhibit Ca@nd CaG, as prominent Cqo With respect to the other pristine carbon clusters is much
species, which are smaller than the other prominent'MC higher than in the spectra taken from pure graphite rods.
(M=Sg, Y, La, Ce, Gd) by one carbon atom. The intensity of ~ The most striking feature concerning smaly@®f clus-
Ceq as a function ofh shows local maxima at C%+Q+l_ ters is the prominence (le:4, which is common to all group
This threefold periodicity covers the mass range from £eC lllb transition metals(see Fig. 3 Moreover, SgC, shows
up to CeG Similar threefold intensity patterns are found an even—odd alternation for=4-12, and LgC, shows en-
for ScG, to ScGy, for YC; to YCJ, for LaC] to LaCy, hanced intensities at=10, 15, 20, and 25. The latter feature
and for GG to GdC; YC, and GAC show another in- might be linked with the observation ofs@oss as a disso-
teresting intensity pattern, an odd—even alternation startin§iation pathway for clusters in this size regirfvehere rings
atn=17 up ton=25 andn= 21, respectively. Metal mono- are the dominant isomemwhich is a major dissociation path-
carbide cations MC are not observed in any of the spectra. Way for pure G rings (n=10-30)*

The low mass region of neutral Lag®as been investi-
gated by anion photoelectron spectrosédmnd by density  IV. CONCLUSIONS
functional theory’® Clusters withn<4 adopt a fan shaped

i We have presented a comparative study of the formation
ground state geometry, and for>4 a metal terminated

hain | | his. | bil of endohedral and networked endohedral fullerenes with a
chain 'Somi{g ocgu(;s. n F:ontr'ast ltp this, |c_)cr’1qﬁgr1no Y whole series of mostly isoelectronic dopants. The mass spec-
measurements and density functional investigati V€ 43 of metal-doped cluster cations ,® (M=Ca, Sc,

revealed ring structures as the most stable isomers in this size' | - ~o Gg-x=1 2 reveal the smallest possible endohe-

region. However, none of the methods reveal a threefold pe r'aIIy’ dop;ed fullerenes as most stable isomers-aid Ca,

riodicity like the one observed in the prgsent spectra. Jz_arrol 0 (S0, 36 (Y), 36 (La), 36 (Ce), and 36(Gd). The metal-

et al. h_av_e reported the loss of LgQunits to be the main  peyorked cages are capable to encapsulate a metal atom at a

dissociation pathyvay for most of the LgCring structures smaller size than the pure carbon cagesClY and LaC

(an‘l)' which is alsg the case for large odd-numberedshow structural transitions from networked endohedrally

LaCy 1 (2n+1>15) rings. Small odd-numbered LEC doped cages to bi-endohedrally doped species at cage sizes

rngs u3ndergo both Laf and Grloss in comparable ,_gq angn=71, respectively. The smallest pure cage sizes

extemf 'Moreover, _Q—Iogs; is a main dissociation pathway .anaple to encapsulate a metal atom correlate with the metal

for pristine Gg_3 rings™ The enhanced stability of £ ionic radii as suggested earlis.

(which cannot be detected in the cation mass speeind
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